Quantum Dots

Fundamentals, Synthesis and Applications

Edited by
Rakshit Ameta
Jayesh P. Bhatt
Suresh C. Ameta



Quantum Dots

Fundamentals, Synthesis and Applications



This page intentionally left blank



Quantum Dots

Fundamentals, Synthesis and Applications

Edited by

Rakshit Ameta
Jayesh P. Bhatt
Suresh C. Ameta




Elsevier

Radarweg 29, PO Box 211, 1000 AE Amsterdam, Netherlands

The Boulevard, Langford Lane, Kidlington, Oxford OXs5 1GB, United Kingdom
50 Hampshire Street, sth Floor, Cambridge, MA 02139, United States

Copyright © 2023 Elsevier Inc. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage and
retrieval system, without permission in writing from the publisher. Details on how to seek
permission, further information about the Publisher’s permissions policies and our
arrangements with organizations such as the Copyright Clearance Center and the Copyright
Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the
Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods, professional practices, or
medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described herein.
In using such information or methods they should be mindful of their own safety and the safety
of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any liability for any injury and/or damage to persons or property as a matter of
products liability, negligence or otherwise, or from any use or operation of any methods,
products, instructions, or ideas contained in the material herein.

ISBN: 978-0-12-824153-0

For Information on all Elsevier publications
visit our website at https://www.elsevier.com/books-and-journals

Publisher: Susan Dennis

Acquisitions Editor: Charles Bath

Editorial Project Manager: Ali Afzal-Khan

Production Project Manager: Bharatwaj Varatharajan
Cover Designer: Mark Rogers

" q 4 Working together
AR o grow libraries in
asve | BookAld - developing countries

Typeset by MPS Limited, Chennai, India www.elsevier.com s www.bookaid.org


http://www.elsevier.com/permissions
https://www.elsevier.com/books-and-journals

Dedication

Dedicated to Mrs. Anita Ameta
who had been a vital force behind us to complete
this project




This page intentionally left blank



Contents

List of contributors
About the editors
Preface

1.  Introduction
Suresh C. Ameta

1.1 Introduction
1.1.1 Advantages
1.1.2 Disadvantages
1.2 Unique features of quantum dots
1.2.1 High surface-to-volume ratio
1.2.2  Surface plasmon resonance
1.2.3 Quantum confinement effect
1.3 Classification of quantum dots
1.3.1  Core-type quantum dots
1.3.2  Core—shell quantum dots
1.3.3 Alloyed quantum dots
1.4 Synthesis of quantum dots
1.4.1 Top-down approach
1.4.2  Bottom-up approach
1.4.3  Methods of synthesis
1.5 Applications of quantum dots
1.5.1 Solar cells
1.5.2 Sensors
1.5.3  Light emitting diodes
1.5.4 Photocatalysis
1.5.5 Hydrogen generation
1.5.6 Biomedicals
1.6 Conclusion
References

2. Hydrothermal synthesis of quantum dots
Jayesh P. Bhatt and Neha Godha

2.1 Introduction
2.1.1 Advantages

xiii
XV
Xvii

© © 00 UTUlTh b WWWWwWwN =

I G QI S Gy
W WINN = = =00

15
17

vii



viii

Contents

2.1.2 Disadvantages

2.2 Metal-based quantum dots
2.2.1 Metal oxide quantum dots
2.2.2 Metal sulfide quantum dots
2.2.3 Others

2.3 Nonmetal-based quantum dots
2.3.1 Carbon-based quantum dots
2.3.2 Graphene-based quantum dots

2.4 Recent developments

2.5 Conclusion

References

Sol—gel synthesis of quantum dots
Avinash K. Rai and Kanchan K. Jat

3.1 Introduction
3.1.1 Advantages
3.1.2 Disadvantages

3.2 Synthesis of quantum dots
3.2.1 Okxides
3.2.2 Sulfides
3.2.3 Carbon-based quantum dots
3.2.4 Graphene based

3.3 Others

3.4 Conclusion

References

Laser ablation synthesis of quantum dots
Neetu Shorgar, Indu Bhati and Priyanka Jhalora

4.1 Introduction
4.2 Laser ablation
4.2.1 Advantages
4.2.2 Disadvantages
4.3 Metal-based quantum dots
4.3.1 Metals
4.3.2 Metal oxides
4.3.3 Metal sulfides
4.3.4 Metal selenides
4.4 Nonmetal-based quantum dots
4.4.1 Carbon-based quantum dots
4.4.2  Graphene-based quantum dots
4.5 Others
4.6 Recent developments
4.7 Conclusion
References

17
17
17
19
21
21
21
26
28
29
29

35

35
37
37
37
37
44
46
47
47
48
48

53

53
53
54
55
55
55
56
59
62
63
63
64
65
68
69
69



Coprecipitation synthesis of quantum dots
Monika Jangid and Seema Kothari

5.1 Introduction
5.1.1 Advantages
5.1.2 Disadvantages
5.2 Classification of coprecipitation
5.3 Synthesis of quantum dots
5.3.1 Metal oxide quantum dots
5.3.2 Metal sulfides
5.3.3 Metal selenide quantum dots
5.3.4 Carbon-based
5.3.5 Graphene-based
5.3.6 Others
5.4 Conclusion
References

Biogenic synthesis of quantum dots
Meghavi Gupta, Inderjeet Yadav and Abhilasha Jain

6.1 Introduction
6.1.1 Advantages
6.1.2 Disadvantages
6.2 Plants
6.3 Bacteria
6.4 Fungi
6.5 Others
6.6 Conclusion
References

Microwave-assisted synthesis of quantum dots

Chetna Ameta, Yogeshwari Vyas, Priyanka Chundawat and
Dharmendra

7.1 Introduction
7.1.1 Advantages
7.1.2 Disadvantages
7.2 Synthesis of core-type quantum dots
7.2.1 Oxide quantum dots
7.2.2  Sulfide quantum dots
7.2.3 Selenide quantum dots
7.2.4 Telluride quantum dots
7.2.5 Other quantum dots
7.3 Synthesis of core—shell quantum dots
7.3.1 Type | CS quantum dots
7.3.2 Inverse type | CS quantum dots
7.3.3 Type Il CS quantum dots

Contents

ix

77

77
77
78
78
79
79
80
83
84
85
87
87
88

93

93
94
94
94
98
103
107
108
108

115

115
116
117
117
118
122
126
127
129
130
131
131
132



X

10.

Contents

7.4
7.5
7.6
7.7

7.3.4 Inverse Type Il CS quantum dots
7.3.5 Core—shell—shell quantum dots
Synthesis of alloyed quantum dots
Carbon and graphene quantum dots
Recent developments

Conclusion

References

Sonochemical synthesis of quantum dots
Garima Ameta and Seema Kothari

8.1

8.2
8.3

8.4

Introduction

8.1.1 Advantages

8.1.2 Disadvantage
Instrumentation

Synthesis of quantum dots
8.3.1 Metals

8.3.2 Metal oxides

8.3.3 Metal sulfides

8.3.4 Selenides

8.3.5 Tellurides

8.3.6 Carbon-based quantum dots
8.3.7 Others

Conclusion

References

Application of quantum dots in photocatalysis
Shubang Vyas, Rameshwar Ameta and Rakshit Ameta

9.1
9.2
9.3

9.4
9.5
9.6
9.7
9.8

Introduction
Quantum dots
Wastewater treatment
9.3.1 Dyes

9.3.2 Drugs

9.3.3 Pesticides

9.3.4 Phenol
Reduction of carbon dioxide
Hydrogen production
Other applications
Recent developments
Conclusion

References

Application of quantum dots in light-emitting diodes
Anca Armaselu and Monika Jangid

10.1

Introduction

132
132
133
135
135
136
136

147

147
148
149
149
149
149
151
153
157
158
159
162
163
163

169

169
170
171
173
181
185
186
188
189
192
192
194
194

205

205



11.

12.

Contents

10.2 Display and lighting
10.2.1  White light-emitting diodes
10.2.2  Blue light-emitting diodes
10.2.3 Red light-emitting diodes
10.2.4 Green light-emitting diodes
10.2.5 Orange light-emitting diodes
10.2.6 Yellow light-emitting diodes
10.2.7 Other light-emitting diodes

10.3 Night vision

10.4 Data communication

10.5 Agriculture and horticulture

10.6 Antimicrobial technology

10.7 Recent developments

10.8 Conclusion

References

Application of quantum dots in biomedical and
biotechnological fields
Anca Armaselu and Priyanka Jhalora

11.1 Introduction

11.2 Biolabeling and bioimaging

11.3 Targeted drug delivery

11.4 Sensing
11.4.1 Photoluminescence sensors
11.4.2 Chemiluminescence sensors
11.4.3 Electroluminescence sensors

11.5 Others

11.6 Toxicity of quantum dots

11.7 Conclusion

References

Application of quantum dots in solar cells

Shwetharani R, Chandan Hunsur Ravikumar, M.S. Jyothi and
R. Geetha Balakrishna

12.1 Introduction
12.1.1 Basic structure of quantum dot sensitized solar cells
12.1.2 Working principle of quantum dot sensitized
solar cells
12.2  Properties of quantum dots
12.2.1 Energy gap tuning
12.2.2  Multiple exciton generation
12.3 Synthesis of quantum dots
12.3.1 Chalcogenide quantum dots
12.3.2 Perovskite quantum dots

xi

206
207
213
217
219
222
223
223
224
225
226
228
229
231
231

245

245
246
248
254
255
257
259
261
264
267
267

277

277
278

280
281
281
283
286
286
289



xii  Contents

13.

14.

Index

12.4 Quantum dot sensitized solar cells
12.4.1 Perovskite quantum dots-based quantum
dot sensitized solar cells
12.4.2  Other quantum dots-based quantum dot sensitized
solar cells
12.5 Recent developments
12.6 Conclusion
References

Application of quantum dots in sensors
Neelam Kunwar, Hetal Zala and Kushnuma Parveen

13.1 Introduction
13.2 Sensors
13.2.1 Chemical sensors
13.2.2 Biosensors
13.2.3  Humidity sensors
13.2.4 Temperature sensors
13.3 Recent developments
13.4 Conclusion
References

Application of quantum dots in photosplitting
of water

Luma M. Ahmed, Thaqeef M. Jawad, Hamad H. Kadium and
Jayesh P. Bhatt

14.1 Introduction
14.2 Hydrogen production
14.2.1 Basic principle of overall water splitting
14.2.2  Photoelectrochemical cells
14.3 Metal-based quantum dots
14.3.1 Metals
14.3.2 Okxides
14.3.3 Metal sulfides
14.3.4 Others
14.4 Carbon and graphene-based quantum dots
14.5 Conclusion
References

292

294

297
300
300
302

313

313
314
314
324
326
327
329
331
331

339

339
340
341
346
347
347
348
350
354
355
358
359

369



List of contributors

Luma M. Ahmed Department of Chemistry, College of Science, University of
Kerbala, Karbala, Iraq

Chetna Ameta Department of Chemistry, M. L. S. University Udaipur, Rajasthan,
India

Garima Ameta Department of Chemistry, M. L. S. University, Udaipur, Rajasthan,
India

Rakshit Ameta Department of Chemistry, J. R. N. Rajasthan Vidhyapeeth (Deemed
to be University), Udaipur, Rajasthan, India

Rameshwar Ameta Department of Chemistry, PAHER University, Udaipur,
Rajasthan, India

Suresh C. Ameta Department of Chemistry, PAHER University, Udaipur,
Rajasthan, India

Anca Armaselu Department of Electrical Engineering and Applied Physics, Faculty
of Electrical Engineering and Computer Science, Transilvania University of
Brasov, Brasov, Romania

R. Geetha Balakrishna Centre for Nano and Material Sciences, Jain University,
Bengaluru, Karnataka, India

Indu Bhati Maribyrnong, VIC, Australia

Jayesh P. Bhatt Department of Chemistry, PAHER University, Udaipur, Rajasthan,
India

Priyanka Chundawat Department of Chemistry, M. L. S. University Udaipur,
Rajasthan, India

Dharmendra Department of Chemistry, M. L. S. University Udaipur, Rajasthan,
India

Neha Godha Department of Chemistry, PAHER University, Udaipur, Rajasthan,
India

Meghavi Gupta Department of Chemistry, PAHER University, Udaipur, Rajasthan,
India

Chandan Hunsur Ravikumar Centre for Nano and Material Sciences, Jain
University, Bengaluru, Karnataka, India; Pilot Plant Development and Training
Institute, King Mongkut’s University of Technology Thonburi, Thakam,
Bangkok, Thailand

xiii



xiv  List of contributors

Abhilasha Jain Department of Chemistry, St. Xavier’s College, Mumbai,
Maharashtra, India

Monika Jangid Department of Chemistry, PAHER University, Udaipur, Rajasthan,
India

Kanchan K. Jat Department of Chemistry, M. L. S. University Udaipur, Rajasthan,
India

Thaqgeef M. Jawad Department of Chemistry, College of Science, University of
Kerbala, Karbala, Iraq

Priyanka Jhalora Department of Chemistry, PAHER University, Udaipur,
Rajasthan, India

M.S. Jyothi Department of Chemistry, AMC Engineering College, Bengaluru,
Karnataka, India

Hamad H. Kadium Department of Chemistry, College of Science, University of
Kerbala, Karbala, Iraq

Seema Kothari Department of Chemistry, PAHER University, Udaipur, Rajasthan,
India

Neelam Kunwar Department of Chemistry, PAHER University, Udaipur, Rajasthan,
India

Kushnuma Parveen Khamis Mushayt, Ahad Rafaidah, Kingdom of Saudi Arabia

Shwetharani R Centre for Nano and Material Sciences, Jain University, Bengaluru,
Karnataka, India

Avinash K. Rai Department of Chemistry, PAHER University Udaipur, Rajasthan,
India

Neetu Shorgar Department of Chemistry, PAHER University, Udaipur, Rajasthan,
India

Shubang Vyas Department of Chemistry, PAHER University, Udaipur, Rajasthan,
India

Yogeshwari Vyas Department of Chemistry, M. L. S. University Udaipur,
Rajasthan, India

Inderjeet Yadav Department of Applied Sciences, University of Technology and
Applied Sciences, Alkhuwair, Muscat, Sultanate of Oman

Hetal Zala 1197-1, Uchigashimacho, A-101, Gunma, Ota-Shi, Japan



About the editors

Dr. Rakshit Ameta has a thoroughly first class career, securing first position
in his MSc. and was awarded a Gold Medal. He was also given the Fateh
Singh Award from Maharana Mewar Foundation, Udaipur for his meritorious
performance. After completion of his PhD, he served in Hindustan Zinc
Limited, Vedanta Group for 1 year. He has served in M.L. Sukhadia
University, Udaipur; University of Kota, Kota, PAHER University, Udaipur,
and presently is at J.R.N. Rajasthan Vidyapeeth (Deemed to be University)
Udaipur. Under his supervision 12 PhD students have been awarded PhDs on
various aspects of Green Chemistry. He has around 140 research publications
to his credit in journals of national and international repute. He has a patent
to his credit as well. He is a reviewer of around 50 international journals. Dr.
Rakshit has successfully organized many National Conferences at University
of Kota, Kora; PAHER University, Udaipur; and J.R.N. Rajasthan
Vidyapeeth, Udaipur. He has delivered Invited lectures and chaired sessions
in 20 national conferences in different parts of the country. Dr. Rakshit has
served as a council member (2011—13 and 2020—22) and associate editor,
Physical Chemistry Section (2014—16), scientist-in-charge in the Industrial
and Applied Chemistry Section (2014—2016) of the Indian Chemical
Society, Kolkata, and executive council member (2012—14) and Zonal
Secretary (2016—18) of Indian Council of Chemists, Agra. He had been a
recipient of the Dr. U.C. Pant Memorial Award, Indian Chemical Society,
Kolkata. He has written six books published by Taylor & Francis, UK;
Academic Press, Elsevier; Apple Academic Press, and a number of chapters
in books by these publishers and also Nova Publishers; Trans-Tech
Publications, Springer, etc. His main research focus is on photochemistry,
green chemistry, microwave-assisted reactions, environmental chemistry,
wastewater treatment, nanochemistry, solar cells, bioactive & conducting
polymers.

Dr. Jayesh P. Bhatt received his MSc. from RSTM Nagpur University in
2011. He was awarded his PhD in the year 2019 from PAHER University,
Udaipur. Since 2019 he has been working as an assistant professor in the
Department of Chemistry, PAHER University, Udaipur. He has done
research in the field of nanomaterials, particularly quantum dots, wastewater
treatment, etc. Dr. Jayesh has published 11 research articles in journals of

XV



xvi  About the editors

national and international repute and contributed 12 chapters. Currently four
PhD students are working under his supervision. He has been honored with
the Young Scientist Award at an international conference in 2018, Best
Poster Presentation in 2019, Best Oral Presentation in 2020, and Senior
Scientist Award for Best Oral Presentation in an international conference
(2021).

Prof. Suresh C. Ameta obtained his master’s degree from the University of
Udaipur and was awarded a gold medal in 1970. He obtained his PhD degree
from Vikram University in 1980. He has served as professor and head,
Department of Chemistry, North Gujarat University Patan (1994) and M.L.
Sukhadia University, Udaipur (2002—05) and head, Department of Polymer
Science (2005—08). He also served as dean, P.G. Studies for a period of 4
years (2004—08) in M.L. Sukhadia University, Udaipur and dean, Faculty of
Science, PAHER University (2011—18). Now, he is serving as professor of
eminence (distinguished professor), Faculty of Science, PAHER University,
Udaipur. Prof. Ameta has around 50 years of experience of teaching and
research. He has successfully guided 108 students through their PhDs. Prof.
Ameta has occupied the prestigious position of President, Indian Chemical
Society, Kolkata (2000—01) and is now a lifelong advisor. He was awarded
a number of prizes during his career, including the National prize twice for
writing chemistry books in Hindi, Prof. M.N. Desai Award, Prof. W.U.
Malik Award, Scientist of the Year Award, National Teacher Award, Prof.
G.V. Bakore Award, and above all, Life Time Achievement Awards from
the Indian Chemical Society (2011), Kolkata, Indian Council of Chemists,
Agra (2015) and Association of Chemistry Teachers, Mumbai (2018). Dr.
Ameta has more than 400 research papers and 36 books to his credit. He has
contributed chapters in books published by Trans-Tech, Switzerland; Nova
Science; Taylor & Francis; Elsevier; Springer; and Apple Academic Press.
He has 12 books to his credit, including Green Chemistry, Microwave
Assisted Organic Synthesis, Solar Energy Conversion and Storage, Group
Theory, Photocatalysis, Storage, Advanced Oxidation Processes for Waste
Water Treatment, Sonochemistry, etc. The Indian Chemical Society, Kolkata
published a special issue of the Journal of Indian Chemical Society on his
60th birthday in 2008 and also instituted a National Prize in his honor as the
Prof. Suresh C. Ameta Award to be given to a Senior Scientist of the country
from 2003 onwards.



Preface

Nanomaterials have revolutionized many research areas due to their unique
optical, electronic, and other properties. Quantum dots have lower dimen-
sions (2—10 nm) in the nanometric range. These quantum dots have a high
surface area-to-volume ratio, a quantum confinement effect, and surface
Plasmon resonance. As such they have great potential for applications in dif-
ferent fields. The present book is divided into three parts. First, it deals with
the basics or fundamentals of quantum dots, while the second part is devoted
to various methods of synthesizing quantum dots, including hydrothermal,
sol—gel, laser ablation, coprecipitation, biogenic, microwave-assisted, and
sonochemical. The third part of the present book is devoted to the possible
applications of quantum dots in these areas, such as photocatalysis, solar
cells, light-emitting diodes, sensors, photosplitting of water, targeted drug
delivery, cancer therapy, etc. The time is not far off when quantum dots will
find a firm footing, and they will be considered a miracle particle in the
years to come.
Rakshit Ameta
Jayesh P. Bhatt
Suresh C. Ameta
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Chapter 1

Introduction

Suresh C. Ameta
Department of Chemistry, PAHER University, Udaipur, Rajasthan, India

1.1 Introduction

The materials in the nanorange (1—100 nm) are termed as nanomaterials.
There are some nanostructured materials with size in the 2—10 nm range,
such nanomaterials are called quantum dots. The name quantum dot was
given because it is a tiny speck of matter (2—10 nm), which is very small,
just like a single point or dot. In other words, it is considered zero-
dimensional. The particles inside the quantum dot that carry electricity (elec-
trons and holes) are trapped (constrained) and have well-defined energy
levels, following the laws of quantum theory just like individual atoms.
There are a few dozen to hundreds or a few thousand atoms. Although these
quantum dots are nanocrystals, they behave more like individual atoms;
therefore, they have been nicknamed artificial atoms also.

Quantum dots have quantized energy levels. On excitation an electron in
the quantum dot jumps to a higher energy level. When this excited electron
returns to a lower level, the quantum dot emits a photon of light with the
same energy as was originally absorbed. The color of the emitted light
depends on the energy levels and it varies from one quantum dot to another.
The energy levels of quantum dots are governed by their size and not the sub-
stance from which it was made. The quantum dots and their application have
been excellently reviewed by different researchers (e.g., Jamieson et al., 2007;
Jacak et al., 2013; Michler, 2003; Wu et al., 2019; Molaei, 2019; Divsar,
2020; Nair et al., 2020; Abd Rani et al., 2020; Vyas et al., 2021).

A small quantum dot has a longer bandgap, and hence it requires more
energy to excite its electron. As the frequency of emitted light is proportional
to the energy, smaller quantum dots emit radiation of higher energy or fre-
quency, that is, shorter wavelengths, while larger quantum dots have closely
spaced energy levels and emit photons of lower energy or frequency, that is,
longer wavelengths. It means that as the size of quantum dots increases, the
quantum dot will emit photons with lower energy or frequency and higher
wavelength and vice versa. This is presented in Fig. 1.1.

Quantum Dots. DOI: https://doi.org/10.1016/B978-0-12-824153-0.00001-X
© 2023 Elsevier Inc. All rights reserved. 1
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2 Quantum Dots

When the size of the quantum dot is greater (diameter 5—6 nm), then it
will emit radiation of larger wavelengths with orange or red colors. On the
other hand, if the size of quantum dot is smaller (diameter 2—3 nm), then it
will emit radiation of shorter wavelengths with blue and green colors. But
the actual color depends on the exact size and composition of the quantum
dots. Accordingly, a change in color can be observed as the particle size of
quantum dots varies. This is clearly visible in Fig. 1.2.

1.1.1 Advantages
These are some advantages of quantum dots and these are:

e High quantum yield
e High photostability
e Symmetric and narrow peak of emission

o ©® O

3 nm 5 nm 7 nm

Wavelength (increase)

>
>

>

FIGURE 1.1 Relationship between size of quantum dots, energy or frequency of emitted light,
and wavelength of radiation.

Color Blue Green Yellow Orange
(460 nm) (520 nm) (580 nm) (620 nmm) (660 mu)

Frequency (decrease)

Energy (decrease)

Diameter 3 4 5 6 7
(nm)

FIGURE 1.2 Change in color with size of quantum dots.
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e Longer lifetime

e Possibility to control emission by changing the size and structure of
quantum dots

e Brightness

e Resistance to photobleaching as compared to organic fluorophores

e Required small amount of energy for excitation (blue or UV radiation)

1.1.2 Disadvantages

Apart from the advantages, there are some disadvantages of quantum dots
such as:

High toxicity, when used in vivo

Decline of fluorescence exponentially

Blinking of quantum dots makes them invisible sometimes

Quantum yield deterioration

Extended lifetime may create a problem when rapid degradation is
required

1.2 Unique features of quantum dots

Various properties of nanomaterials or quantum dots change as their size is
changed. At this stage, the percentage of atoms available at the surface of a
semiconducting material becomes quite significant. There are three main fac-
tors that are considered responsible for some unique properties in nanomater-
ials as well as quantum dots, which are significantly or totally different from
their counterpart micro-, macro-, or bulk materials. These are:

1.2.1 High surface-to-volume ratio

As the size of the particle approaches a few nm, the surface area-to-volume
ratio and surface-to-bulk atom ratio both increase dramatically. Depending
on the composition and structure of the material used to produce nanoparti-
cles or quantum dots, properties like absorption or emission wavelength, sol-
ubility, transparency, color, catalytic behavior, conductivity, melting point,
etc. are changed only by variation in the size of the particle. It leads to some
interesting behaviors of quantum dots.

1.2.2 Surface plasmon resonance

Surface plasmon resonance (SPR) is the collective oscillation of valence
electrons in a solid stimulated by incident light. Such a resonance condition
is established whenever the frequency of light photons matches the natural
frequency of oscillating surface electrons against the restoring force of the
positive nuclei. This SPR in nanometric structures is termed as localized
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SPR (LSPR). LSPRs are collective oscillations of electron charge in metallic
nanoparticles or quantum dots that are excited by light. Solutions containing
nanoparticles or quantum dots of metals (gold, silver, etc.) are colored due to
the SPR of the particles. Some properties like conductivity, dispersible
nature, catalytic behavior, optical properties, etc. change with different sur-
face properties of the particle.

1.2.3 Quantum confinement effect

The quantum confinement effect can be observed once the diameter of any
material reaches the same magnitude as the de Broglie wavelength of an
electron wave function. When materials are so small, their electronic and
optical properties deviate substantially from those of bulk materials. Here,
energy levels are not continuous but are quantized, that is, discrete, and
therefore these materials in the range of nanosize or the size of quantum dots
exhibit the quantum confinement effect.

1.3 Classification of quantum dots
Quantum dots are classified mainly into three types and these are:

e core-type quantum dots,
e core—shell quantum dots (CSQDs), and
e alloyed quantum dots.

1.3.1 Core-type quantum dots

These quantum dots can be single component materials, which have uniform
internal compositions. The properties of these core-type nanocrystals such as
photo- and electroluminescence can be fine-tuned just by simply changing
the crystallite size. The examples of core-type quantum dots are chalcogen-
ides (sulfides, selenides, or tellurides) of metals like cadmium, zinc, or lead
(Fig. 1.3).

Core
v

o~

FIGURE 1.3 Core-type quantum dots.
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1.3.2 Core—shell quantum dots

The luminescent properties of quantum dots are due to recombination of
electron—hole pairs (excitons) through radiative pathways. The decay of an
exciton can also occur via nonradiative methods, which reduces the fluores-
cence quantum yield. One of the possible methods to improve efficiency and
brightness of these nanocrystals is to grow a shell of a semiconducting mate-
rial with higher bandgap around it. Such particles, where small regions of
one material are embedded in another with a wider bandgap, are termed
CSQDs or core—shell semiconducting nanocrystals (Fig. 1.4). If the order is
reversed, then they are called reverse type quantum dots, where a shell is
inside the core structure (Fig. 1.5). Coating of quantum dots with some shells
improves the quantum yield just by passivizing nonradiative recombination
sites. This also makes them more robust to processing conditions, so that
they can find use in various applications. CSQDs are classified into two

types:

e Core—shell type-I quantum dots (Figs. 1.6 and 1.7)
e Core—shell type-II quantum dots (Figs. 1.8 and 1.9)

1.3.3 Alloyed quantum dots

Although electronic and optical properties of a quantum dot can be tuned by
just changing its crystallite size, even then some problems are faced in many
applications wherever there are some restrictions on size. Properties of

Single Core-Shell Reverse Core—Shell
o @ & &
Multi—Core-Multi-Shell Multi-Core—Single Shell

FIGURE 1.4 Core—shell type quantum dots with various arrangements of core—shell.
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(A) (B)

FIGURE 1.5 Core—shell type—I: (A) normal, and (B) reversed quantum dots.

AN

Energy

~0.91eV —0MeV .
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S ~0.54eV %
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a Core Shell o
c 170 || 335 ]
5 eV | eV é T1.88¢V
+1L.16eV +1.16eV
+2.44eV

(A) (B)

FIGURE 1.6 Energy diagram of core—shell type—I: (A) normal and (B) reversed quantum
dots.

quantum dots having multicomponents can be tuned without any change in
crystallite size. Such multicomponent systems are called alloyed quantum
dots (homogeneous and gradient internal structures) and it is possible to tune
their electronic and optical properties by changing their internal structure
and composition. These alloyed quantum dots are fabricated by alloying any
two semiconductors with different bandgaps (Fig. 1.9). These quantum dots
show some interesting properties, which are sometimes very different from
the properties of their original bulk counterparts or parent semiconductors.
They can be homogeneous in nature or with a particular zone rich in a spe-
cific element.
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Energy

(A) (B)

FIGURE 1.7 Core—shell type—II quantum dots. (A) Both the bands (conduction and valence)
of shell are higher than core and (B) Both the bands of shell are lower than the core.
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FIGURE 1.8 Energy diagram of core—shell type—II quantum dots.
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FIGURE 1.9 (A) Specific element (Te- or Se-) rich alloyed quantum dots, and (B) homoge-
neous alloyed quantum dots.
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1.4 Synthesis of quantum dots

A number of routes have been developed for the synthesis of QDs with con-
trolled size, shape, structure, and dimensionality, but generally used techni-
ques are categorized into two approaches:

e top-down approach; and
e bottom-up approach.

New physical properties and applications of nanomaterials are only possi-
ble when nanostructured materials are made available with the desired size,
shape, morphology, crystal structure, and chemical composition.

1.4.1 Top-down approach

The top-down approach involves breaking the bulk material into nanosized
structures or particles. This approach is based on physical methods
(Fig. 1.10). These are nothing but an extension of those methods, which are
used for producing micro-sized particles. Top-down approaches are relatively
simpler as they depend either on the removal/division of the bulk material or
on miniaturization of any bulk process of fabrication to produce the nano-
desired structures. But there is a problem with this approach, that is, the
surface structure prepared is imperfect in nature. Nanostructured materials
prepared by this approach are not smooth and have structural defects on the
surface and also contain a number of impurities. Examples of such top-down
techniques are high-energy wet ball milling, laser ablation, electron beam
lithography, liquid phase exfoliation, atomic force manipulation, gas-phase
condensation, and aerosol spray.

. Macroparticles
:“s Microparticles

Top-Down Approach

-
e ‘. b Nanoparticles
L

FIGURE 1.10 Top-down approach.
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1.4.2 Bottom-up approach

Another approach for this purpose is the bottom-up approach (Fig. 1.11). These
are mostly chemical-based methods. These are economical also. This approach
builds up a material starting from the bottom, that is, atom-by-atom, molecule-
by-molecule, cluster-by cluster, etc. Some of the examples are sol—gel synthe-
sis, hydrothermal synthesis, electrodeposition, organometallic chemical route,
reverse-micelle route, colloidal precipitation, and template-assisted sol—gel.

1.4.3 Methods of synthesis
Different methods are available for the synthesis of quantum dots. These are:

Hydrothermal method
Sol—gel method

Laser ablation method
Coprecipitation method
Biogenic method
Microwave-assisted method
Sonochemical method

1.5 Applications of quantum dots

Although there are numerous applications of quantum dots covering a wide
range, the main applications include:

e Solar cells
e Biolabeling
e Bioimaging

. *% 4
.'.O L I Nanoparticles
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| =
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c
e * =
o a® Clusters -
g
=
’ a
- g Sre Atoms/Molecules

FIGURE 1.11 Bottom-up approach.
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Cancer therapy

Chemical and biosensors

Microscopy

Lasers

Inkjet printing

Spin coating

Photosplitting of water to generate hydrogen
Light-emitting diodes

Wastewater treatment using photocatalysts
Photothermal and photodynamic therapy
Targeted drug delivery,

This list is not complete and many more new applications will emerge in
years to come. Some major applications of quantum dots are depicted in
Fig. 1.12.

1.5.1 Solar cells

The world is facing a scarcity of energy resources, as the conventional fuels
are either exhausted or reaching an end within the coming few decades.
Therefore, there is an urgent demand to search for or to develop some new
alternate resources, which are likely to fulfill the demand of the society in
forthcoming years. Many attempts have been made in this direction, where
sunlight has been used as the source of energy to generate electrical energy.

FIGURE 1.12 Different major applications of quantum dots.
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It is very important to find some low-cost materials for the conversion and
storage of solar energy with good conservation efficiency and long-term stor-
age. Various solar cells are available, such as photovoltaic cells, photogalva-
nic cells, dye-sensitized solar cells, etc. Nanomaterials are already in use in
solar cells, but now quantum dots are also being utilized in some solar cells
to increase the efficiency of these cells and prolong their lifetime. Quantum
dots sensitized solar cells have become a topic of interest these days, because
of some unique properties of quantum dots. The use of pervoskites has also
added a new dimension to the field of solar cells.

1.5.2 Sensors

Sensing a particular material or conditions has become a field of general
interest in society. There is a long history for developing different and active
sensors that can sense the presence of harmful chemicals; but now the pres-
ence of nanomaterials or quantum dots has added newer dimensions to the
field of sensors. Sensing a specific chemical at ppm or sometimes even at
ppb level has become possible by the use of quantum dots, for example,
alcohol, ammonia, pesticides, carbon dioxide, nitrogen peroxide, hydrogen
sulfide, liquefied petroleum gas (LPG) commonly used drugs (antibiotics,
antiseptic, antiinflammatories, antipyretics, etc.), etc. Apart from this, these
quantum dots also sense any small variation in the surroundings or environ-
ment (chemical and biological) and these can be used for measuring the tem-
perature and humidity of a particular room or area.

1.5.3 Light emitting diodes

Whenever current flows in a semiconductor, electrons and holes recombine. As
a result, energy is released in the form of photons. Thus the semiconductor
becomes a light source and it is called a light-emitting diode light. Quantum
dots are used in fabricating such light-emitting diodes. They can give a variety
of colors: green, blue, red, orange, yellow, etc. apart from white. This color
depends on the bandgap of that semiconductor, that is, corresponding to the
energy of photons. Normally, electrical energy is first converted into heat then
into light, but light-emitting diodes convert electrical energy directly into light
so that no or negligible electricity is wasted in the form of heat. LEDs find
application in a number of areas such as display and lighting (different colors),
night vision (security cameras), data communication, agriculture and horticul-
ture (plant growth and improved crop production), antimicrobial properties, etc.

1.5.4 Photocatalysis

Photocatalysis has a beauty in that it can provide the oxidizing as well reduc-
ing environment simultaneously in the same vessel, which is not otherwise
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possible with any oxidant or a reductant, which gives only one kind of envi-
ronment. Instead, the oxidant and reductant will react (if both are present
there) with each other rather than attacking a particular molecule or entity. It
can generate a very strong oxidizing species, hydroxyl radicals in the major-
ity of cases, which are quite effective in degrading the organic pollutants to
less harmful or almost harmless end products. Thus the use of quantum dots
in photocatalytic degradation can be useful in the complete mineralization of
water and air contaminants like dyes, pharmaceuticals, pesticides, nitro and
chloro compounds, endocrine-disrupting chemicals, phenols, carbon dioxide,
carbon monoxide, nitrogen dioxide, etc. Not only this, quantum dots are now
utilized in the photoreduction of carbon dioxide to some useful chemicals,
which can be used as synthetic fuels such as methanol or methane. This will
solve the problem of the energy crisis on one hand and decrease the amount
of carbon dioxide in the atmosphere; thus placing a control on the ever
increasing global warming.

1.5.5 Hydrogen generation

The shortage of natural energy resources is becoming a burning problem in
the world these days and it is likely to increase exponentially in the coming
future. The requirement for energy is regularly increasing and it will be very
difficult to depend for a long time on the natural fuels such as wood, coal, ker-
osene, diesel, petrol, natural gas, or LPG, and therefore there is a pressing
demand that some alternative should be developed that can fulfill the demand
for energy from society in coming decades. Here, hydrogen enters the scene,
It has a high energy storage capacity and can be used as an alternative fuel. It
has been predicted to be the fuel of the future. It is presently produced by the
consumption of electricity, which is a costly affair. It has been advocated that
hydrogen should be generated by the splitting of water photocatalytically in
the presence of a light source, and the most preferred one is sunlight, as it
freely available at present and it is inexhaustible also. It can be utilized as a
source of energy for the future at relatively low cost. The source of hydrogen
is water, which is abundantly available, covering almost three-fourths of the
Earth, and the final product of its combustion is water again, which is harm-
less Now, quantum dots are being used in photocatalytic splitting of water to
produce hydrogen with relatively high efficiency.

1.5.6 Biomedicals

Quantum dots have great potential for application in the biomedical and bio-
technology fields because of their smaller size and other unique properties.
They can pass the blood—brain barrier and also can cross the cell boundaries
in some cases. These can be used for the diagnosis of a particular disease at
earlier stages and hence help in timely treatment. Quantum dots are also
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used in targeted drug delivery so that a drug can be supplied to a specific
organ or location and as a result, the healthy cells or other parts are not
affected adversely. This will increase the efficacy of that drug. They have a
bright future in combating dreadful diseases like cancer. They are also effec-
tively utilized in biolabeling and bioimaging processes.

1.6 Conclusion

Quantum dots have certain unique features, such as large surface area-to-
volume ratio, quantum confinement effect, and SPR. These make quantum
dots quite interesting for possible application in a variety of fields. They are
used as photocatalysts for degradation or the removal of a variety of environ-
mental pollutants to smaller fragments, which are almost harmless, reduction
of carbon dioxide curbing the ever increasing global warming, photosplitting
of water generating hydrogen (the fuel of future), light emitting diodes (dis-
play, lighting, plant growth, improved crop production, night vision, antimi-
crobial activities), biolabeling, bioimaging, targeted drug delivery, solar
cells, cancer therapy, sensing a particular compound in very low concentra-
tions (ppm or even sometimes ppb also), etc. Quantum dots will find many
more useful applications in the years to come.
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Chapter 2

Hydrothermal synthesis of
quantum dots

Jayesh P. Bhatt and Neha Godha
Department of Chemistry, PAHER University, Udaipur, Rajasthan, India

2.1 Introduction

The term “hydro” means water and “thermal” means heat. This word was
first used by the British geologist Sir Roderick Murchison (1841). The action
of water at high temperature and pressure has been considered responsible
for changes in the Earth’s crust, and it leads to the formation of various
minerals and rocks. The first report on hydrothermal synthesis was of tiny
quartz crystals by freshly precipitated silicic acid (Schafthaul, 1845). Now
this term refers to any heterogeneous reaction that is carried out in the pres-
ence of aqueous solvents under high temperature and pressure conditions.
Artificial diamond was also synthesized by Hannay (1880) using the hydro-
thermal method and Moissan (1893) also claimed to synthesize artificial
diamond.

It is interesting to note that the hydrothermal method keeps a good con-
trol on composition and porosity. It is known that materials having high
vapor pressure near this melting point normally form nanoparticles (NPs)
by this method only. The solvothermal method is almost similar to the
hydrothermal method but the only difference is in the wetting liquid,
which is usually an organic solvent in place of water. The hydrothermal
technique is used in a variety of fields, like chemistry, material science,
biology, etc.

The hydrothermal conditions (high pressure and temperature) require a
reaction vessel for crystal growth, which is called an autoclave. As some
highly corrosive salts are used in the hydrothermal method to synthesize
inorganic materials for a longer period reaction time, an autoclave must
be able to sustain these highly corrosive materials at high pressure and
temperature. The corrosion resistance is the most important property
required in the material of the autoclave. Such corrosion-resistant
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© 2023 Elsevier Inc. All rights reserved. 15


https://doi.org/10.1016/B978-0-12-824153-0.00002-1

16  Quantum Dots

materials include the following materials such as high-strength alloys,
stainless steel, iron, titanium, nickel, and cobalt-based alloys. An auto-
clave is also coated inside with a non-reactive material to avoid corrosion;
the most suitable material is Teflon (tetrafluoroethylene). As the Teflon
has a larger coefficient of thermal expansion compared with the material
enclosed within the liner, the coating of Teflon will expand and contract
much more on heating and cooling than the reacting materials present
inside the autoclave.
A good hydrothermal autoclave should have the following properties:

e It is inert to acids, bases, and oxidizing agents.

It should be easy to assemble and dissemble.

e It should have a sufficient length to obtain a desired temperature
gradient.

e It should be leakproof at desired temperature and pressure.

e It should bear high pressure and temperature for a longer duration of
time.

e Reaction can be carried out under mild hydrothermal conditions of tem-
perature less than 300°C and pressure 250 bars.

Parts of the Teflon-coated autoclave are presented in Fig. 2.1.

Outer high quality
stainless steel (SS) body

FIGURE 2.1 Teflon-lined autoclave reactor.
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2.1.1 Advantages
The following are the advantages of hydrothermal synthesis:

e This method has the ability to create crystallize phases, particularly those
that are not stable at the melting point.

e The material having high vapor pressure near its melting point can also
be grown by this method.

e This method is suitable for the growth of large and good-quality crystals
with a control on their composition.

e Relative cost is lower for this method compared with others.

e The hydrothermal method is more eco-friendly (green) than other meth-
ods of synthesis.

e It requires low temperatures, which avoids the problems encountered
with high-temperature processes.

e It regulates the uniformity of nucleation, rate growth, aging, etc., which
affect morphology, size, and aggregation. Various particle sizes and
morphologies can be obtained with the hydrothermal method.

e Materials prepared by this method exhibit differences in point defects as
compared with high-temperature synthesis. There are no Schottky defects
in tungstates of Ca, Ba, and Sr prepared by this method, which are nor-
mally present in these compounds prepared at high temperatures.

e This method can be used in combination with other methods such as
microwave, ultrasound, mechanochemistry, electrochemical, etc.

2.1.2 Disadvantages

e One of the major disadvantages of this method is that it needs expensive
autoclaves.

e It is not possible to observe the crystal growing inside a steel tube.

e Now autoclaves made of thick-walled glass are used up to 300°C and
10 bar.

e The greatest disadvantages of Teflon lining is that beyond 300°C, it can-
not be used because Teflon dissociates, which affects the pH of neutral
solutions. This coating tends to get torn and generally must be replaced
after experiments.

2.2 Metal-based quantum dots
2.2.1 Metal oxide quantum dots

A simple hydrothermal approach was used by Zhu et al. (2006) for synthesis
of SnO, quantum dots. Here, hydrazine hydrate was used as the mineralizer
and not the commonly used NaOH. The diameters of the SnO, NPs were
determined to be in the range of 2.3—3.1 nm. A blueshift was observed of
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0.28 eV and the bandgap of as-prepared SnO, QDs was found to be 3.88 eV.
A biomolecule-assisted hydrothermal route was used by Wu et al. (2009) for
generating SnO, QDs (diameters 10 nm). These were used for photocatalytic
degradation of rhodamine B in a basic medium, where its degradation
reached almost 100% within 150 min.

Wei et al. (2010) made use of WO5_, QDs (nonstoichiometric) in combi-
nation with silver nanowires (Ag NWs) and reported that the incident
photon-to-electron conversion efficiency (IPCE) can be increased by 8.5%
and dye degradation improved by 40% with the sample WO, ;, QD@Ag
NW composite.

Perera et al. (2012) prepared TiO, nanotube (TNT)/reduced graphene
oxide (rGO) composites using an alkaline hydrothermal process. They could
achieve this by decorating graphene oxide (GO) layers on TiO, NPs. The
TiO, NPs were found to be small in diameter (~9 nm). As-prepared compo-
sites were used for the photodegradation of malachite green. It was observed
that composite with 10% rGO showed the highest photocatalytic activity,
which was almost three times higher than pure TNTs.

The Mg-doped VO, NPs were synthesized by Zhou et al. (2013) via a
hydrothermal method. It was reported that optical bandgap changed from 2.0 eV
for pure VO, to 2.4eV on 3.8% Mg doping. Yao et al. (2017) fabricated
CoFe,04 quantum dots/N-doped graphene (CoFe,O, QDs/N-G) composites
using the hydrothermal process followed by calcination at high temperatures. It
was observed that NPs were homogeneously anchored on the surfaces of gra-
phene sheets and the size of CoFe,O4 QDs was within 4—12 nm. It was
reported that as-obtained CoFe,O4 QDs/N-G can be used as anode material for
lithium-ion batteries (LIBs) with an initial discharge capacity of 1616 mAh g~
maintaining a reversible capacity of 1223 mAh g~ ' even after 90 cycles at a
current of 100 mA g™,

Ma et al. (2017) observed the effects of N doping on the deposition of
ZnCo0,04 QDs on rGO nanosheets. It was reported that as-prepared ZnCo,0,
QDs decorated on nitrogen-doped graphene (NG) were 4.3 = 0.9 nm in diam-
eter and were well-dispersed on the surface. It was indicated that as-obtained
ZnCo,04/NG hybrids can be used as a battery-type electrode for a hybrid
supercapacitor and can deliver high specific capacity, outstanding rate capa-
bility, and excellent cycle performance of 301.8 Cg™ ' at 1 Ag™ ', 84.5%
remaining at 30 A g~ ' and 89.1% after 5000 cycles, respectively.

Min et al. (2017) used a one-step hydrothermal route for preparing GQDs
coupled with TiO, in the form of composite (TiO,/GQDs) photocatalysts.
They used 1,3,6-trinitropyrene (TNP) as the precursor of GQDs. Here, GQDs
act as a photosensitizer as well as an excellent electron acceptor and this
composite exhibited a seven times higher evolution rate of H,. A highly effi-
cient ternary photocatalytic nanocomposite, ZnFe,04/TiO,/CDs, was synthe-
sized by Lu et al. (2018) through a hydrothermal method. This composite
was used in the decomposition of rhodamine B. It was also revealed that it
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retained its photocatalytic efficiency even after four cycles. A wide range of
transition metal-doped TiO, (metal/TiO,) (where M = Co, Ag, Cu, Au, Cr,
Ni, Fe, Pt, Pd, and Zn) was prepared by Wu et al. (2018) combining the
hydrothermal synthesis with air-thermal treatment. It was observed that
0.5 mol.%-Cu/TiO, NFs exhibited the highest photocatalytic activity in the
production of hydrogen (208 pmol ' h™").

SnO, QDs/TiO, NPs composite was prepared by Jat et al. (2019) via a
hydrothermal method. They used stannic chloride (hydrate) as a precursor
for SnO, quantum dots. It was observed that the photocatalytic activity of
the composite was more than titania nanopowder for the degradation of fast
green. The effects of various parameters like pH, the concentration of dye,
amount of catalyst, and light intensity on the rate of degradation was also
studied. It can be a promising method for wastewater treatment. A simple
hydrothermal route was reported by Liu et al. (2019a,b) for the synthesis of
tungsten oxide quantum dots (WO5_, QDs). They used ammonium tungstate
hydrate as a precursor and polyvinyl pyrrolidone. It was reported that this
material is photochromic in nature and changes color in the presence of UV
or sunlight.

2.2.2 Metal sulfide quantum dots

Zhao et al. (2009) selected thiol ligand, N-acetyl-1-cysteine as a stabilizer for
the synthesis of high-quality NIR-emitting CdTe/CdS QDs by an hydrother-
mal route. It was reported that as-prepared NIR-emitting CdTe/CdS QDs
exhibited high photoluminescence quantum yields (45% — 62%) and good
photostability. It was also suggested that as-prepared QDs can be used for
bioimaging as they have biological compatibility and excellent water solubil-
ity. Liu et al. (2012) synthesized water-soluble high-quality ternary CulnS,
quantum dots via hydrothermal synthesis. They used mercaptopropionic acid
(MPA) as the stabilizer. It was observed that it can be used to label liver can-
cer cells. It was also revealed that as-synthesized near-infrared (NIR) CulnS,
QDs have excellent photostability.

The CdSeS quantum dots with diameter of 4.5 nm were prepared by
Santra and Kamat (2013), which were highly luminescent. They observed
maximum power conversion efficiencies of 3.2% and 3.0% in two- and
three-layered tandem quantum dots solar cells, respectively. Liu et al. (2013)
synthesized water-soluble CulnS, ternary quantum dots in aqueous solution,
which was capped by MPA. The CulnS, QDs were covalently linked to 3-
aminophenylboronic acid molecules to get functionalized CulnS, QDs (F-
CulnS, QDs). These QDs were found to be reactive toward vicinal diols in
alkaline solution to form five- or six- member cyclic esters.

Water-soluble Mn”*-doped ZnS nanocrystals were synthesized by Zhang
et al. (2014). These were surface capped with polyethylene glycol (PEG-
ZnS:Mn*") in aqueous solution. It was reported that the size of particles had
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an average diameter of 3 nm with a zinc blende structure. It was also
revealed that as-obtained nanocrystals were water soluble and biocompatible.
Han et al. (2014) prepared a ternary CdS/ZnO/graphene composite by load-
ing ZnO and CdS NPs in graphene nanosheets using a one-step hydrothermal
method. It was reported that as-prepared CdS/ZnO/graphene composite
exhibited enhanced photocatalytic activity as compared to pure ZnO and
CdS. It was attributed to the light absorption, efficient charge separation, and
durability of the composite.

Uniform MoS, quantum dots were synthesized by Ren et al. (2015) via a
hydrothermal route. It was reported that the as-prepared material has a mono-
layer thickness with an average size of 3.6 nm. A facile hydrothermal route
has been also used by Wang and Ni (2014) for the synthesis of photolumi-
nescent MoS, quantum dots. They used sodium molybdate and cysteine as
precursors. As-prepared MoS, QDs were used to construct a sensor for the
detection of 2.4,6-trinitrophenol (TNP) in a wide range of concentration
from 0.099 to 36.5 pM with a high detection limit (95 nM). It was reported
that this sensor can be applied for the detection of TNP in real samples.

Monolayer MoS, quantum dots with lateral size (3 nm) were prepared by
Qiao et al. (2015). It was observed that the lateral size of the nanosheets
decreases on increasing the number of exfoliations. It was reported that mono-
layer MoS, QDs exhibited higher hydrogen evolution reaction (HER) catalytic
activities. Uniformly dispersed ZnS quantum dots (<10nm) on graphene
nanosheets were synthesized by Zhang et al. (2018) via a hydrothermal method.
It was reported that as-prepared ZnS/graphene composites can be used as a
dual anode for both LIB and sodium-ion batteries with excellent performance.

The Ag,S/ Biy/TizO;, heterojunction composite was prepared by Zhao
et al. (2019). The Ag,S quantum dots were assembled onto the surface of
BisTi30;, nanosheets. Its photocatalytic performance was evaluated for
photocatalytic degradation of rhodamine B in aqueous solution under simu-
lated sunlight. It was found that 15 wt.% Ag,S BisTi30;, composite exhib-
ited the highest photocatalytic activity, which was about 2.8 and 4.0 times
higher than that of pure BisTi3O;, and Ag,S, respectively. This enhanced
activity was explained on the basis of Z-scheme electron transfer from
Bi4Ti30,, (conduction band) to Ag,S (valence band).

Zeng et al. (2019) synthesized flower-like MoS,/Ag,S/Ag nanocomposites.
It was reported that as-prepared MoS,/Ag,S/Ag nanocomposites can be used
as photocatalysts for the photodegradation of tetracycline hydrochloride and
Congo red and also for the disinfection of P. aeruginosa. It was verified that
the electron transport path is a Z-scheme system. A one-step hydrothermal
approach was reported by Li et al. (2019) to synthesize water-dispersed MoS,
quantum dots. These QDs have an ultrasmall size of ~3.3 nm. These were
loaded on CdS nanorods and then they exhibited an enhanced HER under visi-
ble light (\ > 420 nm) (131.7 mmol h! gfl), which is about 65-fold the rate
of pure CdS (2.0 mmolh™ ' g™ ).
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2.2.3 Others

A simple hydrothermal method was developed by Wang and Han (2010) for
the synthesis of water-soluble, and NIR-emitting type core—shell CdTe/CdSe
quantum dots. They used CdCl, and Na,SeO3 and thiol-capped CdTe QDs
as core templates for this purpose. It was revealed that as-prepared CdTe/
CdSe QDs showed excellent photostability, good monodispersity, and hard-
ened lattice structure which has a great potential for different biological
applications.

A high-performance supercapacitor cathode electrode was developed by
Xia et al. (2015). It was composed of well-dispersed MnCO3 quantum dots
(~1.2nm) decorated on nickel hydrogen carbonate—manganese carbonate
(Ni(HCO3),—MnCO3). It was reported that as-prepared MnCOs; QDs/
NiH—Mn—COj; composites exhibited superior supercapacitive performance,
which makes them potential cathode materials to be used in high energy den-
sity asymmetric supercapacitors.

2.3 Nonmetal-based quantum dots
2.3.1 Carbon-based quantum dots

Yu et al. (2012) prepared ZnO/carbon quantum dots (ZnO/CQDs) nanocom-
posites by hydrothermal reaction. It was reported that as-obtained photocata-
lyst can be used for the degradation of toxic gas (methanol and benzene)
under visible light exhibiting higher photocatalytic activity (80%, 24 h) as
compared to N-doped TiO, and ZnO NPs. A simple one-step hydrothermal
method was developed by Guo et al. (2013) for the synthesis of highly fluo-
rescent carbon NPs (F-CNPs). It was reported that these F-CNPs exhibited
excellent probe ability for the detection of mercury ions in aqueous solution
with good sensitivity and selectivity.

Yu et al. (2014a,b) prepared CQDs/TiO, nanosheet composites by a sim-
ple low-temperature process. The photocatalytic activity of this composite
was observed for the degradation of rhodamine B in the presence of visible
light irradiation. CQDs modified TiO,P25 composites (CQDs/P25) were pre-
pared by Yu et al. (2014a,b) via hydrothermal reaction. This composite
exhibited enhanced photocatalytic H, evolution in the presence of visible
light and UV without using any noble metal cocatalyst. Here, CQDs played
dual roles for improving photocatalytic activity as they act as an electron res-
ervoir as well as for efficient separation of the electron—hole pairs.

Zhang and Chen (2014) used a hydrothermal route to prepare highly
luminescent nitrogen-doped CQDs (NCQDs). They used folic acid as the
source of both carbon and nitrogen. It was reported that as-prepared NCQDs
have an average size of 4.5+ 1.0 nm. It was reported that an effective
quenching effect of Hg®" ions was achieved, and NCQDs can detect Hg*"
ions with a detection limit of 0.23 pM. This type of ions sensor was
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successfully applied for the determination of Hg*" in real samples such as
tapwater and lake water. A facile method to synthesize stable CDs was
reported by Wang et al. (2015) via hydrothermal treatment using glucose in
the presence of glutathione. It was reported that as-prepared CDs can be
used as pH sensors. Wei et al. (2016) prepared a series of carbon dots (CDs)/
NiCo,0, composites, It was observed that these samples have good electrical
conductivities and exhibited high specific capacitances, cycling stabilities,
and superior rate performance. It was revealed that this hybrid supercapacitor
exhibited a high energy density up to 62.0 Wh kg™ ".

Martins et al. (2016) prepared a new composite of TiO, (P25) and N-
doped CQDs (P25/NCQD) via a hydrothermal method. It was then used as a
catalyst for the photooxidation of NO in the presence of UV and visible
light. It was reported that as-prepared P25/NCQD composite exhibited NO
conversion (27.0%), which was almost 2.7 times that of P25 (10%). It was
also revealed that photodegradation of methylene blue was increased from
68% to 91% on UV irradiation.

Qian et al. (2016) incorporated CQDs with Bi;WOs. Then these were
used for photocatalytic removal of gaseous volatile organic compounds in
the presence of sunlight. It was revealed that CQDs/ Bi,WOg exhibited high-
er photocatalytic oxidation in degrading toluene and acetone under both UV
and visible light.

Wu et al. (2017) synthesized NCQDs by a hydrothermal method. They
used microcrystalline cellulose as a source of carbon and ethylenediamine as
a nitrogen dopant. It was reported that as-obtained NCQDs particles were
spherical with an average diameter of 3.2 nm. When these NCQDs were
used as a fluorescent probe for the detection of Fe** via fluorescent quench-
ing, then they could achieve high sensitivity and selectivity with a limit of
detection of 0.21 nM.

A ternary composite of GO/CD/polypyrrole (GO/CDs/PPy) was prepared
by Zhang et al. (2017) and then used as an electrode active material for
supercapacitors. It was reported that CDs sandwiched between PPy and GO
film layer can promote electron transportation in such composites and as a
result, charge transfer resistance of the electrode and internal resistance are
reduced. It was interesting to note that it retained excellent cycle stability
even after 5000 cycles. Liu et al. (2017) monitored the effect of arginine
(Arg) on the growth of gold NPs/CQDs (Au/CQDs) composite. Ethylene gly-
col was used as the reducing as well as stabilizing agent for the preparation
of CQDs. The arginine can be detected with a low detection limit of 37 nM
using this nanocomposite based on the color change.

A three-dimensional (3D) ternary graphene-CQDs/g-C3N, nanosheet
(GA-CQDs/CNN) aerogel was synthesized by He et al. (2018) via a hydro-
thermal method. It was reported that this ternary photocatalyst could improve
the absorption of visible light as well as promote separation of charges.
It was observed that methyl orange can be removed up to 91.1% using
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GA-CQDs/CNN-24%, which was about 7.6 times more than that with bulk

Zhao et al. (2018) synthesized nitrogen-doped CQDs via a hydrothermal
method. They used polyacrylamide as both the carbon and nitrogen source.
It was reported that as-prepared NCQDs could be used as effective probes
for selective and sensitive detection of dopamine with a detection limit of
0.05 pM in the concentration range of 0.1—200 pM. The proposed method
was also applied for determination of dopamine in urine samples. Wang
et al. (2018) reported a novel ternary photocatalyst, which comprised single
atom-dispersed silver and CQDs coloaded with ultrathin g-C3N, (SDAg-
CQDs/UCN). It was then used for photocatalytic degradation of naproxen,
which involved hydroxylation, decarboxylation, and opening of the naphtha-
lene ring.

Liu et al. (2019a,b) prepared nitrogen and boron codoped CQDs (NB-
CQDS) via a one-pot hydrothermal treatment. They used citric acid, borax,
and p-phenylenediamine for this purpose as the source of carbon, boron, and
nitrogen, respectively. It was revealed that NB-CQDs were almost monodis-
persed with an average particle diameter of 3.53 nm. A sensor was designed
using NB-CQDs for the determination of acetone and dopamine with a limit
of detection of 0.54 pM and 11 nM, respectively. Aziz et al. (2019) prepared
CQDs using branched polyethyleneimine to modify these dots. It was
observed that fluorescence of CDs could be efficiently quenched by mercuric
ions in aqueous solution. It was revealed that this probe can be used for the
detection of Hg>" ions in the concentration range from 20 to 800 nM with a
detection limit of 10.0 nM. It provides a simple, selective, and sensitive fluo-
rescence probe for Hg*".

Wang et al. (2019) used biomass of cyanobacteria as a carbon source for
synthesizing fluorescent and water-soluble CQDs via a hydrothermal method.
It was reported that as-synthesized CQDs were found to be monodispersed
with an average diameter of 2.48 nm. It was observed that as-prepared CQDs
exhibited high photostability with no photobleaching, even if kept for a lon-
ger time under UV irradiation. One advantage of such CQDs is that they
could illuminate the complete cell and differentiate the cytoplasm from
nucleus. It was also proposed that biomass of cyanobacteria can be used to
fabricate CQDs on a large scale.

Water-soluble highly green fluorescent CQDs were prepared by
Dhandapani et al. (2020) via hydrothermal carbonization of cost-effective
wastes of fish. It was reported that the as-synthesized sample exhibited
photoluminescence with high green emission 406 at the excitation of
330 nm. The UV—Vis spectra showed the presence of two major peaks at
266 and 371, due to t—7 * and n— 7 * transition, respectively. It was
revealed that as-prepared CQDs are spherical in shape with size ~6 = 1 nm.
It was suggested that as-synthesized CQDs may be used for water treatment
and energy application.
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Guo and Zhao (2020) synthesized blue emissive NCQDs via the hydrother-
mal treatment with a high quantum yield as high as 84.79%. They used diethy-
lenetriamine and citric acid as a source of nitrogen and carbon, respectively. It
was reported that as-prepared NCQDs exhibited good photostability, and
excellent stability in high-salt conditions. It was revealed that as-prepared
NCQDs can be used as potential probes for detecting ellagic acid selectively
in a concentration range of 0.01—50 uM on the basis of the inner filter effect.
It was suggested that there is good biocompatibility of the NCQDs, which
indicates that it has a great potential for application in biomedical fields.

Khan et al. (2020) synthesized nitrogen and sulfur codoped water-soluble
CQDs (NS-CQDs) via a hydrothermal route. They used L-lysine and thiourea for
this purpose. It was reported that as-obtained NS-CQDs have a high quantum
yield of 53.19 % with a blue fluorescence on excitation UV light (365 nm). It
was revealed that NS-CQDs were spherical in shape with sizes in the range
5—8 nm (average diameter 6.86 nm). It was observed that NS-CQDs can act as a
fluorescent probe for the sensitive and selective detection of picric acid in aque-
ous solution in the concentration range of 1—10 pM with a limit of detection as
0.24 pM. It was reported that these NS-CQDs fluorescent probes can be used to
measure the concentration of picric acid in a real water sample of tapwater.

Wei et al. (2020) synthesized boron and nitrogen codoped CQDs
(BNCQDs) via a microwave-assisted hydrothermal method. They used boric
acid and o-phenylenediamine as the sources of boron, carbon, and nitrogen.
It was reported that as-prepared BNCQDs exhibited high QY (13.79%), good
biocompatibility, fluorescent stability, and low toxicity, which are necessary
requirements for a cell imaging agent. It was revealed that accumulation was
increased with an extension of incubation time with Hel.a cells, and it was
observed that BNCQDs imaging is suitable for cell morphology (Fig. 2.2).

Li et al. (2020) obtained two types of CQDs via a hydrothermal method.
These CQDs had luminous peaks at 480 (blue CDs) and 525 nm (green quan-
tum dots). These two QDs were used for the detection of Hg2+ ions. It was
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FIGURE 2.2 Synthesis of B, N-doped carbon quantum dots and their use in cellular imaging.
Adapted from Wei, Y., Chen, L., Wang, J., Liu, X., Yang, Y., Yu, S., 2020. Rapid synthesis of BN
co-doped yellow emissive carbon quantum dots for cellular imaging. Optical Mater. 100. https://
doi.org/10.1016/j.optmat.2019.109647. With Permission.
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observed that mixed CDs could detect Hg>" ions in the range of 0—1.0 pM
with a low detection limit of 0.05 pM.

Shahba and Sabet (2020) synthesized highly photoluminescence carbon
nanofibers/CQDs using pine fruit via a ball milling-assisted hydrothermal
method. It was revealed that the as-obtained product was composed of carbon
nanofibers and very tiny nitrogen-doped CDs with a high photoluminescence
intensity. The photocatalytic activity of as-prepared material was investigated
by degradation of six different dyes (methyl orange, erichrome black T, acid
blue, eosin Y, methylene blue, and methyl). It was also reported that it can
adsorb Cd*" and Pb** ions from the water with almost 100% efficiency.

Wang et al. (2020) prepared biomass CQDs via a hydrothermal process. They
used four biomass wastes as a source of carbon (magnolia flower, orange peel,
paulownia leaves and ginkgo biloba leaves). The as-prepared biomass CQDs
exhibited homogeneous particle size, optical properties, stability, and superior
water solubility. A quenching effect on fluorescence was observed on the addition
of Fe** ions into CQDs solution. It was reported that as-prepared CQDs have a
sensitive response to Fe’* ions and these ions can be measured in the concentra-
tion range of 0.2 — 100 pM with the limit of detection of 0.073 uM (Fig. 2.3).

Sharma et al. (2020) synthesized fluorescent CQDs via a hydrothermal
approach using red cabbage (rc). It was reported that as-synthesized rcCQDs
were having an average size of 3 nm with blue fluorescence and quantum yield
of 8.3%. It was interesting to note that rcCQDs exhibited strong antioxidant
activities of 56%, 61%, and 91% against hydroxyl,2,2-diphenyl-1-picrylhydra-
zyl, and potassium permanganate radicals, respectively, which was almost com-
parable with that of L-ascorbic acid (standard antioxidant). A superior
biocompatibility and negligible cytotoxicity of as-synthesized rcCQDs on SH-
SYS5Y neuroblastoma cells was there as evident from Cell Counting Kit—8
assay. These rcCQDs were also used as a fluorescent probe for biolabeling of
Staphylococcus aureus and Escherichia coli. These rcCQDs can also be utilized
as a fluorescent ink, and may found to be suitable for varnish and paints.

Chaudhary et al. (2020) synthesized highly fluorescent NS-CQDs via
hydrothermal process. They used banana (Musa acuminata) juice as the
source of carbon. It was revealed that NS-CQDs were spherical shaped with
an average size of 1.27 nm, but with poor crystallinity. The proposed method
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FIGURE 2.3 Preparation of quantum dots from biomass waste and detection of ferric ions.
Adapted from Wang, C., Shi, H., Yang, M., Yan, Y., Liu, E., Ji, Z., et al., 2020. Facile synthesis
of novel carbon quantum dots from biomass waste for highly sensitive detection of iron ions.
Mater. Res. Bull. 124, https://doi.org/10.1016/j.materresbull.2019.110730. With Permission.
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offers higher quantum yield (32%) compared to samples prepared from other
natural sources. It was reported that as-synthesized NS-CQDs can be utilized
as a fluorescent probe for the detection of Cu(Il) in the concentration range
of 1—800 pg mL ™" with the LOD of 0.3 pg mL ™" in the water sample.

2.3.2 Graphene-based quantum dots

Shen et al. (2012) prepared graphene quantum dots (GQDs) by a one-pot
hydrothermal reaction. They used polyethylene glycol (PEG) and small GO
sheet as the starting materials. It was reported that as-prepared GQDs-PEG
exhibited luminescence properties. Tang et al. (2012) prepared crystalline
GQDs that were water soluble. Glucose was used as the source of carbon. As-
prepared QDs have an average diameter as small as 1.65 nm. A microwave-
assisted hydrothermal method was used for this purpose. It was revealed that
as-prepared GQDs can convert blue light into white light, when these GQDs
were coated onto a blue light-emitting diode.

Wang et al. (2014) synthesized stable blue fluorescent GQDs via a hydro-
thermal method. The fluorescence of reoxidized grapheme oxide was quenched
by Cu(Il) in water. It can be used as a fluorescence sensor for the detection of
cupric ions with high selectivity and sensitivity as compared to other metal
ions in concentration range of 0—15 pM with a detection limit of 0.226 pM.

Qu et al. (2014) synthesized a series of GQDs via a hydrothermal pro-
cess. They used citric acid as a carbon precursor and formed an N-free GQD
graphite framework. It was reported that N-doped GQDs were prepared using
urea. It was reported that the pyrrolic N was transformed to graphite N under
these conditions. It was reported that the highest photoluminescence quantum
yield PL QY (94%) of N-doped GQDs could be achieved using ethylenedia-
mine as an N source.

Wu et al. (2014) reported the preparation of dicyandiamide (DCD) N-
doped high quantum yield GQDs via a hydrothermal method. They used
citric acid as the source of carbon. It was observed that N-doping of GQDs
can promote a photoluminescence quantum yield (36.5%). It was also
revealed that as-obtained N-doped GQDs were pH-sensitive, photostable,
and had low toxicity, and therefore can be used as a pH sensor in a wide
range from real water to intracellular contents. Ju and Chen (2014) prepared
nitrogen-doped GQDs via hydrothermal treatment, a simple and low-cost
approach. They used hydrazine as the source of nitrogen. Due to the selec-
tive coordination to Fe’", as-prepared N-GQDs can be used for selective
detection of Fe(IIl) ions in aqueous solution as well as real water samples
with a detection limit of 90 nM.

Fei et al. (2014) synthesized GQDs from anthracite coal, and then self-
assembly on graphene by hydrothermal treatment. They observed the forma-
tion of hybrid nanoplatelets which were then codoped with nitrogen and
boron. It was reported that as-prepared composite exhibited excellent oxygen



Hydrothermal synthesis of quantum dots Chapter | 2 27

reduction reaction (ORR) electrocatalysis with higher activity as compared
to commercial Pt/C in alkaline media. Lee et al. (2015) synthesized
graphene-decorated V05 nanobelts (GVNBs) via a hydrothermal method.
The GVNBs composite with (VO/GO = 3:1) exhibited excellent specific
capacitance as compared to other composites and pure materials. This com-
posite also showed excellent cyclic stability and retention of capacitance
(82%) even after 5000 cycles.

Permatasari et al. (2016) synthesized GQDs containing N atoms via a
hydrothermal method. They used urea and citric acid as the starting materi-
als. It was revealed that as-prepared GQDs were spherical in shape with an
average diameter of 2.17 nm. Fan et al. (2017) functionalized covalently
arylamine-based polyazomethine with functionalized GO quantum dots
(TPAPAM-GOQDs). It was prepared by an amidation reaction to design a
ternary memory device with a configuration of gold/ TPAPAM-GOQDs/
indium tin oxide. It was claimed that this memory device could enhance the
memory capacity of a device from the conventional 2" to 3" as compared to
binary memory devices.

The composites of N, S codoped GQDs (N, S-GQDs)-rGO-TiO, nano-
tubes (TiO,NT) were prepared by Tian et al. (2017) via alkaline hydrother-
mal reaction. It was reported that as-prepared N, S-GQDs/10%rGO/TNT
composite exhibited the highest photodegradation efficiency for the degrada-
tion of methyl orange, which was 1.8 times and 16.3 times more than 10%
rGO + TNT and pure TNT, respectively.

Yao et al. (2018) prepared in situ sulfur-doped GQDs via a hydrothermal
method, which were decorated with CNPs to give (S-GQDs/CNPs) hybrid. It
was reported that S-GQDs were decorated on CNPs by w—m stacking. In this
case, the advantages of both GQDs as well as CNPs are combined, which
will facilitate the electron transfer between S-GQDs and CNPs. It was indi-
cated that the layer by layer modified method in the S-GQDs/CNPs hybrid
can inhibit the two-electron pathway and cause a four-electron pathway for
ORR rate. It was revealed that the as-prepared S-GQDs/CNPs hybrid exhib-
ited a better methanol tolerance along with long-term durability as compared
to commercial 20% Pt/C.

A ternary nanocomposite of high fluorescent polyaniline (PANI)/2-acry-
lamido-2-methylpropanesulfonic acid (AMPSA) capped silver NPs/GO quan-
tum dots (PANI/Ag (AMPSA)/GO QDs) was synthesized by Shokry et al.
(2019) via in situ oxidative polymerization of aniline in the presence of Ag
(AMPSA) NPs and GO QDs. The Ag(AMPSA) NPs and GO QDs were pre-
pared by reduction by silver nitrate and carbonization of glucose methods,
respectively.

GQDs were synthesized by Hoang et al. (2020) from GO via a
microwave-assisted hydrothermal method. This proposed method requires a
relatively shorter time (10 min.) as compared to conventional hydrothermal
routes. It was reported that as-prepared NPs have a diameter of about
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2—8 nm. There was a blue emission on exposure to UV irradiation. It was
observed that as-synthesized GQDs can be utilized as a hole transport layer
in organic solar cells and quantum efficiency of the cell was increased. It
was revealed that on mixing P3HT:PCBM polymer and GQDs, potential dif-
ference was reduced at the interfaces of the two materials. It was observed
that the overall efficiency of the cell was enhanced by 1.43%, which was
about a 44% increase compared to pristine cells (0.99%).

2.4 Recent developments

Although hydrothermal synthesis has been used for a long time with good
results, there are some recent developments in this direction. Some of these
advancements are summarized in Table 2.1.

TABLE 2.1 Synthesis of quantum dots by hydrothermal route.

Source Application References
Carbon quantum dots Fluorescent (emission range Latief et al.
280—420 nm), a highly sensitive and (2021)
selective probes for detection of Fe**
ions
Fingernails carbon Cu”" sensing and photodegradation of Tai et al.
quantum dots 2,4-dichlorophenol (2021)
(FNCQDs/g-C5Ny)
Carbon quantum dots Detection of formaldehyde Amer et al.
(2021)
Carbon quantum dots Detection of Fe** ions Raja and
Sundaramurthy
(2021)

Carbon quantum dots

Carbon quantum dots
Carbon quantum dots
N-doped carbon
quantum dots

Carbon quantum dots

Carbon quantum dots/
silver nanoparticles

Bioimaging

In vivo bioimaging

Sensitivity and detection of highly
toxic chromium(VI) ions

lon detection and cell imaging
Qil recovery

Determination of losartan potassium
(pure form and pharmaceutical
formulations)

Li et al. (2021)

Atchudan et al.
(2021)

Baragau et al.
(2021a,b)

Shen et al.
(2021)

Baragau et al.
(2021a,b)

Abdoon and
Atawy (2021)
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2.5 Conclusion

Various nanomaterials or quantum dots can be easily prepared by the hydro-
thermal approach. This method has the advantages of a good control on the
size of the particle and their morphology. It requires relatively low tempera-
tures, thus avoiding the problems encountered with high-temperature pro-
cesses. The materials having high vapor pressure near their melting points
can also be synthesized using this technique. Apart from this, the hydrother-
mal method can also be used in combination with some other approaches,
such as microwave-assisted, ultrasound-assisted, etc., to give good yields of
the desired products with high purity.
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Sol—gel synthesis of quantum
dots

Avinash K. Rai' and Kanchan K. Jat’
! Department of Chemistry, PAHER University Udaipur, Rajasthan, India, >Department of
Chemistry, M. L. S. University Udaipur, Rajasthan, India

3.1 Introduction

The sol—gel process is a new approach to the preparation of nanomaterials.
A sol is a stable dispersion of colloidal particles or polymers in a solvent. It
allows a better control in the synthesis of solids. It is a wet-chemical tech-
nique used for the preparation of both glassy as well as ceramic materials.
The sol—gel process is based on hydrolysis and polycondensation reactions.
During this process, first the sol (or solution) is evolved, which gradually
proceeds to the formation of a gel-like network containing both a liquid
phase and a solid phase. The basic structure (morphology) of the solid phase
can have a wide range, starting from discrete colloidal particles to chain-like
polymer networks. Synthesis using a sol—gel approach is used in the prepa-
ration of ceramic materials such as metal oxides, nitrides, and carbides. It
results in the formation of a sol, which turns into a gel after a series of chem-
ical reactions and/or mild thermal treatments. It is finally calcined to obtain
the desired product.

e The basic idea behind sol—gel synthesis is to first dissolve the compound
in a liquid and then bring it back as a solid; of course in a controlled
manner.

e This technique provides facile preparation of compounds by mixing sols
of different compounds.

e It avoids problems encountered in coprecipitation methods and gives
smaller particles.

Sol—gel is a method for preparing metal oxide glasses, ceramics, etc.
First, a chemical precursor or their mixtures are hydrolyzed, forming a solu-
tion state, which is converted to a gel state and then it is dehydrated to a
ceramic or glass (Fig. 3.1).
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FIGURE 3.1 Different steps involved in sol—gel and related processes.

This technology can be used to prepare thin films, fibers, microspheres,
fine powders, etc. It can be used to obtain catalysts, protective coatings, pie-
zoelectric devices, lenses, wave-guides, superconductors, high-strength cera-
mics, insulating materials, nanoparticles (quantum dots also) etc.

Basically, it involves three steps:

o firstly, partial hydrolysis of metal alkoxides to form reactive monomers;

e condensation of as-prepared monomers to form colloid-like oligomers,
known as sol formation; and

e additional hydrolysis leading to polymerization and cross-linking for a
gel formation (three-dimensional matrix).

The various steps involved in sol—gel process are:

hydrolysis and condensation of compounds (sol formation);
gelation (sol—gel transformation);

aging; and

drying.

Ll e

In the first step, a sol is formed, which is a stable dispersion of colloidal
particles (it may be crystalline or amorphous) or polymers in a solvent. Then
gel is formed by a three-dimensional (3D) continuous network, which con-
tains a liquid phase, or by polymer chains. Some agglomerates of colloidal
particles are there while the particles have some polymeric aggregates of
subcolloidal particles in a polymer gel.

During this process, the solvent is trapped inside the gel as viscosity rap-
idly increases. Its structure may change considerably with time, depending
on temperature, solvent, and pH. The liquid phase still contains agglomerates



Sol—gel synthesis of quantum dots Chapter | 3 37

and sol particles, which react there and condense on drying of the gel.
Originally, the gel is flexible, but on condensation, it becomes more viscous.
This will squeeze out the liquid present in the interior of the gel, and shrink
it until there is a flexibility in the gel.

3.1.1 Advantages
The following are the advantages of this process:

e It provides a better control of the structure, such as particle size and
porosity.

e It provides possibility of incorporating nanosized materials.

It can ensures an excellent adhesion between top layers and substrate by

forming thin coating.

Relatively high purity is retained.

It provides a good control on composition.

It can be carried out at a relatively low temperature.

There is no need for special or expensive equipment.

3.1.2 Disadvantages
There are some disadvantages of this process also and these are:

e There is long processing time.
e Organic solvents are used, some of which may be toxic.

3.2 Synthesis of quantum dots
3.2.1 Oxides

Lin et al. (2005) synthesized ZnO quantum dots via a simple sol—gel
method. It was reported that the average size of these quantum dots can be
tailored by variation of the concentration of the precursor of zinc. Size-
dependent blueshifts of photoluminescence and absorption spectra revealed
the quantum confinement effect. The ZnSe quantum dots were embedded in
SiO, thin films by Jiang et al. (2004) via a sol—gel process. They used Zn
(Ac), - H>O and H,SeO, as the source of zinc and selenium, respectively. It
was indicated that the size of the crystallite was increased with the concen-
tration of selenium.

Li and Qu (2007) prepared CdTe quantum dots-derived composite with
silica spheres coated with 5,11,17,23-tetra-tert-butyl-25,27-diethoxy-26,28-
dihydroxycalix[4]arene (C[4]/SiO,/CdTe) via a sol — gel approach. It was
observed that FL intensity was increased linearly with increasing methomyl
(pesticide) concentration (0.1 — 50 uM) with a limit of detection of 0.08 pM.
On the other hand, it was negligible as compared to other pesticides, such as
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parathion-methyl, fenamithion, acetamiprid, and optunal. Bera et al. (2008)
reported synthesis and spectroscopic characterization of sol—gel derived zinc
oxide quantum dots of 3—8 nm size. The quantum dots exhibited a broad
and strong visible emission peak centered near 520 nm with a quantum effi-
ciency of approximately 5%.

Zhang et al. (2010a) synthesized ZnO quantum dots via a sol — gel route.
They used a zinc — oleate complex as a precursor. It was reported that as-
obtained ZnO QDs had diameters in the range of 2.2 — 7.8 nm. It was
revealed that ionized oxygen vacancies are responsible for the origin and
intensity of the visible emission of ZnO QDs, while the visible emission
peak position of ZnO QDs is decided by the following two factors:

e size; and
e transition of holes from the valence band to preexisting deep donor
energy level.

The ZnO quantum dots were synthesized using the same precursors
(Zhang et al., 2010b). It was reported that as-obtained ZnO QDs hexagonal
had a wurtzite structure with particle size diameter of 8.9 nm. It was revealed
that there is a redshift excitation. It was also observed that visible emission
also shifted to the green luminescence band from yellow on increasing the
annealing temperature.

Yu et al. (2010) synthesized Eu®"-doped glass ceramics embedded ZnO
quantum dots via a sol—gel method. It was revealed that ZnO QDs obtained
were in the range of 3—6 nm. It was reported that these glass ceramics had a
high transparency in the visible—infrared range, which may be due to the
much smaller size of the ZnO QDs as compared to the wavelength of the vis-
ible light. CdTe quantum dots-doped TiO, photocatalysts were synthesized
by Li et al. (2010) via a facile sol—gel method at room temperature. The
photocatalytic activities of the as-prepared sample were investigated for the
degradation of malachite green. It was found that the sample doped with
0.06 wt.% CdTe QDs exhibited the highest photocatalytic activity.

Chen et al. (2011) also synthesized ZnO quantum dots by a sol—gel
method. These QDs exhibited a strong blue emission. It has been reported
that ZnO QDs had an average diameter of 16.0—32.2 nm. It was observed
that a higher reaction temperature and longer reaction time resulted in larger
average size for QDs. It was revealed that a reduction in photoluminescence
and increase of the size of ZnO QDs were similar for annealing in nitrogen,
vacuum, and air.

Zinc oxide quantum dots with blue emission were synthesized by Han
et al. (2012) via a sol—gel method. It was interesting to note that the blue
emission was neither due to quantum confinement nor intermediate products.
It was achieved only in the presence of Li* cations and hydroxide ions. It
was revealed that an excess of OH  ions is responsible for the formation of
interstitial oxygen defects, while Li™ ions can stabilize these defects by
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substituting Zn atoms causing a blueshift of the blue emission. The Cd-
doped ZnO quantum dots were prepared by Zhang et al. (2012) through a
sol—gel method. The effect of Cd concentration and mass ratio of trioctyl-
phosphine oxide (TOPO)/octadecylamine (ODA) on structural and lumines-
cent properties of QDs was also evaluated. It was reported that Cd-doped
ZnO QDs are 3—6 nm in diameter. It was observed that QD particle size was
found to be reduced on increasing the Cd content. It was revealed that UV
and fluorescence spectra both were blueshifted. The best optical performance
was achieved when the TOPO/ODA mass ratio was kept 1:2.

The lanthanum-doped ZnO quantum dots were synthesized by Sun et al.
(2012) via a modified sol—gel method. It was reported that La-doped quan-
tum dots exhibited enhanced luminescent properties and their quantum yield
was 77.9%. Then they prepared anticounterfeiting inks by incorporating
these La-doped ZnO QDs into the transparent oil. The sol—gel method was
applied by Korala et al. (2013) to fabricate thin films of CdSe and core(shell)
CdSe(ZnS) QDs. It was reported that more than twofold enhancement in
photocurrent could be achieved with an increase in photovoltage due to pas-
sivation of surface defects via overcoating with a thin ZnS shell. As a result
as-prepared QD thin films are considered suitable for a wide range of
optoelectronic applications.

Ge et al. (2013) fabricated a composite of TiO, films with CdTe quantum
dots. Different CdTe QDs (green-, yellow-, and red-emitting) were obtained,
when thioglycolic acid was used as a capping agent. It was revealed that red-
emitting CdTe QDs exhibited a small blueshift of 1 nm, while green-emitting
QDs showed a blueshift of 7nm. A nonhydrolytic sol—gel combustion
method was used by Leelavathi et al. (2013) for synthesis of nanocomposites
of PbO quantum dots on anatase TiO,. It was indicated that the photocataly-
tic activity of quantum dot dispersed TiO, was higher than that of TiO, and
much higher as compared to commercial Degussa P-25.

Zinc oxide quantum dots were synthesized by Kumar et al. (2014) via a
simple sol—gel method. They used zinc acetate dehydrate, sodium hydrox-
ide, and methanol as starting materials. A good crystallinity was observed in
these QDs with average crystallite sizes ~ 14 nm. It was suggested that as-
synthesized ZnO QDs can be used as the electrode material for dye-
sensitized solar cells. Li et al. (2014) synthesized Pr’*-doped semiconductor
ZnO quantum dots via a sol—gel method. It was reported that as-obtained
ZnO QDs were spherical in shape and the diameter was around 5 nm. It was
revealed that emission peaks of aged ZnO QDs exhibited a redshift due to
the increasing size of the QDs.

Zhong et al. (2014) synthesized CuGaS, quantum dots, which were
embedded in sodium borosilicate glass matrix by combining two processes:
sol—gel and heat treatment in H,S gas. It was observed that as-obtained
CuGaS, quantum dots had a spherical shape and were uniformly distributed
with sizes ranging from 5—25nm. The formation of stable colloids
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containing surface-modified ZnO QDs was reported by Moghaddam et al.
(2015) via a sol—gel process in an ultrasonic bath. They used 3-
aminopropyltriethoxysilane (APTES) as a capping agent. Alcoholic solutions
of zinc acetate and potassium hydroxide were used as the reactants. The for-
mation of nanocrystals of ZnO QDs with average size of ~3 nm was con-
firmed. It was suggested that the as-prepared ZnO QDs were found to be
suitable for optical and optoelectronic applications.

Liu et al. (2015) synthesized ZnO quantum dots by a sol—gel method.
They used (methanol, ethanol, or hexanol) as solvents. It was indicated that
as-prepared ZnO QDs were having good dispersion and their size ranged
from 3.3—7.7 nm, which could be controlled by variation of the solvents. It
was revealed that ZnO QDs exhibited visible emissions ranging from green
to orange. Bajaj and Omanwar (2015) synthesized a-Al,O5; quantum dots by
the stearic acid sol—gel synthesis. The as-prepared sample exhibited good
UV absorption and blue emission at 254 and 403 nm, respectively.
Gnanasekaran et al. (2015) synthesized TiO, quantum dots by the sol—gel
method. It was reported that TiO, QDs have a pure anatase phase with a
tetragonal structure. The photocatalytic activity of TiO, QDs have been eval-
uated for the degradation of methylene blue and methyl orange under UV
light irradiation.

The synthesis of TiO, quantum dots has been reported by Sood et al.
(2015) via a simple sol—gel, template-free method. They also evaluated cata-
lytic behavior of as-synthesized quantum dots by photocatalytic degradation
of Indigo carmine dye in the presence of UV light. Chen et al. (2016) synthe-
sized TiO, and carbon quantum dots-doped TiO, nanocomposite (CQDs/
TiO, nanocomposite) by a sol—gel approach. They evaluated the photocata-
lytic activity of TiO, and CQDs/TiO, composite for the degradation of rho-
damine B and cefradine. It was observed that the photocatalytic activity of
CQDs/TiO, was higher compared to TiO,.

Miao et al. (2016) prepared visible light responsive carbon quantum dots
embedded in mesoporous TiO, materials via a sol—gel process. The photoca-
talytic performance of as-prepared CQDs/meso-Ti-450 was investigated for
the degradation of methylene blue. It was revealed that 5% CQDs/meso-Ti-
450 can remove almost complete (98%) methylene blue, whereas commer-
cial P25 can remove only 10% of the dye. The TiO, (mesoporous) with
different concentration of CdS quantum dots was successfully fabricated by
Zhou et al. (2017) via a sol—gel method. The photocatalytic activity of the
as-prepared CdS/TiO, samples was evaluated for the degradation of methyl
orange, and it followed the order:

2% CdS/TiO; >4% CdS/TiO, > 8% CdS/TiO, > pure TiO; > 1% CdS/TiO,.

The 2% CdS/TiO, has also been used for the degradation of methylthio-
nine chloride, malachite green, rhodamine B, and bisphenol A.
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Soumya et al. (2018) synthesized Sn and Ag-doped ZnO quantum dots
via a microwave-assisted sol—gel strategy. They used 3-aminopropyl tri-
methoxy silane as a capping agent. Then these ZQDs were dispersed in
methyl methacrylate monomer and polymerized in situ to obtain PMMA/
ZQDs. It was indicated that as-prepared doped ZQDs/PMMA hybrid coat-
ings exhibited blue emission under UV light. It was revealed that undoped
PMMA/ZQDs hybrid coatings showed only <14% NIR reflectance, which
was enhanced by 30% and 23% on doping with Ag and Sn in PMMA/
ZQDs hybrids, respectively. It was concluded that these ZQDs doped with
Sn and Ag ions on treatment with dye and inorganic coactivators, can find
applications in photochromic and UV/NIR shielding solar-control interface
coatings.

Ye (2018) used a sol—gel method for the synthesis of stable ZnO QDs.
They also observed the effects of reactants concentration, reaction time, and
material ratio on particle sizes and defects structures of ZnO. The highest
photoluminescence quantum yield (40%) with green emission was observed
under UV light excitation (359 nm). Garcia et al. (2019) synthesized TiO,
quantum dots by sol—gel process. They used ionic liquid (1-n-butyl-3-methy-
limidazolium tetrafluoroborate) as the stabilizing agent. An adhesive resin
was formulated by mixing these QDs with methacrylate monomers. As-
prepared adhesive resins were evaluated for antibacterial activity, cytotoxic-
ity, polymerization behavior, fracture pattern, degree of conversion, and
microtensile bond strength. It was reported that 26 wt.% of BMIL.BF,. TiO,
QDs/BMI.BF,4 had a minimum size range of 1.19—7.11 nm, and an average
size of 3.54 £ 1.08 nm.

A sol—gel reflux condensation route was developed by Javed et al.
(2019) to produce TiO, QDs. They used titanium tetraisopropoxide as the
precursor, which was first hydrolyzed and followed by reflux condensation
for 24 h. It was revealed that as-prepared QDs were spherical in shape with
an average crystallite size of 5—7 nm. The energy bandgap of TiO, QDs was
found to be ~3.76eV. A series of ZnO quantum dots were prepared by
Sowik et al. (2019) modified with rare-earth metals through a sol—gel
approach. They selected Eu, Er, Tb, Yb, Ho, and La to modify ZnO QDs. It
was observed that as-prepared modified ZnO QDs can degrade phenol in
aqueous phase. The order of photocatalytic activity among all these as-
obtained nanomaterials followed the order:

Zn0/0.09 mm_Er>Zn0/0.18 mm_Eu>Zn0/0.09 mm_La >
Zn0/0.27 mm_Er>Zn0/0.18 mm_Tb > pristine ZnO QDs.

The ZnO and Au textured ZnO-based quantum dot thin film was fabri-
cated by Dey and Sarkar (2020) and used as sensors. The as-fabricated sen-
sor had an operating temperature of 35°C and it could be used for detecting
a minute fraction vapors of different alcohols such as methanol, ethanol, pro-
panol, and butanol. An annealing treatment at 350°C temperature was
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imposed to improve the response of as-prepared sensors. Mohamed et al.
(2020) synthesized three samples of ZnO quantum dots using a modified
sol—gel method. It was reported that the average crystallite size, bandgap
energy, and active surface area were 7.1 nm, 3.49 eV, and 150.1 m* g~ ") for
a sample prepared at 27°C. The other two samples prepared at 500°C and
900°C had an average particle size of 9.8 and 13.5 nm, respectively. It was
observed that the photocatalytic performance decreases as the crystallite size
increases in the case of degradation of methyl orange. It was revealed that
the as-prepared samples could be recycled eight times.

Zou et al. (2020) prepared water-soluble ZnO quantum dots modified with
(3-aminopropyl)triethoxysilane (APTES) by a simple sol—gel method. They dis-
played strong yellow-green fluorescence. It was observed that the emission from
as-prepared NH,—ZnO QDs was quenched in the presence of Cu®" ions. They
designed a fluorescent probe based on an as-prepared sample of NH,—ZnO
QDs for the detection of Cu®" in water with a limit of detection of 1.72 nM.
This fluorescent probe had also been applied in drinking water samples.
Haghani et al. (2020) also prepared ZnO-QDs using a sol—gel method and then
fabricated an optical sensor based on these QDs for the determination of chloro-
genic acid (CGA). Tetraethoxysilane and 3-aminopropyltriethoxysilane were
used as a cross-linker and functional monomer, respectively, to prepare the
molecularly imprinted polymer (MIP). As-prepared ZnO-QDs MIP composite
was used to measure CGA in the range of 0.2—53 pgmL™" with a limit of
detection of 0.06 ug mL ™", This sensor was also used to measure the concentra-
tion of CGA in human plasma samples.

Wang et al. (2020) prepared graphene oxide/WO; quantum dots/TiO,
(GOWT) composite. These GOWT films were prepared by using this
GOWT composite powder and Al(H,PO,); as adhesive and low-cost gauze
as substrates. As-prepared GOWT film was used for removal of rhodamine
B. It was observed that the degradation rate of rhodamine B was around 2.6
times than GO/TiO, films in the presence of UV light. It was proposed that
GOWT films can find potential application in sewage treatment without
causing any further contamination. Song et al. (2020) used an efficient
method to improve the stability of MAPbBr; QDs by encapsulating them in
ZrO, sol. It was observed that this three-dimensional network ZrO, colloid
formed a coating on the surface of MAPbBr; QDs, which protected these
QDs from acid, base, and ultraviolet light. It was revealed that the photolu-
minescence intensity of as-prepared nanocomposites could retain 95% of its
initial value even after 4.5 h in a basic environment and 90% in an acid envi-
ronment after 10 h.

Schmitz et al. (2020) prepared colloidal ethanolic dispersions of zinc
oxide (undoped) and ZnO particles doped with magnesium (II) (ZnO:Mg)
via a sol—gel method. The particle sizes of these QDs were found to be 4.26
and 3.65 nm, respectively. As-prepared QDs were then used as nanofillers to
obtain zein-based nanocomposite films, which displayed homogeneity, good



Sol—gel synthesis of quantum dots Chapter | 3 43

visual appearance, and transparency. These thin films have an extended UV-
blocking range in the absorbance spectra as compared to those of pure zein.
It was observed that ZnO NPs, loaded into zein films exhibited 96.5 + 4.9%
inhibition of growth of S. aureus. It was suggested that as-prepared nano-
composites could be used for the development of food packaging and UV
protective films.

The ZnS QDs/gelatin nanocomposites were prepared by Guo et al. (2020)
using green one-pot method. The method shows advantages such as being an
environment friendly strategy, with mild conditions, no need for organic sol-
vents, and simple posttreatment. Here, gelatin acted as the green capping
agent apart from being main component in the QDs/gelatin nanocomposites.
The presence of gelatin provides the composite with a thermoresponsive
sol—gel transition property. As-prepared composite with this property can
find potential uses in imaging, fluorescence labeling, and controlled release.

The Fe;O, quantum dots decorated silica (FS) adsorbent were prepared
by Rakibuddin and Kim (2020) via a sol—gel method. The formation of
Fe;0,4 quantum dots (organically modified silica surface) with an average
size of 3—4 nm was confirmed. One of the samples showed the best arsenic
removal efficiency (38.2mg g~ "), which was higher than Fe;O,4 and silica
particles. As-Fe;O,4 and silica both are environmentally sustainable, therefore
this composite could be a potential candidate for the removal of arsenic.
Vasiljevic et al. (2020) synthesized iron titanate (Fe,TiOs) nanoparticles via
a modified sol—gel method followed by calcination. The bandgap of as-
prepared iron tantalate was around 2.16 eV. Its photocatalytic activity was
evaluated for degradation of methylene blue in the presence of natural
sunlight.

Wang and Li (2021) prepared ZnO quantum dots (ZQ) and Ag/ZQ nano-
composites with different percentages of Ag loadings via a sol—gel method.
It was observed that the as-fabricated sample of nanocomposite (Ag content
of 11 wt.%) exhibited excellent photocatalytic activity for degradation of
methylene blue in the presence of Agll/ZQ, when Ag content was kept at
11%. Xu et al. (2021) prepared CeO, QDs through a sol—gel method using a
recursor of Ce(NO3); - 6H,O as the source of cerium. Then they developed a
fluorescence probe based on these CeO, quantum dots and used it for highly
selective and ultrasensitive direct determination of 4-nitrophenol (4-NP). It
was reported that the concentration of 4-NP can be determined in the range
of 0.005—75.00 uM with a limit of detection of 1.50 nM. It was also
revealed that as-prepared CeO, QDs could be applied in the determination of
4-NP in real water samples.

Li et al. (2021) developed ZnO quantum dots using a sol—gel method.
They also evaluated the antibacterial activities of ZnO QDs against
Staphylococcus aureus, Escherichia coli, and Salmonella pullorum. It was
found that the particle size of ZnO QDs was in the range of 3—6 nm. It was
reported that as-prepared ZnO QDs inhibited the growth of S. aureus,
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E. coli, and S. pullorum by 94.75 * 2.28%, 87.06 = 0.98%, and 85.55 =
1.15%, respectively. These QDs also reduced the mortality of chicks infected
with S. pullorum effectively via regulating the balance of the intestinal flora,
protecting intestine and liver.

The mesoporous graphene quantum dots-doped TiO, (TiO,-GQD) nano-
composites were prepared by Zhao et al. (2021) through a sol—gel method
under ultrasonic radiation. As-prepared TiO,-GQD nanocomposites exhibited
superior performance for sunlight absorption, and photocathodic protection.
It was revealed that they can protect the active metal as well as reduce the
corrosion rate. It was suggested that TiO,-GQD nanocomposites could be
used in marine engineering for marine corrosion protection in the future.

Zhang et al. (2021) synthesized ZnO QDs using a hydrolysis—condensa-
tion reaction. The effect of alkali bases (LiOH, NaOH, and KOH) as well as
the ratio of Zn?":OH~ was investigated on the properties of as-synthesized
ZnO QDs and it was observed that the particle size of ZnO QDs prepared in
the presence of LiOH and NaOH was smaller as compared to that prepared
with KOH. It was reported that ZnO QDs prepared with ratio of Zn>":
LiOH = 1:1 exhibited the best dispersibility and fluorescence performance.

3.2.2 Sulfides

Yamane et al. (1992) prepared CdS dispersed in soda-borosilicate glasses
using by the sol—gel process. They used cadmium acetate, tetramethoxysi-
lane, sodium acetate, and triethylborate. The gel formed was exposed to H,S
at 120°C. It was observed that glass containing about 10 wt.% CdS crystal-
lites (4—7 nm in diameter) was obtained by sintering at 590°C. Hayakawa
et al. (2000) prepared rare-earth ions and semiconductor nanocrystals using
Eu’™" doped silica gel with adsorbed cadmium sulfide particles via a sol—gel
technique. It was proposed that surface-trapped electrons on CdS particles
excited 4 f electrons (nonradiatively) in Eu’® ions via an energy transfer
process.

The CdS/ZnO quantum dots were prepared by Wang et al. (2011) via a
sol—gel method. They used triethanolamine as a capping agent. The band-
gaps for different ratios of CdS/ZnO (1:9, 1:1, and 9:1) were found to be
4.13, 3.93, and 3.11 eV, respectively. The size of as-obtained QDs was found
to be in the range of 5—10 nm; of course with some agglomerated particles.
Yang et al. (2018) prepared ZnS nanoparticles on nitrogen and sulfur
codoped carbon nanosheets (ZnS@NSC) via a sol—gel synthesis. It was
reported that nanosheets and ultrafine carbon shells together constituted an
N, S codoped carbon framework, providing abundant active sites for sodium
storage along with enhanced electrical conductivity. It was revealed that
ZnS@NSC could achieve excellent cycling stability (73.6% capacity reten-
tion after 380 cycles at 0.5 A g~ ') and reversible capacity of 734 mAh g~ '
at0.5Ag "
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The ZnS/CdS/~-TaON composite was prepared by An et al. (2019) via nitri-
dation of Ta,O5 and deposition of CdS and ZnS quantum dots. It was revealed
that CdS and ZnS quantum dots (3—8 nm diameter) were uniformly dispersed on
the surface of N-TaON. It was revealed that under optimized condition, H, evolu-
tion rate of ZnS/CdS/~-TaON composite was 839.6 umol h™' g~ ', which is about
14 times higher than that of CdS/~-TaON and 47 times higher than Pt loaded
~-TaON sample. Rakibuddin et al. (2020) prepared different MoS, morphologies
(bulk, flake, and quantum dots) that were then fabricated onto indium tin oxide
using the sol—gel method. The MoS, bulk, flake, and quantum dots were used
as electrochromic anodic layers, and WO; as a cathodic layer to fabricate MoS,/
WO;3-based electrochromic devices. It was reported that as-fabricated MoS,/WO;
ECDs exhibited high optical contrasts (59%—75%) at 1.5—0V and 700 nm. It
was suggested that solution-processed MoS,/WOs-based ECDs can find an appli-
cation in the processing of flexible and optical devices. Cadmium sulfide nanos-
tructures were prepared by Sonker et al. (2020) using sol—gel method. Then
CdS thin films of different thickness were prepared. They used an as-fabricated
sample for gas sensing measurements for detecting 20 ppm NO, gas.

A phosphorescent probe of type SiO,-Mn:ZnSQDS-MIP was synthesized
by Chen et al. (2020) using MIP as a polymer coating via a sol—gel method.
They used thioglycolic acid (TGA)-modified QDs, cephalexin, 3-
aminopropyltriethoxysilane and tetraethoxysilane as luminescent materials,
template, functional monomer, and cross-linking agent, respectively. It was
revealed that cephalexin can be determined in 2.5—50 pg L™' concentration
range with a limit of detection of 0.81 pg L™'. The as-fabricated nanoprobe
was applied for determination of cephalexin in (spiked) raw milk and milk
powder. Sankar et al. (2020) synthesized Ni-doped CdS nanoparticles with
0.5%, 1.0%, 1.5%, and 2.0% via the sol—gel method. The average crystalline
size of the particles was found to range from 8.70 to 9.93 nm. The SEM
images indicated combination of metal oxide cubes and rod-like structures
with 12—35 nm unequal grain size with excellent crystallinity quality. It was
revealed that the bandgap energy decreases from 2.36 to 2.29 eV on increas-
ing the percentage of Ni. Photocatalytic degradation of methylene blue and
methyl orange was also carried out and it was found that 94% methyl orange
can be degraded in 75 min.

Rempel et al. (2020) synthesized a complex sandwich catalyst, which
was based on nanotubular TiO, and colloidal cadmium sulfide via a sol—gel
method. They investigated the photocatalytic activity of this catalyst for oxi-
dation of acetone in the gas phase under visible light and UV irradiation.
Ajibade and Oluwalana (2021) prepared ODA-capped ZnS quantum dots
from a bis(morpholinyldithiocarbamato)Zn(Il) complex. It was confirmed
that an hexagonal wurtzite crystalline phase of ZnS was present in the sam-
ple with particle sizes of about 1—3 nm. It was reported that the as-prepared
ZnS can be used as photocatalysts for degrading brilliant green, rhodamine
B, and their binary mixture. It was revealed that the highest photocatalytic
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degradation efficiency of 94% was obtained with a sample with a low photo-
luminescence intensity. It was also found that ZnS quantum dots can be
reused five times without any significant loss in degradation efficiency.

Zaidi and Azam (2021) synthesized zinc sulfide quantum dots using the
sol—gel method. They used zinc nitrate and sodium sulfide as the source of
zinc and sulfur, respectively. The particle size of as-prepared QDs was found
to be 1.74 nm. The antimicrobial activity of these QDs was studied against
Pseudomonas aeruginosa, where they exhibited good bactericidal activity.
Perovskite-sensitized solar cell is an effective hybrid organic—inorganic solar
cell device. Sonker et al. (2021) synthesized CdS quantum dots via the
sol—gel approach. It was found that the maximum grain diameter was about
~4 nm. It was observed that as-fabricated CdS QD-based dye-sensitized
solar cell and PSSC exhibited a maximum power conversion efficiency (n)
of 0.5% and 1.8% at 1 Sun condition, which was improved by approximately
72% as compared to the reference cell.

3.2.3 Carbon-based quantum dots

Ke et al. (2017) prepared carbon quantum dots-modified TiO, photocatalysts via
the sol—gel method. The photocatalytic performance of the as-prepared compos-
ite was the degradation of methylene blue in the presence of visible light irradia-
tion and it was observed that the degradation efficiency of methylene blue was
high (90%) within 2 h, which is almost 3.6 times higher than compared to TiO,.

Ensafi et al. (2018) anchored MIP on the surface of GQDss using the
sol—gel method. It was used for highly sensitive and selective determination
of p-nitroaniline (p-NA) in the range of 0—15.0 pM. This was also applied to
real samples of water and fish with satisfactory results. Molecularly
imprinted silica was prepared via the sol—gel method by Yang et al. (2020).
They used fipronil as the template, tetraethoxysilane as cross-linker, and 3-
aminopropyltriethoxysilane as a functional monomer in the presence of car-
bon quantum dots. It was reported that blue fluorescence of the CQD@MIS,
was quenched in the presence of fipronil, a commonly used insecticide.
These QDs can detect fipronil in the range of 0.70 pM to 47 uM with the
limit of detection being 19 pM. This method was applied for the determina-
tion of fipronil in real samples such as milk, spiked eggs, and tap water.

Yu et al. (2021) developed a composite of carbon nitride quantum dots in
situ-doped TiO, inverse opal (TiO, IO) via the sol—gel method. It was reported
that the as-prepared photocatalyst exhibited excellent photocatalytic degradation
of toluene and 93% of toluene can be degraded into harmless products such as
CO, and H,O under simulated sunlight irradiation. On the other hand, only
37% of toluene was found to degrade in the presence of commercial P25. They
also used this composite for the degradation of phenol and rhodamine B. Vyas
et al. (2022) synthesized water-soluble, green incandescent CQDs at high yield
by carbonization of water hyacinth (Eichhornia crassipes) weed. They
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fabricated copper sulfide nanoparticles and composite CQDs@CuS. This com-
posite was used for the photocatalytic degradation of brilliant green dye.

3.2.4 Graphene based

A fluorescent sensor was prepared by Zhang et al. (2020) based on water-
soluble nitrogen-doped GQDs (N-GQDs), which were coupled with MIPs via
a simple sol—gel method. It was then used for detection of tetracycline, an
antibiotic. It was revealed that this method can be used in detecting the pres-
ence of tetracycline in animal-derived food.

Nickel-cobaltite/GQDs (NiCo,04/GQDs) composites were prepared by
Kharangarh et al. (2021). It was observed that the as-prepared sample exhib-
ited improved electrical conductivity and can function as electrode materials
with higher energy density compared to NiCo,0O, and GQDs. The observed
specific capacitance for the fabricated composite was found to be 481.4 Fg™'
at 0.35 Ag~'. It was higher than that of GQDs (Cp~45.6 Fg~ ). It was pro-
posed that the as-fabricated composites could be used as superior electrode
materials in supercapacitors due to their unique characteristics.

Qiu et al. (2021) prepared cadmium sulfide quantum dots/dodecahedral
phosphotungstic acid potassium K;PW,04 (KPW)/oxygen-doped mesopor-
ous graphite carbon nitride (meso-g-C3N4) nanosheets with tandem hetero-
junctions. It was reported that the photocatalytic production rate of hydrogen
formation and photocatalytic removal rate of Cr®" over CdS/KPW/meso-g-
C3Ny were found to be higher than with KPW and CdS/KPW.

3.3 Others

The CdSe quantum dots sensitized TiO, photocatalysts were synthesized by
Shi et al. (2014) via the sol—gel method. The photocatalytic performance of
as-prepared material was enhanced in the degradation of methylene blue. It
was revealed that the catalysts doped with 0.05% CdSe QDs exhibited the
highest activity, and the degradation efficiency of methylene blue could
reach up to 99.2% within 3 h.

A solvothermal-assisted sol—gel method was reported by Anupama et al.
(2021) to synthesize Se quantum dots. It was revealed that Se quantum dots
having average size 3—8 nm were obtained with a trigonal crystal structure. It
was found that as-prepared selenium quantum dots could work as ideal
candidates for inner filter effect-based sensing of curcumin. Liu et al. (2022)
synthesized the MIP@CdTe QDs through a simple sol—gel method. They
used 3-aminopropyltriethoxysilane and tetracthoxysilane as functional mono-
mer and cross-linker, respectively. These were then used for the determination
of ciprofloxacin in the range of 0.5—24 uM with the limit of detection being
0.23 uM. This probe was also applied for the determination of this antibiotic
in seawater samples with recoveries ranging between 98% and 110%.
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3.4 Conclusion

The sol—gel process can provide nanoparticles of controlled sized and poros-
ity along with purity. It avoids the problems of the coprecipitation method.
Quantum dots of metals and metal chalcogenides, carbon, graphene, etc. can
be easily prepared using this process. There is a wide scope for preparing
quantum dots of different materials using this method.
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Laser ablation synthesis of
quantum dots

Neetu Shorgar’, Indu Bhati” and Priyanka Jhalora’
! Department of Chemistry, PAHER University, Udaipur, Rajasthan, India, >Maribyrnong, VIC,
Australia

4.1 Introduction

LASER or Laser is light amplification by the stimulated emission of radia-
tion. The first laser was built by Maiman (1960) based on theoretical work
by Schawlow and Townes (1958). A laser differs from other light sources in
the context that it emits coherent light. Its spatial coherence allows it to be
focused on a tight spot, which is utilized in laser lithography and cutting. It
also allows this laser beam to stay narrow even over great distances (collima-
tion), which finds applications in laser lidar and pointers. Lasers can have
temporal coherence also, which can be used to produce a broad spectrum
with ultrashort pulses of light but their duration is short enough to be in the
order of femtoseconds (10_15 S).

Lasers find applications in laser printers, optical disk drives, barcode
scanners, fiber-optics, DNA sequencing instruments, lighting displays, laser
surgery, photolithography, free-space optical communication, cutting and
welding materials, skin treatments, as well as military and law enforcement
devices for marking targets and measuring range and speed. The semicon-
ductor lasers (blue to near-UV) have been used in place of light-emitting
diodes (LEDs) as a white light source. Such laser devices are used in some
car headlights.

4.2 Laser ablation

Laser ablation (LA) is a complex process. The laser will penetrate the sur-
face of the sample and that depends on its wavelength as well as the refrac-
tive index of the target material used. A high electric field is generated due
to laser irradiation that is enough to remove electrons from the bulk of the
sample. These free electrons then collide with the atoms of the sample,
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transferring their energies. As a result, the target surface is heated, followed
by vaporization, plasma formation, nucleation, and agglomeration, resulting
in raw patio and/or quantum dots (Fig. 4.1).
The field of LA has been excellently reviewed by various researchers
(Kim et al., 2017; Farshbaf et al., 2018; Ravi Kumar et al., 2019).
Mansoureh and Parisa (2018) observed that purity is a very important fac-
tor when metal nanoparticles (NPs) are to be applied in biological and medi-
cal fields. It is therefore, necessary to prepare metal NPs or quantum dots
with the desired shape and size distribution.

4.2.1 Advantages

There are the following advantages in using the LA method:

It is a green approach.
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4.2.2 Disadvantages
The LA method has certain disadvantage also and these are:

It has a slow rate of production of NPs.

The consumption of energy is high.

The cost of laser equipment is high.

Ablation efficiency decreases on using laser for a longer period within a
session.

4.3 Metal-based quantum dots
4.3.1 Metals

Silver NPs were produced by Pyatenko et al. (2004) on irradiating Ag target
with a laser beam in pure water. They reported that these are very small
spherical particles with size in the range of 2—5 nm.

Besner et al. (2005) obtained colloidal gold NPs using femtosecond LA
of a gold plate in aqueous solutions. This method makes it possible to func-
tionalize nanomaterial by an appropriate capping ligand. They were able to
control the reactivity of as- prepared gold particles and their size by using
polymers such as polyethylene glycol and dextran. The size of these NPs
was found to be 5 nm, as evident from TEM images. It was also observed
that long-term stability of gold particles was improved significantly on add-
ing capping agents. A photoluminescence (PL) signal was also obtained in
the violet—blue spectral range. It was revealed that as-functionalized NPs
can find potential application in bioimaging and biosensing.

LA synthesis in solution (LASiS) has emerged as a new technique for
synthesizing noble metal NPs (NM NPs). It is a “green” method, which does
not require additional stabilizing molecules. However, presently LASiS has
certain limitations in controlling the size of NM NPs, which can be over-
come in the future. Amendola and Meneghetti (2009) reviewed the overview
of LASIS.

Monodispersed spherical bismuth (Bi) NPs with diameters of 5—20 nm
were synthesized by Verma et al. (2013) using a liquid pulsed LA method. It
was reported that ablation time and surfactant (C;,H,5sNa04S) both played a
crucial role in the size of the NPs and their optical properties. It was pro-
posed that such QDs can find potential applications in hypothermia treat-
ment. Malviya and Chattopadhyay (2014) synthesized Ag—Cu alloy NPs
through a LA technique under an aqueous medium in four different composi-
tions. The observations were carried out on NPs with core—shell structure of
two different sizes: ~5 and ~20 nm.

Korosi et al. (2016) synthesized ligand-free Ag NPs with particle size of
3 and 20 nm by application of picosecond LA. It was observed that a laser
processing system allowed a high control on particle sizes. The effect of size
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on the antibacterial activity of these as- synthesized Ag NPs was tested
against Escherichia coli and Staphylococcus aureus. Li and Chen (2016)
developed a new strategy for synthesizing stable and monodispersed silver
quantum dots by laser fragmentation of bulk Ag in aqueous medium. They
used polysorbate 80 as both a dispersing and stabilizing agent. It was
revealed that surfactant played an important role in determining the size of
these Ag nanostructures. The Ag QDs have excellent photostability of
~500 h and enhanced PL at 510 nm.

Ryabchikov et al. (2016) ablated a gold target using laser radiation (fem-
tosecond) in aqueous solutions of initially prepared Si NPs. It was observed
that Au-based spherical colloids were obtained with an average size in the
range of 5—10 nm. It was proposed that as-prepared nanostructures can find
various applications in the field of catalysis, biomedicine, and photovoltaics.
Boltaev et al. (2018) observed that there is a correlation between efficient
third harmonic generation in the plasmas and strong nonlinear optical
response of silver NPs due to plasmon resonance. It was reported that nonlin-
ear absorption coefficient of Ag NPs (8nm) was high enough
(3X 1072 cm W) at the wavelength of 1064 nm.

Sadrolhosseini et al. (2019) fabricated gold NPs in the graphene quantum
dots (GQDs) solution via LA. The particle size was controlled by changing
ablation time from 5 to 25 min. A peak at 319.8 nm was attributed to GQDs.
It was observed that particle size was in the range of 11.74—28.29 nm, which
was found to decrease with increasing ablation time. Gold NPs in a carbon
quantum dots (CQDs) solution were also prepared (Sadrolhosseini et al.,
2020) using a LA method. It was observed that the variation in the photolu-
minescent peak in the presence of the gold NPs was higher compared to pure
CQDs. It can be used for the detection of pyrene with a limit of detection of

1 ppm.

4.3.2 Metal oxides

Murali (2001) prepared indium oxide (IO) NPs via a reactive LA method.
An average particle size of these particles was found to be 6.6 nm, as evident
from XRD and TEM data. These laser ablated samples exhibited a blueshift
of 110 meV compared to bulk material. Ajimsha et al. (2007) fabricated
luminescent, transparent, and biocompatible ZnO quantum dots in three sol-
vents (water, methanol, and ethanol) using a liquid-phase pulsed LA method.
They did not use any surfactant. It was confirmed that crystalline ZnO
quantum dots were found to have a uniform size distribution of 7 nm.
As-prepared highly luminescent nontoxic ZnO quantum dots could find
applications in the field of biomedicine as florescent probes.

A pulsed laser emitting UV radiations was used by Gondal et al. (2009)
for the synthesis of nanostructured ZnO and ZnO,. For the synthesis of NPs
of ZnO,, a highly pure metallic plate of Zn target was kept under repeated
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laser irradiation in the presence of H,O, as an oxidizing agent. It was
reported that size, optical properties, and morphology of as-synthesized ZnO
and ZnO, by this method were influenced by postannealing conditions. It
was revealed that ZnO, was completely converted to ZnO by annealing
Zn0O, for 8 h at 200°C. It was reported that the size of ZnO changes from 5
to 19 nm raising the annealing temperature from 200°C to 600°C. Optical
properties as well as bandgap of nano-ZnO were also changed.

Suzuki et al. (2009) used pulsed LA to prepare quantum dots of zinc oxide
using differential mobility analyzer (DMA). Initially, irregularly shaped ZnO
particles were obtained, but when annealing temperature was increased, then
they are transformed into spherical QDs. It was observed that ZnO QDs
obtained by this method were crystallized (single crystallites) with a wurtzite
structure. The ZnO QDs with average size in the range of 4.8—8.1 nm could be
easily prepared by reducing the specified sizes of DMA.

Zheng et al. (2010) prepared ultrafine Y,O3:Pr, Yb NPs using femtosec-
ond pulsed LA. It was reported that these spherical particles have a size of
about 10 nm (diameter) with a narrow size distribution. As-prepared NPs
exhibited significantly improved upconversion intensity as compared to NPs,
which were prepared by the sol—gel method.

Zeng et al. (2011) synthesized ZnO quantum dots through laser irradia-
tion of hollow nanospheres of ZnO in liquid medium. It was reported that as-
synthesized QDs have diameters ranging between 1 and 8 nm, exhibiting a
quantum size effect, which can be tuned by variation of parameters of the
laser irradiation process. It was observed that the main PL emission bands
evolved are from blue to green, finally reaching ultraviolet peaks. These as-
fabricated QDs can show optical and optoelectronic applications.

Eita et al. (2012) fabricated thin UV-blocking films of poly(methyl meth-
acrylate) (PMMA) and ZnO quantum dots via spin-coating. It was revealed
that an average thickness of bilayer before heating was 9.5 nm, which
reduces to 8.6 nm after heating at 100°C for 1 h. It was also observed that
surface roughness was 3.6 and 8.4 nm for one and ten bilayer films, respec-
tively, as evident from atomic force microscopy. The absorption of UV radi-
ation increases with increasing number of bilayers, but transmission was
damped at wavelength <375 nm. It was reported that thin films had a high
transparency in the visible region. The single layer of PMMA/ZnO QDs thin
films was found to be hydrophobic in nature.

Singh and Gopal (2012) used nanosecond (ns) pulsed LA of zinc rod,
which was placed on the bottom of a glass vessel containing methanol. As a
result, a colloidal solution of drop-shaped zinc oxide quantum dots and their
self-assembly into different dendritic nanostructures were obtained. It was
observed that average length, width, and aspect ratio of these as-prepared
drop-shaped zinc oxide quantum dots were found to be 6*2.4nm,
35*14nm, and 1.69 = 0.4 nm, respectively. Its PL spectrum exhibited
emission peaks in UV, violet, blue, and green spectral regions.
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The SnO, quantum dots were synthesized by Singh et al. (2012) using
LA in liquid. The diameter of the SnO, NPs was found in the range of
1—5 nm as evident from HRTEM images. As-prepared SnO, QDs exhibited
tetragonal crystalline structure. Their PL spectrum showed green and blue
emission peaks at 540 nm and 445 nm, respectively. It was proposed that
these QDs have great potential for use in biosensors, optoelectronics, etc.
Patel et al. (2013) synthesized SnO,-QDs (~ 1—5nm) by LA technique in
liquid. Then these QDs were electrophoretically deposited onto the surface
of indium tin oxide (ITO)-coated glass electrodes. Then ssDNA/SnO,-QDs/
ITO bioelectrodes were fabricated and these bioelectrodes have been used
for DNA hybridization.

Drmosh et al. (2019) fabricated ZnO NPs by decomposing zinc peroxide
(ZnO,) quantum dots, which were synthesized by LA of microstructured Zn
powder in 3% H,0,. Then rGO/ZnO nanocomposite was prepared from
them via pulsed LA in liquid (PLAL). The surface of the rGO/ZnO hybrid
was decorated with a Pt thin film so as to get a ternary rGO/ZnO/Pt hybrid
nanocomposite. It was observed that this Pt-loaded rGO/ZnO gas sensor
(thickness of 2 nm) exhibited selectivity and excellent response for sensing a
low concentration of hydrogen. This nanocomposite was found to be 10 and
five times better than pure ZnO, and rGO/ZnO nanocomposite, respectively.
It was proposed that rGO/ZnO/Pt hybrid nanocomposite is a potential prom-
ising candidate for fabricating high-performance gas sensors for H,.

Mitra et al. (2019) prepared highly crystalline p-type manganese oxide
(MnO) wide bandgap semiconductor quantum dots via femtosecond-LA in
liquid. This p-type MnO QD material could find applications in the industrial
production of high-performance solution-processed deep UV optoelectronics
on a large scale. Mostafa et al. (2019) synthesized tungsten oxide QDs with
pulsed laser—assisted ablation. They used tungsten (tablet) as a target in lig-
uid media. This method is a green chemical method as it uses only tungsten
tablet and water for preparing tungsten oxide without impurities. It was con-
firmed by morphological analysis that the as-prepared tungsten oxide NPs
were quantum dots with average diameter of about 5 nm. They used these
as-prepared samples as the catalyst for the degradation of 4-nitrophenol.

Mwafy et al. (2019) prepared zinc oxide NPs using CQD solution through
a LA technique. It was observed that ZnO-NPs in the CQD solution were
formed with capping of the ZnO NPs (spherical) by a functional group of the
CQD. As-prepared ZnO-NPs in the CQD solution had a particle size in the
range of 7.5—14.03 nm. These prepared samples were used in the detection
of lead and mercury ions in aqueous solution and it was found that a PL
peak shift was greater in the presence of mercury ions compared to lead
ions.

Kateshiya et al. (2020) developed a facile synthetic route for preparing highly
blue fluorescent tyrosine-coated molybdenum oxide quantum dots (Tyr-MoOs;
QDs). They used tyrosine as a surface ligand for the functionalizing MoOsz QDs.
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It was revealed that as-prepared Tyr-MoO; QDs could act as a sensor for sensitive
as well as rapid identification of imidacloprid via fluorescence quenching mecha-
nism. The as-developed probe was also applied for detection of imidacloprid in
real samples.

Wang et al. (2021) synthesized multifunctional ZnO, which was deco-
rated on Fe hierarchical nanostructures using LA technique. They decorated
ZnO quantum dots on Fe nanowires, ZnO nanospindles cluster on Fe core
and flocky Fe@ZnO core—shell nanospheres (Fe@ZnO CSNSs). As-
synthesized Fe@ZnO CSNSs were then used for the photocatalytic degrada-
tion of rhodamine B. It was reported that photocatalytic removal of
rhodamine B was about 94.1% in the presence of natural light irradiation for
20 min.

4.3.3 Metal sulfides

Formation of quantum dots of ZnSe and CdS was reported under ablation of
bulk semiconductors in a liquid environment (ethanol, diethyleneglycol, etc.)
by Anikin et al. (2002). It was confirmed that these quantum dots are crystal-
line in nature with an average size of ~10—20 nm. Lalayan (2005) prepared
colloidal quantum dots of GaAs and CdS semiconductors through LA in the
liquid media. The large blueshift of the PL was evaluated, and it was con-
nected to size effects. Luminescence spectra at the wavelength 405 nm (CdS)
and 420 nm (GaAs) indicated that sizes of QDs were in the range 2—3 nm.

Zheng et al. (2008) synthesized Cu-doped ZnS (ZnS:Cu) quantum dots in
deionized water using femtosecond LA of a bulk (ZnS:Cu) target. It was
reported that these quantum dots exhibited good water solubility and colloi-
dal stability. An average size of as-prepared quantum dots varied in the range
of 2.1—4.0 nm on changing the laser fluence. It resulted in a redshift of the
emission peak.

Ka et al. (2011) synthesized lead sulfide (PbS) NPs layers onto different
substrates at room temperature using pulsed laser deposition (PLD). It was
reported that average size of these NPs can be controlled by changing the
number of LA pulses. A blueshift in PL. was observed from 1420 to 880 nm.
As-prepared PbS NPs had a diameter of 8.5 nm, which was decreased to
2.5 nm, which confirmed the quantum size effect. Khan and BiBi (2014) syn-
thesized densely packed CdS NPs using ns-pulsed LA. The average size of
these NPs was found to be in the range of 5—10 nm. An energy bandgap of
around 3.03 eV was attributed to band-to-band transition in CdS.

Ka et al. (2012) used the pulsed LA technique for direct synthesis of
single-walled carbon nanotube/PbS-quantum dot (SWCNT/PbS-QD) nanohy-
brids (NHs). This not only permitted control on the size of the PbS-QDs but
also made it possible for integration of these SWCNT/PbS-QD NHs into
photoconductive devices with a strong photoresponse. Ka et al. (2014) used
a PLD technique for fabricating NH heterojunctions (NH-HJs) solar cells.
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They decorated TiO, nanorods (TiO,-NRs) on PbS quantum dots (PbS-QDs).
They could achieve NH-HJs-based PV devices with high power conversion
efficiency (PCE) (4.85%). It was interesting to note that the PCE of these
devices was found to be quite stable for several months in the presence of
air. It was also reported that the addition of SWCNTs onto the TiO,-NRs
before decorating them by PbS-QDs further enhanced PCE to 5.3%, which
may be due to more light absorption and improved charge collection by
SWCNTs.

Darwish et al. (2015) synthesized size-tunable (5—12 nm) cadmium sul-
fide (nano II—VI semiconductor) with different shapes, such as rod, sphere,
rope, etc., using a pulsed laser in liquid environment method. It was con-
firmed that the NPs are crystalline. These nanomaterials can find application
in biosensing and photonics. Gondal et al. (2015) prepared TiO,/ZnO/CdS
QDs using a PLAL technique. Here, ZnO reduces the electron—hole recom-
bination in the TiO, while CdS will increase the light harvesting efficiency
of TiO,. The morphology of the composite quantum dots was observed by
high-resolution TEM indicating that the size of the composite ranges
between 10 and 40 nm. Such a composite can be used for energy harvesting
using sunlight.

Baldovi et al. (2016) synthesized MoS, quantum dots in colloidal suspen-
sions by LA of commercial MoS, in acetonitrile. It was found that there was
a lateral size distribution from 5 to 20 nm, as evident from HRTEM images.
It was also revealed that these MoS, QDs were constituted by 3—6 MoS,
layers (1.8—4 nm thickness). It was predicted that its photocatalytic activity
may be enhanced for H, generation in the presence of UV—Vis irradiation
using methanol as a sacrificial electron donor. Ka et al. (2016) decorated
SWCNTs with PbS quantum dots by the PLD method. As a result,
SWCNTs/PbS-QDs NHs were formed. It was found that the number of
pulses controlled the average size of PbS-QDs as well as their coverage on
the SWCNTs surface. The photoconductive devices were fabricated from
these NHs exhibiting an enhanced photoresponse, which was dependent on
size of PbS-QDs. The diameter of PbS-QDs was found to be 6.5 nm and
bandgap was calculated as 0.86 eV.

The CdS quantum dots with a narrow size distribution were synthesized
by Mendonga and de Azevedo (2016) having emission range of
400—700 nm. These were very stable, water-dispersible, and bright. They
used a combination of LA technique and thioglycerol, which acted as a cata-
lyst for the hydrolysis of thiosulfate as well as a stabilizing agent. The
decomposition of thiosulfate catalyzed by thioglycerol produced S*~ ions,
which interacted with Cd*" ions to form CdS quantum dots. It was observed
that the particle size of monodispersed CDs QDs was about 2.75 nm. As-
prepared QDs exhibited bright PL in the yellow-orange region.

Li et al. (2017) fabricated monolayer MoS, QDs. They used temporally
shaped femtosecond LA of bulk MoS, in water. It was revealed that
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as-prepared MoS, QDs exhibited the highest electrocatalytic activity for the
generation of hydrogen evolution reactions (HER) because of the high spe-
cific surface area, excellent electrical conductivity, and abundant active edge
sites. Caigas et al. (2018) used pulsed LA technology for doping of WS,
quantum dots with diethylenetriamine (DETA). As-prepared DETA-doped
2H-WS, QDs were found to have an average size of ~6 nm. It was interest-
ing to note that PL. in WS, QDs was enhanced by 74-fold on DETA doping.
A dopant-dependent negative photoconductivity was also observed for WS,
QDs, which may be due to light-induced desorbing of water (oxygen) mole-
cules on the surface.

Ou et al. (2018) reported an ultrafast LA method for the synthesis of MoS,
quantum dots. It was also revealed that as-prepared QDs exhibited stability and
high activity in the electrocatalytic HER. This was attributed to defective struc-
ture, very large surface area, high conductivity, and abundance of active sites.
As-prepared QDs could be used in sensing, optics, conversion technologies, and
energy storage. Sunitha et al. (2018) prepared MoS, QDs by pulsed LA from
bulk MoS, pellets in deionized water. A hexagonal structure of as-prepared
MoS, pellet was confirmed by XRD and Raman spectra. The mean particle size
of these MoS, QDs was found to be in the range of 2—30 nm. Kuriakose et al.
(2019) synthesized Au-CdS core—shell structure via a laser-assisted method.
A gold core was obtained with 8.8 nm average particle size, which was sur-
rounded by a shell coating of CdS (5.8 nm; average diameter). They observed
that the rate of photodegradation of methylene blue was more in the presence of
Au/CdS core shell as compared to only CdS.

Nguyen et al. (2019a) developed a simple and green route to synthesize
highly photoluminescent MoS,/WS, QDs using LA (femtosecond) of raw
MoS,/WS, powders. It was reported that as-prepared MoS,/WS, QDs exhib-
ited excellent photostability and intense PL in the blue region with a PLQY
of 22.5%. An intense fluorescent emission was attributed to the presence of
abundant surface functional groups, such as C—0, CO, and C—N, which can
introduce new surface-state emission centers efficiently. Xu et al. (2019)
reported a facile method for the synthesis of molybdenum disulfide QDs and
tungsten disulfide QDs using LA (femtosecond) and sonication-assisted liq-
uid exfoliation. Average size of these quantum dots was determined to be
3.7and 2.1 nm, respectively. These MoS, and WS, QDs exhibited bright
blue—green luminescence in the presence of UV irradiation, which may be
due to the abundance of functional groups on their surfaces.

An et al. (2020) attempted different methods to produce MoS, QDs, such
as substrate growth, exfoliation, and colloidal synthesis. MoS, QDs with a
size of 10 nm were obtained. The resistive switching devices were fabricated
using as-prepared MoS, QD samples. These devices exhibited a
stable unipolar resistive switching behavior without any electroforming pro-
cess. Soheyli et al. (2020) prepared multicomponent In-based QDs in aque-
ous phase. They could also tune absorption and PL emission spectra of these
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QDs by changing composition of QDs such as Ag-In-S/ZnS, Zn-Ag-In-S/
ZnS, and Cu-Ag-In-S/ZnS core/shell QDs. They could produce intense emis-
sion by colloidal QDs with amber, green, and red colors. According to them,
there is a potential in AgInS-based/ZnS QDs to be used as theranostic agents
for treatment and imaging of cancer.

Zhao et al. (2020) designed and fabricated near-infrared fluorescence.
When these amorphous Ag,S QDs were doped by Cu, then a redshift of non-
toxic amorphous Ag,_,Cu,S quantum dots was observed, which improved
photothermal conversion efficiency to 44.0%. This may be attributed to the
generation of intragap states introduced on Cu doping. It was also revealed
that as-prepared amorphous Ag, ,Cu,S QDs exhibited high long-term
biocompatibility also. The MoS, quantum dots were synthesized by Pradhan
et al. (2021) via pulsed LA assisted photoexfoliation of solid MoS, target in
distilled water. The average sizes of these MoS, quantum dots were ~4, 2.9,
and 6.1 nm, when ablation durations were 5, 10, and 20 min, respectively at
a fixed laser energy of 40 mJ. The quantum dots resulted in luminescence in
the visible region. The as-synthesized MoS, quantum dots (colloidal solu-
tion) in distilled water exhibited a redshift from excitation wavelength-
dependent luminescence, which shifted to longer wavelength by varying
excitation wavelength from 290 to 390 nm. It was observed that MoS, quan-
tum dots exhibited higher rate of generating hydrogen.

4.3.4 Metal selenides

Singh et al. (2010) could achieve selenium QDs (with 2.74 % 2.32 nm diame-
ter) on laser irradiation for 15 min. It was reported that almost 3.75 * 0.15 nm
size is the quantum confinement limit for QDs of selenium. It was observed that
surface defect density of these QDs increases, and defect/electron trap level
energy decreases with the time of laser irradiation. CdSe quantum dots were
prepared by Horoz et al. (2012) by LA in water. It was reported that as-
synthesized CdSe QDs (wurtzite crystal structure) were having average particle
size of around 5 nm. These QDs can be attached to ZnO nanowires, so that they
can find applications in QD-sensitized nanowire solar cells.

Yang et al. (2017) proposed a femtosecond LA in microfluidics approach,
which is free from toxic chemicals. ZnSe quantum dots were found to be in
the range of 4—6 nm using hyperbranched polyethyleneimine as functional
and structural coated layer; both. An aqueous nanosized micelles consisting
of these quantum dots exhibited emission of bright green light. These quan-
tum dots have a great potential for biomedical imaging. Je et al. (2018) syn-
thesized PbSe QDs via PLIL method. It was found that as-prepared sample
in PVP solution resulted in the formation of PbSe QDs rock salt crystalline
with size of about 6.83 nm. The particle size of PbSe QDs was found to be
dependent on wavelength and power of the laser as well as type and concen-
tration of the surfactants.
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Balati et al. (2019) synthesized MoSe, nanosheets, inorganic fullerene-
like (IF) MoSe, and MoOj; quantum dots using PLAL method. It was then
followed by a microwave treatment of bulk-MoSe, powders. It was interest-
ing to note that two successive microwave steps changed orientation of
MoSe, crystal from horizontal to vertical.

AlGhamdi et al. (2020) reported dye sensitized solar cells, where a TiO,
photoanode was cosensitized by organic dye N719 and CdSe quantum dots.
The photovoltaic performance of this cell (cosensitized with an optimum
concentration of CdSe-QDs) was found to be better than that cell, where
photoanode was sensitized by N719 dye. It was observed that photovoltaic
conversion efficiency of this cell cosensitized by CdSe-QDs (1 mg/15 mL of
ethanol) and N719 dye was 7.09%, which was almost 37% rise in photovol-
taic efficiency, as compared to the cell, which is sensitized by the N719 dye
only.

Omran et al. (2021) prepared cadmium selenide quantum dots using
clean-LA in ethanol. It was reported that as-prepared CdSe QDs has a cubic
crystal structure with average particle size of 4 nm. These QDs can find
application in dye-sensitized solar cells with higher conversion efficiency.

4.4 Nonmetal-based quantum dots
4.4.1 Carbon-based quantum dots

Yu et al. (2014) prepared CQDs/TiO, nanosheet (TNS) composites via a
simple low-temperature process. It was indicated that TNS were combined
well with CQDs via surface carbon—oxygen groups. The photocatalytic
activity of this composite was investigated for degradation of rhodamine B
in presence of visible light, which was more as compared with CQDs/P25
composites and TNS only.

Nguyen et al. (2016) prepared carbon nanodots (C-dots) using femtosec-
ond LA of graphite powders. Here, they used polyethylene glycol
(PEG200N) solution and different concentrations of graphite. The photolumi-
nescent quantum yield of as-prepared C-dots was significantly increased on
decreasing the graphite concentration, reaching up to 21%. These C-dots
could be used as an efficient fluorescent nanosensor probes for selective and
sensitive detection of Fe®" ions because of their high PL.

Synthesis of fluorescent carbon dots-like nanostructures (CNDs) was
reported by Reyes et al. (2016) via LA of a carbon solid target in liquid. It
was reported that size of close-spherical amorphous CNDs ranged between 5
and 20 nm. An efficient light emission due to excitation at 3.54 eV was
observed with the PL intensity, which was centered at 3.23 eV. It was possi-
ble to tune the emission wavelength of the CNDs from the near-UV to the
green region by adjusting ablation time as well as by modification of abla-
tion and excitation laser wavelength.
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Nguyen et al. (2019b) prepared C-dots with broad emissions via femto-
second LA in ethylenediamine solution. The C-dots were found suitable for
a broad range of applications, including optical down-conversion devices,
bioimaging, and biosensors by selecting different excitation wavelengths
without changing their structures. As-prepared C-dots exhibited broad PL
from blue to green regions. It was reported that abundant of functional
groups created were on the surface of C-dots such as C-N, C-H, and C-O.

Ren et al. (2019) fabricated N-doped micropore CQDs (NM-CQDs) from
biomass using a pulsed LA method with a high quantum yield and dual-
wavelength PL emission. They observed two coexisting indigo—blue PL
emissions in these QODs. The fluorescence lifetime and quantum yield of
as-obtained NM-CQDs were as high as 6.56 ns and 32.4%, respectively. It
was reported that these NM-CQDs are quite suitable for cellular staining
images due to stable and strong PL emission. This high fluorescence of NM-
CQDs can find a great potential in engineering and biomedical imaging.

Cui et al. (2020) fabricated CQDs through ultrafast dual beam pulsed LA
using low-cost carbon cloth. As-prepared CQDs were homogeneous and the
quantum yield of emission was around 35.4%. These QDs exhibited a good
stability and excellent performance for anti-jamming, so that these were
found suitable for cell bioimaging.

It is difficult to introduce S into the carbon framework of GQDs as its
size is much larger than that of C atoms, as-compared to B and N. Kang
et al. (2020) reported a one-step and simple method for synthesizing sulfur-
doped GQDs (S-GQDs) using PLAL process. It was observed that these S-
GQDs exhibited an increased fluorescence quantum yields from 0.8 to
3.89% and excellent photostability. This method of preparing S-GQDs will
open up new avenues for their potential applications.

4.4.2 Graphene-based quantum dots

Russo et al. (2014) developed a method for mass production of porous gra-
phene (PG) and GQDs. They used femtosecond LA of highly oriented pyro-
Iytic graphite for this purpose. It was observed that PG layers float at the
water—air interface, and on the contrary, GQDs were found dispersed in the
solution. It was confirmed that GQDs have dimensions in the range of
2—5nm. They explained the formation of these materials on the basis of
mechanisms, which involved coal gasification and water breakdown.

Habiba et al. (2015) fabricated GQDs (Ag-GQDs) decorated nanocompo-
sites of silver NPs using pulsed laser. Then these nanocomposites were
PEGylated, increasing their solubility in aqueous solutions and biocompati-
bility. The size of GQDs was in the range of 1.6—4 nm. The antibacterial
activity of as-synthesized Ag-GQDs was evaluated and compared against
Gram-negative (Pseudomonas aeruginosa) and Gram-positive bacteria
(S. aureus) and it was found high as compared to and that of GQDs and
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commercial silver NPs (Ag-NPs). It was reported that cell viability was
maintained at 100% for normal mammalian cells, which were incubated with
Ag-GQDs. As-prepared Ag-GQDs have potential applications in self-sterile
textiles, antibacterial coatings, and personal care products.

Narasimhan et al. (2017) synthesized high-quality water-soluble GQDs
using a ns pulsed laser and used these GQDs as fluorescent imaging agent.
Their emission properties were attributed to the functional groups such as
hydroxyl and carboxyl groups on the surface or edges. A deep red fluores-
cence was observed from the implanted region.

Santiago et al. (2017) synthesized N-doped GQDs using pulsed LA with
diethylenetriamine (DETA). As-synthesized N-doped GQDs had an average
size of about 3.4 nm and its atomic ratio (N/C) was 26%. It was reported
that N-doped GQDs emitted PL with a factor 66 as compared to pristine
GQDs. GQDs were synthesized by Calabro et al. (2018) via chemical oxida-
tion of carbon nanoonions (nCNOs) followed by pulsed LA of these nCNOs
to give CO-GQDS. Average diameter of these CO-GQDs was found to be
4.1 nm.

Novoa-De Leon et al. (2019) synthesized nitrogen-doped GQDs
(N-GQDs) using PLAL. They ablated graphite target in dimethylformamide
(solvent and nitrogen source, both). It was observed that these N-GQDs con-
sists of a graphitic core with particle size of about 3 nm as well as oxygen
and nitrogen functionalities. They used as-prepared N-GQDs dispersion for
selective detection of ascorbic acid via a signal-on and signal-off system.
These N-GQDs could also be used as PL sensor for metal ions.

4.5 Others

Goodwin et al. (1997) synthesized nanocrystalline GaN via reactive LA of
gallium metal in nitrogen atmosphere. It was observed that these crystallites
were as small as 2 nm (diameter). It was revealed by size-selective PL and
PL excitation spectroscopy that there is a continuous range of blueshifted
emissions and absorptions as compared to bulk value for gallium nitride.

Wu et al. (2005) synthesized semiconducting nanocrystals using picosec-
ond pulsed LA. The crystalline nanometer-sized Si particles with average
sizes ranging between 1—5nm exhibited strong quantum confinement
effects. Raman spectra confirmed the crystalline nature of these NPs, which
showed significant shifts due to confinement. It was revealed that these
quantum dots are promising candidates for solar cells.

Yoon et al. (2005) fabricated amorphous GaN quantum dots (a-GaN
QDs) at room temperature using a LA technique and densified GaN target.
An average particle size of as-prepared a-GaN QDs was found to be 7.9 nm.
It was revealed that PL and absorption spectra exhibited a strong emission
band centered at 3.9 eV, which was slightly shifted (0.5 eV), that is, a blue-
shift from the bandgap energy of the GaN crystal. This shift confirmed the
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quantum confinement effect. Almeida et al. (2009) reported a LA route for
synthesis of thiol capped CdTe colloidal quantum dots. They opined that
these NPs were compatible for silica capping, which indicated that they
could find application as fluorescent markers.

Qin et al. (2011) carried out Cu doping of ZnO quantum dots by LA of
Zn/Cu composite targets immersed in PVP aqueous solution. Firstly, Zn/Cu
core—shell particles were synthesized by a galvanic replacement reaction,
followed by LA. It was reported that a large amount of Cu-doped ZnO QDs
could be produced with ultrafine size, high stability, and good dispersibility.
They also controlled dopant concentration (1.8%—4.8%) by just changing
the atomic content of Cu in Zn/Cu composite targets. Zakharko et al. (2011)
reported synthesis of luminescent SiC quantum dots using LA in pure deio-
nized water. A higher colloidal stability was present for these laser-produced
NPs. Long-term stability of colloidal solutions (as-prepared SiC quantum
dots) is due to surface charges related to carboxylate anions. It was observed
that emission from the Se QDs is centered at 2.75 eV and it does not depend
on the laser power used for ablation.

Bagga et al. (2013) reported the synthesis of protein-functionalized lumi-
nescent silicon NPs using infrared ultrafast LA. They used silicon in an
aqueous solution of S. aureus protein A for this purpose. Quantum dots of
protein A-capped silicon (8 nm) were obtained with blue—green photoemis-
sions. The biological functionality of these QDs was also studied by them. It
was revealed that these Si-based bionanostructures bind IgG selectively in
the cells, and therefore, these quantum dots may be suitable for biological
applications, such as biomarkers for in vivo applications such as cell label-
ing, cell staining, and controlled drug delivery.

Gongalsky et al. (2016) reported a secondary toxicity problem of solution
of brightly luminescent water-dispersible Si-based QDs using laser-assisted
synthesis. These QDs do not exhibit any sign of toxicity; rather they show
excellent cellular uptake and biodegradability making them an ideal candi-
date for bioimaging applications. Rodio et al. (2016) prepared amine-
terminated, ultrasmall silicon NPs (Si NPs) in one step by introducing
organosilane in Si NPs colloidal solution, which was prepared by ultrafast
LA. It was confirmed that the successfully functionalized Si NPs was leading
to 5nm Si dots covered by a thick layer aminopropyltriethoxysilane. Such
particles can find some biomedical applications such as biolabels, clinical
setting, vector delivery, and contrast agents.

Rasouli et al. (2017) reported that the efficiency of photovoltaic solar
cells can be increased by luminescent Si NPs. Sub Si NPs (10 nm) were syn-
thesized using a pulsed LA technique. As-prepared ultrasmall Si NPs show
PL characteristics at 517 and 425 nm upon excitation by UV light. The poly-
crystalline commercial solar cells are coated with these luminescent Si NPs
giving an efficiency of about 10%.
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Ren et al. (2018) synthesized black phosphorus quantum dots (BPQDs)
using pulsed LA. They used isopropyl ether as a solvent. It was reported that
QDs have average diameter of about 6 nm and also a height of about 1.1 nm.
It was revealed that the PL. quantum yield of as-prepared sample was about
20.7 %, which was almost three times higher than that of BPQDs prepared
by some other means, for example, ultrasonic exfoliation (about 7.2 %).
A stable and blue—violet emission was observed with BPQDs. Apart from it,
BPQDs are also utilized in bioimaging in HeLa cells, with excellent biocom-
patibility. It was also revealed that as-obtained BPQDs have promising
potential for biomedical applications, such as bioimaging, biolabeling, and
drug delivery.

Most of the methods for synthesis of boron nitride quantum dots
(BNQDs) are either complex or time-consuming. Xu et al. (2019) synthe-
sized few-layer BNQDs by liquid-phase ultrashort laser pulse ablation and
ultrasonic-assisted exfoliation methods. It was revealed that as-prepared
BNQDs have an average size of about 2.1 nm. These BNQDs exhibited
bright luminescence emission in the presence of UV light due to abundant
surface functional groups. Anjana et al. (2020) prepared Er, Yb-codoped
fluorapatite NPs using liquid-phase pulsed LA. A transparent colloidal
solution had NPs sizes in the range of 2—4 nm. It was claimed that as-
synthesized NPs dispersed in water are biocompatible and can find applica-
tions for cell imaging.

Morozova et al. (2020) focused on the possible use of silicon quantum
dots ranging from 1 to 10 nm for LED. These QDs have a great potential as
optoelectronic devices and fluorescent biomarking agents as they can exhibit
blue and red fluorescence. Their biocompatibility compared to conventional
toxic group II—VI and III-V metal-based quantum dots makes their practi-
cal utilization even more attractive to prevent environmental pollution and
harm to living organisms. Sergeev et al. (2020) observed that coupling of
HgTe QDs with lattice plasmons decreases the influence of nonradiative
decay losses and IR absorption bands of dodecanethiol, which was used as a
ligand on the QDs. It was reported that the ease of chemical synthesis and
processing of HgTe QDs along with scalability of the direct laser fabrication
of nanoantennas with tailored plasmonic responses helps in designing IR-
range devices for different applications such as detectors, emitters, sensors,
and security systems.

It is bit difficult to tune the PL properties of BNQDs and obtain these
QDs with intense and desired PL emission. Recently, Nguyen et al. (2021)
proposed a method to synthesize and functionalize BN QDs using femtosec-
ond LA in an organic solution with tunable PL from ultraviolet to green
region. It is all due to carbene zigzag edges, which are formed on the surface
of BNQDs resulting in effective emission. There is a redshift in colors by
increasing the content of carboxyl group on the carbene zigzag edges.
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Soliman et al. (2021) synthesized stainless steel grade 304 QDs through
LA in water. These were then used in the treatment of laryngeal carcinoma
in vitro, without using any external laser source or magnet for hyperthermia. It
was revealed that valence of chromium is +3 in these QDs and these show a
resonance fluorescence property in the NIR band. It was observed that a dilute
solution of QDs, on addition to cell culture medium, suppressed VEGF gene
expression and cell proliferation; both of which indicated the death of cancer
cells. The +3 valence of Cr and lower percentage of QDs exclude any possi-
bility of QDs toxicity. The most plausible mechanism for death of cancer cells
is due to heat shock of NIR resonance fluorescence of QDs.

4.6 Recent developments

LA is a fast-growing technique for the preparation of quantum dots. Some
recent advances in this direction are shown in Table 4.1.

TABLE 4.1 Preparation of quantum dots by laser ablation.

Quantum dots Application References
Graphene 2D Material defect engineering Li et al.
(2021)

Graphene Fluorescent probe for detection of Fe** Shen et al.
ions (2021)

Graphene Detection of Fe** (500 nM to 50 M) Kang et al.

(2022)

Carbon quantum dots Alleviating amyloid-3 mediated Li et al.
neurotoxicity (2022)

Antimony materials with ~ To protect human eyes and optical Liang et al.

perovskite quantum dots  equipment from high-power laser (2022)
damage

CQD@LaPO4:Eu*" Bioimaging of plant cells and as ink for Raikwar
security (2022)

CuO NPs-CNPs Antimicrobial and antiproliferative Mohammed
activities against breast cancer cell lines, et al. (2022)
MCEF-7

PVA/CMC/MoO3;NPs Enhanced optical and electrical Asnag et al.
characterization of polymeric films (2022)

Graphitic carbon Catalytic dehydrogenation and Chen et al.

quantum dot carbonization (2022)
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4.7 Conclusion

Various metals and metal chalcogenides quantum dots can be easily prepared
by the LA method. It is equally effective in the preparation of carbon and
GQDs. These quantum dots have a very high degree of purity as no chemical
is added from outside and a target is exposed to the laser. This method of
synthesis is welcome because it provides high-purity quantum dots and in a
shorter time; however, the high cost of the equipment is still a concern. This
method of synthesis will surpass all other methods in the forthcoming
decades.
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Chapter 5

Coprecipitation synthesis of
quantum dots

Monika Jangid and Seema Kothari
Department of Chemistry, PAHER University, Udaipur, Rajasthan, India

5.1 Introduction

The coprecipitation method is used to prepare uniform compositions in homoge-
neous solution of two or more ions through precipitation reaction. It is an impor-
tant method for the synthesis of some materials containing two or more
elements. What is the difference between the precipitation and coprecipitation?
The process of precipitation is the settling down of some insoluble particles
from a homogeneous solution. This insoluble compound forms precipitates.
Whereas coprecipitation is a process, where normally soluble compounds are
thrown out of solution in the form of a precipitate. The coprecipitation is most
commonly used for synthesis of nanoparticles and quantum dots (QDs).
Different operational parameters like material, pH, concentration of the initial
solutions, reaction temperature and time play important roles in getting nanopar-
ticles or QDs with the desired shapes and sizes.

It is a simple, economical, and industrially viable technique that is nor-
mally used for the synthesis of important oxide materials. The various steps
involved in this process are shown schematically in the flow chart in
Fig. 5.1. It is possible to prepare flowable powders using this process without
any additional agglomeration steps. One can tailor such a process to obtain
nano- or microsized particles by adjusting the pH, temperature, solvents, and
the precipitating agent.

5.1.1 Advantages

1. It is a most useful method for controlling the sizes of nanoparticles.
2. It is commonly used in the biomedical applications, because it is easy to
apply and almost harmless.

Quantum Dots. DOI: https://doi.org/10.1016/B978-0-12-824153-0.00005-7
© 2023 Elsevier Inc. All rights reserved. 77


https://doi.org/10.1016/B978-0-12-824153-0.00005-7

78 Quantum Dots

Anion solution Cation solution

FIGURE 5.1 Flow chart of coprecipitation method.

In this method, nanoparticles are prepared from aqueous salt solutions,
just by adding a base under an inert atmosphere at room temperature as
well as at high temperatures.

It can be carried out at lower reaction temperature and with shorter reac-
tion time.

5.1.2 Disadvantages

1.

2.

b

&

In this process, there in a problem because some undesired impurities
may also coprecipitate with the analyte.

Distribution of shape of nanoparticles may be uncontrollable and size
may be irregular.

The products are generally insoluble because of the high supersaturation
condition, which is necessary to induce precipitation.

Salts may have similar solubilities.

. It is often difficult to have material of high purity and accurate

stoichiometry.

It is not cost effective in some cases.

One of the troubles with this method of synthesis of nanoparticles is the
tendency of particles to agglomerate.

5.2 Classification of coprecipitation

Mainly, there are four types of coprecipitation:
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surface adsorption;
mixed—crystal formation;
occulation; and
mechanical entrapment.

b=

Out of these four, surface adsorption and mixed-crystal formation are
equilibrium processes, while occulation and mechanical entrapment are due
to the kinetics of crystal growth.

1. Surface adsorption: It is a common method of coprecipitation. Here, a
significant contamination of precipitates occurs with large specific sur-
face areas (coagulated colloids). Coagulation of a colloid does not
decrease the amount of adsorption significantly. Therefore, the overall
effect of surface adsorption is carrying down of an otherwise soluble
compound as a surface contaminant.

2. Mixed—crystal formation: In this type of coprecipitation, one of the ions in
the crystal lattice of a solid is replaced by an ion of another element. The
extent of mixed-crystal contamination obeys the law of mass action and
increases as the ratio of contaminant to analyte concentration increases.

3. Occulation entrapment: When a crystal is growing rapidly during precipi-
tation formation, foreign ions in the counter ion layer may become
trapped or occluded within the growing crystal. Occlusion is a type of
coprecipitation, in which a compound is trapped within a pocket formed
during rapid crystal growth.

4. Mechanical entrapment: Mechanical entrapment occurs when crystals lie
close together during growth. Occlusion and mechanical entrapment
are confined to crystalline precipitate. Both are at a minimum when the
rate of precipitation formation is low.

5.3 Synthesis of quantum dots
5.3.1 Metal oxide quantum dots

Jbara et al. (2017) used the coprecipitation technique to synthesize gamma-
AL O3 (7-AlyO3) nanopowders. As-prepared alumina nanopowders have particle
diameter from 6—24 nm, as evident from XRD. Almost all particles were spher-
ical in shape, but some particles acquired more regular hexagonal shapes on
increasing annealing temperature, maybe due to agglomeration of nanoparticles.
Zhao et al. (2018) synthesized graphene oxide/Mg-doped ZnO/tungsten oxide
QDs composites via the coprecipitation method. It was reported that this com-
posite exhibited photocatalytic activity that was almost 6.58 times higher than
that of the composite without tungsten oxide. Transition-metal (Cr, Mn, Fe, Co,
and Ni)- doped SnO, QDs were synthesized by Sharma et al. (2020) using the
coprecipitation method. These QDs were capped by polyvinyl pyrrolidone. The
size of as-synthesized particles was found to be 2.5 nm.
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Sarkar et al. (2020) synthesized carbon-quantum-dot-embedded iron
oxide nanoparticles (CQD@Fe;0, NPs). The Fe;0, NPs and CQD@Fe;0,
NPs were synthesized by the wet chemical coprecipitation method. A nearly
spherical structure with an average size of about 7 nm was obtained for
Fe;0,, while CQDs were around 2 nm in size in CQD@Fe;0,4 NPs as evi-
dent from HRTEM. Hernandez et al. (2020) synthesized Fe;0, MNPs modi-
fied with three different amino acids (AA): L-tryptophan, l-phenylalanine,
and l-tyrosine via the coprecipitation method without using a spacer agent.
This nanocomposite has high stability and good dispersibility in water and
can be used in various biomedical and environmental applications.

Ragupathi et al. (2021) used the coprecipitation method for the synthesis of
ZnO QDs and MPS organosilane modified ZnO@MPS. It was observed that as-
prepared ZnO QDs and ZnO@MPS exhibited size reduction, better dispersion,
and lower aggregation as compared to ZnO QDs. They also studied the antibacte-
rial activities of these against Staphylococcus aureus, Escherichia coli, Klebsiella
pneumoniae, and Enterococcus faecalis, and observed that ZnO@MPS QDs
exhibited significant zones of inhibition, which may be due to smaller particle
size.

Masmali et al. (2022) used ZnO and ZnFe,O,4 as working electrodes in
the QDs sensitized solar cells (QDSSCs). It was observed that ZnFe,O,4 can
enhance light absorption and its bandgap is 2.12 eV. They synthesized ZnO
and ZnFe,O, nanoparticles via coprecipitation. As-prepared mesoporous thin
films of ZnO and ZnFe,O, were sensitized with Ag,S and CdS and then
used as photoanodes in QDSSCs. It was revealed that Ag,S sensitized photo-
anodes exhibited higher charge carrier resistance, shorter electron lifetime,
and low fill factor as compared to CdS-based photoanodes.

Niu et al. (2022) prepared Cu,0O/SnO, QDs/ZnO arrays pn junction via a
continuous  sputtering—hydrothermal—coprecipitation method. It was
reported that the as-prepared transparent photovoltaic device exhibited high
transmittance (~80%) and photovoltaic enhancement (~1.5 X 1073 folds)
(PCE =1.03%), It was attributed to SnO, QDs, which have appropriate
Fermi level increasing the charge carrier concentration/mobility, but high
transparency was balanced.

5.3.2 Metal sulfides

Cadmium sulfide QDs were synthesized by Mishra et al. (2011) via a copre-
cipitation method. X-ray diffraction revealed that cubical zinc blend structure
was present in CdS nanoparticles. It was found that CdS QDs are of 2—5 nm
in size as evident from TEM data. A blue shift of 0.48 eV UV—V is absorp-
tion data was observed that compared to bulk CdS. Rahdar et al. (2012) syn-
thesized ZnS:Cr nanoparticles by the coprecipitation method. It was possible
to prepare different sized ZnS:Cr nanoparticles using this simple chemical
method using different molar concentration of doping agent. They observed
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that mean crystallite size of these particles ranged between 1.5 and 2.45 nm,
which depended on the molar concentration of the doping agent.

Giribabu et al. (2012) synthesized Cd; —,Mg,S nanoparticles by the
coprecipitation method. It was revealed that the structural phase transition is
present from cubic to hexagonal and there is an increase in the average size
of the nanoparticles (range 1.4—2.8 nm) on increasing content of Mg. The
ZnS QDs along with their Be*" and Mg?" derivatives (Zn;_,Be,S and
Zn;_Mg,S) were prepared by Igbal and Igbal (2013) via the coprecipitation
route. The synthesized QDs are stable for a period of up to 7 months. It was
found that particles were having cubic closed packed structure with an aver-
age particle size of 2—3 nm. It was proposed that these QDs may find appli-
cations in light-emitting diodes, sensors, coatings, and phosphor.

Zinc sulfidle QDs (pure and doped with Fe’") were prepared by
Shamsipur and Rajabi (2014) via a chemical coprecipitation method. The
effect of different operational parameters on the decolorization of methyl
violet, such as pH, initial dye concentration, dopant content, dosage of nano-
photocatalyst, and UV irradiation time, were studied. It was observed that
doping of ZnS QDs with Fe*" enhanced its efficiency, as evident from the
increased rate of dye removal. Rofouei et al. (2015) synthesized ultrasmall
glycine dithiocarbamate (GDTC)-functionalized manganese doped ZnS
(GDTC-Mn:ZnS) QDs via the coprecipitation method. It was then used as a
sensor for cerous ions in concentration range of 2.0 X 107¢ to 3.2 X
10> mol L', with a detection limit of 2.29 X 10”7 mol.L™". Tyagi et al.
(2014) synthesized size tunable cadmium sulfide QDs via wet chemical
coprecipitation method at pH 9 and 10.5 and different temperatures, that is,
35°C, 50°C, and 65°C. They used cadmium chloride and thiourea as precur-
sors, while ammonium hydroxide was used as a precipitating agent and mer-
captoethanol as a surfactant.

Elavarthi et al. (2016) synthesized undoped and Cr-doped CdS nanoparti-
cles via the coprecipitation method. The average particle size was found to
be 4—5nm. Yadav et al. (2016) prepared copper-doped Cd; — ,Zn,S QDs
using a chemical coprecipitation method. The Cu-doped QDs have an hexag-
onal structure with average crystallite size in the range 2—12 nm. Sakthivel
and Muthukumaran (2016) synthesized Zngog — xCuMng0,S QDs (Cu and
Mn codoped) with different copper concentrations (where x =0, 0.02, 0.04)
through a coprecipitation technique. The ZngosMng S was in the cubic
phase, which gives a mixture of cubic as well as hexagonal phases on
Cu-doping. The bandgap was found to range between 3.3 and 3.93 eV on
Mn and Cu codoping. These codoped zinc sulfide QDs can find use
in optoelectronic devices. Youngjin and Jongsung (2016) prepared silica
nanospheres containing magnetic particles. Then CdSe/ZnS QDs were func-
tionalized and incorporated into these silica nanospheres. It was reported that
fluorescence from as-prepared QDs was quenched and this magnetic
silica—QD—DNA probe can be used to detect a particular DNA.
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The Zngog — NiyMngpS QDs were synthesized by Sakthivel and
Muthukumaran (2017) via a coprecipitation method. They reported that the
average crystallite size was 1.3—1.8 nm. A red shift was observed in absorp-
tion and intensity was increased on increasing concentration of Ni. The band-
gap of as-prepared samples ranged between 3.56 and 3.93 eV. As-prepared
material can be used in optoelectronic devices and also as a buffer material
in solar cells. Zinc sulfide QDs and transition metal-doped ZnS nanocrystals
were prepared by Jabeen et al. (2017) by a coprecipitation method.

Zhang et al. (2017) synthesized hybrid rGO/CoFe,0,4/ZnS nanocompo-
sites via a combination of hydrothermal and coprecipitation route. It was
reported that ZnS QDs and CoFe,O,4 nanoparticles had an average diameter
of 3—8 and 10—20 nm, respectively, and these were anchored on graphene
sheets. It was proposed that the as-prepared nanocomposites have a potential
for use in stealth camouflage techniques.

Kaur et al. (2017) synthesized ZnS QDs via a coprecipitation technique.
They used sodium dodecyl sulfate as a stabilizing agent. They used these
ZnS QDs as a photocatalyst for degrading brilliant green under sunlight.
They could achieve about 88% degradation of brilliant green.

Desai et al. (2018) synthesized PVP-coated ZnS nanoparticles doped
with transition metals by a wet chemical coprecipitation method. The
average particle size of these PVP—ZnS nanoparticles was around 2.6 nm.
Cobalt-alloyed ZnS QDs were synthesized by Horoz (2018) via a copreci-
pitation method. It was found that Cobalt-alloyed ZnS QDs had a cubic
structure with size 2.71 nm, which is little bit smaller than the size of
pure ZnS QDs (2.72 nm). It was revealed that there was a blueshift com-
pared to pure ZnS QDs.

Ashokkumar and Boopathyraja (2018) prepared Zn; — ,Mg,S QDs by a
coprecipitation method. It was observed that Mg dopant did not affect the
cubic blende structure of ZnS QDs. The average crystallite size increases
from ~1.7—2nm at initial doping of Mg (20%). It was revealed that the
bandgap of the QD was decreased at initial doping of Mg due to the quantum
confinement effect but at a higher doping level the bandgap was found to be
increased. Sakthivel and Muthukumaran (2018) prepared Cobalt-alloyed
(0% —4%) Zny9sMng oS QDs by a coprecipitation method. It was found that
the average crystallite size of the particles was around 3 nm. It was reported
that average crystallite size of as-prepared QDs was ~3 nm. Rafiq et al.
(2019) prepared ZnS QDs via the coprecipitation method. They used
2-mercaptoethanol as a capping agent. An average crystallite size of ZnS
QDs was found to be 4.2 nm. These uncapped ZnS QD were used for photo-
catalytic degradation of methylene blue.

Mansur et al. (2019) prepared fluorescent ternary and quaternary QD
nanostructures based on AgInS, core and ZnS shell. These QDs were stabi-
lized with carboxymethyl cellulose polymer ligand. They prepared colloidal
AgInS, QDs by a coprecipitation process. Sizes of AgInS, and AgInS,/ZnS
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QDs range were in the of 8.5 = 2.4 nm and 3.2 = 1.1 nm under acidic or
alkaline media, respectively. Yu et al. (2019) used chitosan (CS) as a bioma-
cromolecule model and surface ligands to synthesize CuS QDs via the copre-
cipitation method. These CuS-CS QDs were conjugated with folic acid (FA).
It was reported that the size of CuS-CS-FA QDs was around 4 nm. It was
revealed that CuS-CS-FA QD can be effectively targeted and accumulated in
the tumor reaching the peak dose in 1 h, when CuS-CS-FA QDs dispersion
was injected (intravenously) into the tumor-bearing mice.

Devadoss et al. (2019) synthesized Zn, Cr codoped CdS QDs via a copre-
cipitation method. They carried out this synthesis at room temperature with-
out using any capping agent. It was observed that samples have cubic
structures, which remained unaffected by the presence of Cr, but the crystal-
lite size was found to be reduced in the order of ~2 nm. The presence of Cr
was considered responsible for a blueshift. The ZnS QD (Mg, Mn codoped)
were synthesized by Sakthivel et al. (2019) using a coprecipitation method.
The particle size in the range of ~2 nm. A redshift was observed with an
increase in Mg doping concentration, which will reduce the bandgap.

Meng et al. (2020) synthesized cadmium sulfide QDs through the coprecipi-
tation method. It was observed that there was a blue shift of 0.48 eV compared
to that of bulk CdS. The particles size of CdS QDs was found to be 3.665 nm.
Abha et al. (2020) synthesized Mn:ZnS/BSA QDs by a chemical coprecipitation
method. It was reported that Mn:ZnS/BSA QDs can serve as an effective sensor
platform for dopamine. The luminescence of Mn:ZnS/BSA QDs was found to
decrease linearly with increasing concentration of dopamine in the range from
6.6 to 50.6 nM.

Ibraheema et al. (2020) synthesized the ability to tune the paramagnetic
effect of Co-doped CdSQDs, which were prepared by a coprecipitation route
with varied Co”" concentrations. It was reported that the highest possible
paramagnetic effect in the CdS semiconducting matrix exhibited bandgap in
the visible range (2.76 eV). Sharma et al. (2021) prepared polyvinlypyrroli-
done (PVP) capped CuS QDs (Cu; — ,TM,S) via the chemical coprecipitation
route. They also doped these QDs with some magnetic transition metals
(TM = Fe, Cr and Co).

5.3.3 Metal selenide quantum dots

CdSe QDs were synthesized by Verma et al. (2016) via the chemical coprecipi-
tation method. It was revealed that the cubic phase of the crystalline CdSe trans-
formed to stable hexagonal phase at 317°C and the average particle size of
these QDs ranged between (3—5 nm).

Lewis et al. (2016) synthesized semiconducting heterostructures composed
of cadmium selenide QDs attached onto the surfaces of Eu-doped and Pr-doped
CaTiOs;. It was observed that 2.7-nm diameter ligand-functionalized CdSe QDs
were attached to CaTiOs-based spherical assemblies. Ag,Se QDs were prepared
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FIGURE 5.2 Dye sensitized solar cells using Ag,Se quantum dots. Adapted from Zhang, Z.,
Yang, Y., Gao, J., Xiao, S., Zhou, C., Pan, D., et al., 2018. Highly efficient Ag,Se quantum dots
blocking layer for solid-state dye-sensitized solar cells: size effects on device performances.
Mater. Today Energy 7, 27—36 with permission.

by Zhang et al. (2018) using a coprecipitation method and then used in solid-
state dye-sensitized solar cells (Fig. 5.2). It was revealed that monodispersed
Ag,Se QDs had average sizes ranging between 8.2—11.6 nm. The highest power
conversion efficiency of Ag,Se QDs (9.6 nm)-based solar cells was reported to
be 5.89%.

5.3.4 Carbon-based

A graphene QDs and CoNiAl-layered double-hydroxide composite was syn-
thesized by Samuei et al. (2017) through a coprecipitation method. They fab-
ricated a modified carbon paste electrode containing this nanocomposite that
was used as a nonenzymatic sensor for determination of glucose. It was
reported that the as-prepared sensor offered high reproducibility, fast
response time, good electrocatalytic properties, and stability. It was revealed
that the as-constructed sensor exhibited sensitivity in a wide range of con-
centrations of glucose (0.01—14.0 mM) with a limit of detection of 6 uM.

It was revealed that the NiFe,0,/GQD sample exhibited the highest cata-
lytic activity and completed the reduction in a minute to afford p-
aminophenol. The catalysts displayed good stability, can be recovered using
a magnetic field, and can be recycled for six experiments with a conversion
percentage of >95%.

Sharma et al. (2018) prepared iron nanoparticles, Fe@carbon QDs, and
Fe/Ag@carbon QDs nanocomposites by a simple coprecipitation/reduction
method. The photocatalytic activity of Fe, Fe@CQDs, and Fe/Ag@CQDs
was evaluated for the removal of fast green dye. The catalytic nature of as-
synthesized materials was also investigated for the esterification of acetic
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FIGURE 5.3 Use of iron-based quantum dots and nanocomposites for degradation, oxidation,
and esterification. Adapted from Sharma, G., Kumar, A., Naushad, M., Kumar, A., Ala’a, H.,
Dhiman, P., et al., 2018. Photoremediation of toxic dye from aqueous environment using mono-
metallic and bimetallic quantum dots based nanocomposites. J. Clean. Product. 172,
2919—2930 with permission.

acid and oxidation of benzyl alcohol (Fig. 5.3). It was reported that oxidation
of benzyl alcohol with H,O, with Fe NPs gave the highest yield (87%),
while esterification of acetic acid with different alcohols (ethyl, isopropyl
and butyl) showed that butyl alcohol gave a maximum yield of 82%, 80%,
and 84% with Fe NPs, Fe@CQDs, and Fe/Ag@CQDs, respectively.

Lin et al. (2019) anchored nitrogen-doped carbon QDs (NCDs) and graphitic
carbon nitride QDs (CNQDs) on the surface of BiVO,4 microspheres to fabricate
BiVO,/CNQDs/NCDs composite via the coprecipitation method. It was reported
that as-synthesized BiVO,/CNQDs/NCDs exhibited an excellent photocatalytic
activity for the degradation of rhodamine B as well as tetracycline under UV
illumination as compared to pure BiVO,, BiVO,/CNQDs, and BiVO,/NCDs
(Fig. 5.4).

5.3.5 Graphene-based

Wu et al. (2014) prepared composites of GQDs and Fe;O,4 nanoparticles
(GQDs/Fe30,) via a coprecipitation method. It was reported that as-prepared
GQDs/Fe;0, composites exhibited a better stability and reusability as com-
pared to natural peroxidases. This GQDs/Fe;0, composite was also used as
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FIGURE 5.4 Use of BiVO,/CNQDs/NCDs composite for degradation of rhodamine B and tet-
racycline. Adapted from Lin, X., Liu, C., Wang, J., Yang, S., Shi, J., Hong, Y., 2019. Graphitic
carbon nitride quantum dots and nitrogen-doped carbon quantum dots co-decorated with BiVO,
microspheres: a ternary heterostructure photocatalyst for water purification. Sep. Purif.
Technol. 226, 117—127, 2019, with permission.

a catalyst for the removal of phenolic compounds (nine in all). It showed
better or sometimes comparable removal efficiencies for phenolic com-
pounds as compared to native horseradish peroxidase.

Ramachandran et al. (2018) developed a method for the synthesis of gra-
phene QDs/cobalt ferrite nanocomposite. They synthesized graphene QDs
using citric acid, which was followed by coprecipitation of cobalt ferrite
nanoparticles on these graphene QDs. It was reported that as-synthesized
nanocomposite exhibited good superparamagnetic properties and fluores-
cence, which are useful in biomedical applications.

Naghshbandi et al. (2018) synthesized graphene QDs and metal ferrites
(MFe,0,4; where, M = Ni, Co) nanocomposites via a coprecipitation method.
They used these nanocomposites as catalysts in the reduction of p-nitrophenol.
It was reported that the NiFe,O,/GQD composite exhibited the optimum cata-
lytic activity and the reduction of p-nitrophenol was completed within 1 min. It
was revealed that these catalysts can be separated by a magnetic field using an
external magnet. They also show good stability and these can be reused for six
cycles retaining activity of around 95%.

The catalytic activity of as-prepared nanocomposites and metal ferities
for the reduction of p-nitrophenol was found to follow the order:

NiFe, 04 /GQD > CoFe, 0,4 /GQD > NiFe, 04 > CoFe,0y4.
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Zhao et al. (2021) synthesized graphitic carbon nitride QDs by incorporating
the unique organic functional group of barbituric acid into the framework of the
carbon nitride structure by supramolecular preorganization. Then three CNQDs
were introduced onto basic zinc carbonate (BZC) surface via the coprecipitation
method. It was reported that the as-prepared CNQDs/BZC composite exhibited
a higher degradation efficiency of tetracycline, which was about 2.4 times high-
er than that of ZnO. It was revealed that *O,  and *OH radicals played major
roles in degradation due to the suitable bandgap.

Hsieh et al. (2022) introduced N-GQDs in rGO, which efficiently facili-
tates the photocatalytic activity of composite. It was reported that an ultra-
high removal ratio (~100%) and improved rate constant could be achieved
with this GQD/ZnO catalyst (1.74 more as compared to pristine ZnO). It was
revealed that the presence of N-GQDs increased the absorption in the visible
light region and photoinduced charge carrier, and as a result photocatalytic
activity was increased. It was observed that as-prepared GQD/ZnO compos-
ite can be used as a photocatalyst for degrading metronidazole in the pres-
ence of UV—light irradiation.

5.3.6 Others

Lan et al. (2014) prepared hybrid nanocomposites of Zn-Cr layered dou-
ble hydroxide (ZnCr-LDH) and graphene through a coprecipitation
method. It was reported that ZnCr-LDH nanoplatelets had a diameter
~6 nm and these were well dispersed on the graphene surface. These
hybrid ZnCr-LDH/graphene nanocomposites were used for the photocata-
lytic degradation of rhodamine B, which has a higher rate as compared to
ZnCr-LDH.

Bahadori et al. (2021) used a coprecipitation-assisted solvothermal
method to synthesize covalent organic frameworks (COFs) QDs, which
were modified with biochar. It was found that as-synthesized COFs QD
nanostructures have an average size of about 3.68 nm. These nanocompo-
site structures were then utilized for decolorizing methyl blue, methyl
orange, and methyl red.

5.4 Conclusion

Various QDs (metals, metal oxides, metal sulfides, carbon, and graphene-
based materials) can be synthesized successfully using the coprecipitation
approach. It is an eco-friendly and relatively low-cost approach to synthe-
size nanomaterials. It can also be used to prepare larger amounts of QDs
on an industrial scale. As-synthesized QDs have great potential for applica-
tion in varied fields of interest such as bioimaging, sensors, solar cells,
water splitting, and light-emitting diodes.
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6.1 Introduction

The synthesis of designer solid state materials by living organisms is an
emerging field of research. As there is a growing trend in biomedical appli-
cations of quantum dots, biosynthesized nanomaterials are attracting the
attention of researchers these days due to their biocompatible, low-energy
consumption, economic, and tunable characteristics.

Zero-dimensional semiconductor quantum dots (<10 nm) have received
great attention because of their potential use in biomedical applications
(diagnosis and therapy), where larger nanoparticles (>10nm) were not
found to be suitable.

Biosynthesis of quantum dots is an alternate green method for the pro-
duction of quantum dots with superior properties, such as tunable size, emis-
sion spectra, and a longer fluorescence lifetime. Biosynthesis of quantum
dots offers other several advantages over other existing conventional chemi-
cal synthesis routes, such as low cost, eco-friendliness, and no need for any
further modification of the products. Controlled monodispersity, chemical
compositions, desired morphologies, and particle size could be achieved with
the biosynthesis method.

However, still manipulation and control of biosynthesis of QDs remain
slightly difficult because of the lack of knowledge of the mechanisms neces-
sary for the biosynthesis or the effect of the biosynthesizing organisms is still
insufficient.

Synthesis of QDs can be carried out using plants (Avena sativa,
Azadirachta indica, Alovera, Mangifera indica, etc.) fungi (Fusarium oxy-
sporum, Phanerochaete chrysosporium, Pleurotus ostreatus, etc.), bacteria
(Escherichia coli, Pseudomonas, Staphylococcus aureus, Acidithiobacillus
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genus, etc.), and enzymes. There are many more plants, bacteria, enzymes,
fungi, etc., which are still unexplored although they have a great potential
for preparing quantum dots.

6.1.1 Advantages

1. It is a green chemical route.

2. It is relatively less time consuming.

3. Ambient conditions are required, and not harsh conditions.

4. It is based on natural materials such as plant extracts, enzymes, bacteria,
fungi, etc.

6.1.2 Disadvantages

1. It is based on plants, which means a limited source.

2. It may cause additional problems, particularly when bacteria and fungi
are used, unless carried out under control.

3. Difficult to control the size of nanocrystal.

6.2 Plants

Wang et al. (2005) prepared ZnS semiconductor nanoparticles in situ in chit-
osan film. It was revealed that the chitosan template was monodispersed and
passivated. The average size was found to be 3.4 nm. Rosano-Ortega et al.
(2006) synthesized Mn nanoparticles in the range of 1—4 nm using water
hyacinth. It was reported that the as-obtained particles have a well controlled
size. It was also revealed that small clusters in the range of 1—2 nm were
generated, when the pH was kept at 5. It was also found that smallest aggre-
gates with polyhedron shapes were stable in nature.

Wang et al. (2009) synthesized water-soluble biocompatible and mono-
dispersed CdS, ZnS, and CdSe quantum dots using natural chitosan deriva-
tives as stabilizers. It was revealed that nanoparticles with average size of
3—5 nm were obtained. It was found that the photoluminescence of QDs was
enhanced and surface defects were passivated. It was found that the size of
particles and photoluminescence intensity can be controlled by varying the
concentration of precursor ions and stabilizer, refluxing the time and molar
ratio of metal ions with sulfide. The resulting biopolymer/QDs composite
can be potentially applied as a biosensor or fluorescence tags in biological
systems. An efficient and green method for plant-based biosynthesis of CdS
quantum dots has been reported by Borovaya et al. (2014). They used hairy
root culture of Linaria maroccana L. for this purpose. The Linaria root
extract was incubated with sodium sulfide and cadmium sulfate to give
stable luminescent CdS nanocrystals. It was revealed that as-obtained QDs
were spherical in shape with a size ranging from 5 to 7 nm. The wurtzite
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crystalline structure of as-synthesized CdSQDs was confirmed by electron
diffraction.

Bhattacharjee and Ahmaruzzaman (2015) synthesized SnO, QDs by a
green biological route using sugar cane juice. It was predicated that biomole-
cules present in sugar cane juice act as both capping agent and complexing
agent. It was observed that spherical SnO, quantum dots were obtained with
particle size ranging between ~2.5 and 4.5 nm. It was revealed that a blue-
shift in the bandgap energy was there with decreasing particle size. As-
synthesized SnO, QDs were then used for photocatalytic degradation of
methylene blue and rose Bengal under direct sunlight. The catalytic activity
of these biosynthesized QDs was also evaluated for reduction of p-
nitrophenol to p-aminophenol in the presence of sodium borohydride in
water. It was revealed that 99.5% of p-nitrophenol was reduced in these con-
ditions within 1 h.

Ouyang and Sun (2016) used wheat endosperm cells in the biosynthesis
of Ag,S QDs. The delivered precursors of QDs into cultured wheat
endosperm cells provided Ag,S QDs in an aging process under the effect
of endogenous glutathione in the cells. It was observed that these intracellu-
larly synthesized near-infrared (NIR) fluorescent QDs were highly
photostable and can be used for bioimaging. The biosynthesis of HgTe quan-
tum dots has been reported by Green et al. (2016) in a living plant via a
mutual antagonistic reaction. It was observed that when Allium fistulosum
was exposed to mercury and tellurium salts, it afforded crystalline HgTe
quantum dots (nonpassivated) under ambient conditions. These QDs exhib-
ited emission in the near-infrared spectral region, which is the suitable range
for finding applications in solar energy conversion and telecommunications.

The hairy roots of tomato (Solanum lycopersicum) and also fission yeast
(Schizosaccharomyces pombe) were used by Al-Shalabi and Doran (2016)
for biological synthesis of CdS quantum dots. It was observed that the
growth rate with hairy roots was much slower compared with yeast, so they
can be utilized for large-scale production. It was revealed that CdS crystal-
lites obtained with yeast were smaller in size (2—6 nm diameters) as com-
pared to QDs obtained using the roots (4—10 nm diameters). Borovaya et al.
(2016) prepared water-soluble CdS quantum dots. They used bright yellow-2
(BY-2) cell suspension culture for this purpose, which acted as both stabiliz-
ing and capping agent. It was indicated that CdS QDs were crystalline and
spherical in shape, ranging from 3 to 7 nm (diameter). It was revealed that
as-synthesized CdS QDs were almost nontoxic in low concentrations using
Nicotiana tabacum protoplasts as a model.

A simple and eco-friendly method for biosynthesis of luminescent ZnO
quantum dots (well dispersed) was reported by Kaviya et al. (2017) using
pomegranate peel extract. The use of this method avoided the use of strong
commercial stabilizing agents, higher temperature, pH conditions, and inert
atmosphere. It was revealed the as-obtained ZnO QDs had an average size
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distribution around 4 nm. These ZnO QDs were water soluble and found to
be stable for almost 1 year. As the emission from ZnO QDs was quenched
on adding Cr’* ions, the presence of these ions can be detected up to 2 nM
in aqueous solution. Silva et al. (2017) biosynthesized Ag quantum particles
using Eichhornia crassipes biomass. It was reported that the shape, size,
structure, and composition of QDs were dependent on the amounts of hydro-
lyzable tannins in this plant. It was revealed that the amounts of hydrolyz-
able tannins were highest in the leaves of this plant. These QDs were found
to be nearly spherical in shape; however, these were mostly polyhedral. It
was observed that leaf biomass could produce quantum dots with sizes
<10 nm and these were mostly AgO, and not Ag.

Begum and Ahmaruzzaman (2018) used microwave heating for the bio-
synthesis of SnO, quantum dots using Parkia speciosa Hassk pods extract.
As-synthesized SnO, QDs were then used as a photocatalyst for the degrada-
tion of acid yellow 23 (a food dye) in aqueous solution in the presence of
UV254 light. It was reported that biosynthesized SnO, QDs could degrade
acid yellow 23 with photocatalytic efficiency (98%) in 24 min. It was
claimed that these SnO, QDs can be reused for up to five consecutive cycles
without losing efficiency and stability. Shivaji et al. (2018) developed a
green biogenic synthesis for preparing CdS QDs using tea leaf extract
(Camellia sinensis). It was found that the particle size of QDs was in the
range of 2—5 nm. They also investigated the biological activity of these CdS
QDs and it was observed that they exhibited cytotoxicity toward A549 can-
cer cells. This activity was also compared with a standard drug, cisplatin,
with comparable results.

An efficient and green approach was reported by Alvand et al. (2019) for
synthesis of cadmium telluride quantum dots. They used an aqueous extract
of fruits of Ficus johannis plant. Two extraction methods were used for
extraction: (1) microwave-assisted extraction (MWAE) and (2) ultrasonic-
assisted extraction (USAE). These plant extracts were used as natural
stabilizing precursors for synthesizing CdTe QDs. The average particle size
of as-prepared QDs was calculated as 1.2 nm. It was indicated that these
CdTe QDs have negligible genotoxicity and toxicity impacts. Fatimah et al.
(2020) biosynthesized SnO, quantum dots using flower extract of Aparajitha
(Clitoria ternatea) as a reducing agent. This flower extract contains flavo-
noids as well as flavanols, which can reduce Sn?* precursors into Sn° NPs,
which are then oxidized to SnO, QDs (4—10 nm). A blueshift was observed
in the wavelength of biosynthesized SnO, QDs. These QDs were there used
for photocatalytic degradation of rhoadamine blue under UV irradiation.

Biosynthesis of CdS QDs has been reported by Gholami et al. (2020)
using aqueous extracts of regenerated hairy roots of Rhaphanus sativus L. It
was observed that as-obtained particles were spherical in shape with size
ranging between 2 and 7 nm. It was also reported that these CdS QDs exhib-
ited more apoptosis effect on MCF-7 breast cancer cells as compared to
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AGS gastric cancer cell lines. Kandasamy et al. (2020) reported the synthesis
of CdS quantum dots using fruit sap of Opuntia ficus indica (as green tem-
plate). It was revealed that QDs were spherical in shape.

A green chemical route for the synthesis of copper quantum dots has been
developed by Rani et al. (2020) using leaf extract of M. indica (L.). They used
copper sulfate as the source of copper. It was proposed that a polyphenolic
compound (mangiferin) in leaf extract of M. indica may act as a capping,
reducing, and stabilizing agent during the preparation of Cu QDs. As-obtained
Cu QDs were stable and spherical in shape with size ranging from 4—7 nm. It
was reported that these Cu QDs can degrade methylene blue and possess high-
er antimicrobial activity and scavenging activity of free radical.

Zaman et al. (2020) reported the biogenic synthesis of cupric oxide nano-
particles using leaf and fruit extracts of Tamarindus indica L. These extracts
acted as capping and reducing agents. It was observed that CuO quantum
dots of size 5—10 nm could be obtained using fruit extract, but larger parti-
cles (50—100 nm) were obtained on using leaf extract. The photocatalytic
activity of as-synthesized QDs was evaluated for the degradation of rhoda-
mine B under UV—Vis light illumination. It was reported that QDs obtained
with leaf extract could degrade 65% of rhodamine B in 2 h, while quantum
dots prepared using fruit extract degraded 77% of the dye. These QDs exhib-
ited an excellent photostability and in vitro antimicrobial activity against
bacterial strains S. typhi, E. coli, and L. acidophilus.

Das and Dhar (2020) reported a method for the synthesis of tin dioxide
quantum dots. They used the shoots of C. sinensis as a stabilizer and reduc-
ing agent. It was observed that as-prepared tin dioxide quantum dots had a
flake-like morphology and were crystalline with an average size of 4.3 nm.
As-obtained SnO, quantum dots were then used for photocatalytic degrada-
tion of thiamethoxam. They could achieve 57% degradation within 45 min.

The extracts of medicinal plants such as Bryophyllum pinnatum, Mentha
arvensis, and Dalbergia sissoo were used by Kumar et al. (2021) to prepare
Ag NPs by reducing silver nitrate. Then, Ag NP-conjugated L-cysteine-
capped ZnS:Mn quantum dots were also fabricated, which exhibited antimi-
crobial activity against E. coli and S. aureus. This work may provide new
avenues for synthesizing plasmonic NPs using nontoxic material to be used
as detectors and biosensors.

The synthesis of CdS quantum dots was carried out by Tudu et al. (2021)
using Ocimum sanctum (Tulsi) leaf extract. It was reported that the phyto-
chemicals of Tulsi leaf extract played an important role in controlling parti-
cle size and morphology. The average crystallite size of these biosynthesized
QDs was found to be in the range of 3.6—3.0 nm It is interesting to note that
the bandgap of the capped CdS QDs increases with increasing extract con-
centration, but on the contrary particle size decreases.

Pugazhenthiran et al. (2021) prepared monodispersed silver quantum dots
via a green synthesis method. They used sweet lime (Citrus limetta) peel
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extract for this biosynthesis. It was reported that face-centered-cubic Ag QDs
with size (<5 nm) were obtained. The presence of carbohydrate and citrate
were considered responsible for the formation of small Ag QDs with good
stability. It was also indicated that as-synthesized Ag QDs were able to cause
the death of cancer cells (71%) even at a low concentration (100 pg mLfl).

Raja and Sundaramurthy (2021) used betel leaves (piper betle) for green
synthesis of fluorescent carbon quantum dots. They reported that as-prepared
carbon dots were selective in the detection of Fe** ions in aqueous medium.
They have detected successfully the presence of ferric ions even in the pres-
ence of interfering metal ions such as Ca>™, Mg”, Cu”, Ag+, FeH, Hg”,
Cd2+, Fe3+, and Pb®>" at the same concentrations. It was reported that it was
possible to detect Fe’" ions in the concentration range of 50—150 nM with
high sensitivity.

6.3 Bacteria

A facile route for the synthesis of cadmium sulfide nanoparticles has been
reported by Bai et al. (2009) using the photosynthetic bacteria
Rhodopseudomonas palustris. It was observed that the cadmium sulfate solu-
tion incubated with R. palustris biomass changed its color to yellow after 2
days. As-obtained CdS nanoparticles had an average size of 8.01 £ 0.25 nm
with uniform distribution, as evident from by TEM images. A bacterial syn-
thesis for cadmium telluride quantum dots with tunable fluorescence emission
has been reported by Bao et al. (2010a) using E. coli. It was observed that
these QDs exhibited size-tunable optical properties with fluorescence emis-
sion at 488—551 nm. It was revealed that these biosynthesized QDs have great
potential in a wide range of biolabeling and bioimaging applications.

Mi et al. (2011) prepared CdS quantum dots using genetically engineered
E. coli by introducing foreign genes encoding a CdS binding peptide. They
prepared CdS QDs through two methods: lysis, and freezing—thawing of
cells. It was claimed that biologically synthesized CdS QDs may be more
biocompatible probes in bioimaging and biolabeling. Suresh et al. (2011)
reported an efficient synthesis of extracellular silver sulfide nanoparticles
using the metal-reducing bacterium Shewanella oneidensis. It was observed
that particles were homogeneously shaped, monodispersed, and produced
with high yield (85%). It was also revealed that as-prepared particles were a
spherical shape with a mean diameter of 9 * 3.5 nm. As-fabricated QDs
particles are biocompatible and dispersible. They have an excellent potential
for application in electronic devices, optical imaging, and solar cells.

Jiang et al. (2012) prepared cadmium sulfide quantum dots via in situ
crosslinked chitosan hydrogel films. It was confirmed that crosslinked chito-
san hydrogel films provided a confined matrix for CdS QDs growth. As-
prepared CdS QDs/chitosan composite films slow photocatalytic activity for
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degradation of methyl orange solution in the presence of visible light.
Luminescent CdSe quantum dots were synthesized by Fellowes et al. (2013).
They used bacterially derived selenide (Se*”) as the precursor. Biogenic
Se?” was produced by the reduction of Se(IV) by Veillonella atypica. It was
reported that biological Se*~ formed smaller and narrower size distributed
QDs as compared to borohydride-reduced Se(IV) under similar conditions.

Kominkova et al. (2014) evaluated the effect of CdTe quantum dots on
Collembolans, the earthworm Eisenia fetida, and E. coli. They also studied
the effect of biosynthesis of QDs in E. fetida and E. coli. It was revealed
that biosynthesis in earthworms can be a protective mechanism of its own;
while it is probably a by-product of protective mechanisms in E. coli. Yan
et al. (2014) proposed a green and efficient biosynthesis method for prepar-
ing CdSe QDs using E. coli cells as biological matrix. These QDs were
fluorescence-tunable and biocompatible. It was observed that there was a
surface protein capping layer outside QDs, as evident from FT-IR data. It
was suggested that as-prepared quantum dots may prove to be an excellent
fluorescent marker for broad bioimaging and biolabeling.

Gallardo et al. (2014) isolated oxidative stress-resistant bacteria
(Pseudomonas spp.) from Antarctica and then used them for biosynthesis of
CdS QDs at 15°C. It was reported that there was a change in fluorescence
color (green to red), which was found to be time dependent. Yang et al.
(2015) engineered a bacterial strain for biosynthesis of CdS quantum dots. It
was reported that extracellular and water-soluble CdS quantum dots were
obtained on using this strain at ambient pressure and temperatures with low-
cost precursors. The biosynthesis of a- and 3- forms of ZnS quantum dots was
developed by Yue et al. (2016) using Clostridiaceae sp. They used different
concentrations of hydroxypropyl starch as dispersant in this process. It was
indicated that as-obtained a-ZnS quantum dots had a wurtzite structure with a
low dose of hydroxypropyl starch, while 3-ZnS quantum dots were prepared
with a sphalerite structure with a high dose. It was also revealed that 3-ZnS
quantum dots exhibited a redshift as compared to a-ZnS quantum dots.

Fluorescent Bacillus subtilis cells were developed as probes for imaging
applications and to explore behaviorial interaction between B. subtilis and
S. aureus. A controlled biosynthesis of CdSe quantum dots was developed by
Yan et al. (2016) using living B. subtilis cells. It was reported that B. subtilis
cells inhibit the growth of nearby S. aureus cells. Such inhibition was affected
by both growth stage as well as amount of surrounding B. subtilis cells.

Ulloa et al. (2016) reported the biosynthesis of cadmium sulfide QDs
using acidophilic bacteria Acidithiobacillus genus. These CdS QDs were
obtained when Acidithiobacillus thiooxidans, A. ferrooxidans, and A. caldus
cells were exposed to sublethal cadmium concentrations in the presence of
glutathione and cysteine. It was revealed that fluorescence of cadmium-
exposed cells moves from green to red with time of incubation. It was
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reported that an average size of 6 and 10 nm was found to show green and
red QDs, respectively.

Yan et al. (2017) reported a green biosynthesis of cadmium sulfide quan-
tum dots. Here, E. coli was selected as a biomatrix. It was revealed that these
CdS quantum dots emitted a blue—green fluorescence under UV excitation.
It was indicated that the antibiotic resistance of E. coli had a slight decrease
when CdS quantum dots were prepared at mild temperature. Kominkova
et al. (2017) obtained CdTe QDs by the extracellular biosynthesis by E. coli.
These CdTeQDs were also prepared by microwave-assisted synthesis. The
toxicity of as-obtained QDs was tested using three cell lines, Human Prostate
Cancer cells (PC-3), Human Foreskin Fibroblast (HFF), and Breast Cancer
cells (MCF-7), and it was observed that the toxicity of biosynthesized QDs
to the PC-3 cell lines was almost 35% lower as compared to QDs prepared
by the microwave technique.

Qi et al. (2017) used a low-cost hydroxypropyl starch (HPS) to assist
sulfate-reducing bacteria (SRB) in the synthesis of ZnS QDs. It was indi-
cated that HPS enhanced the growth of SRB and reduction of sulfate ions
into sulfide, which blocked the interaction between sulfide and zinc ions to
control the nucleation as well as growth of ZnS QDs. It was observed that
average crystal size of as-prepared ZnS QDs decreases from 5.95 to 3.34 nm
on increasing the concentration of HPS. There was a blueshift in the absorp-
tion peak, which may be due to the quantum confinement effect. The color
of photoluminescence spectrum was found to be changed from red to yellow,
which is evidence of tunable PL of ZnS QDs. The production of CdS QDs
was reported by Ulloa et al. (2018) by acidophilic bacteria, of the
Acidithiobacillus genus. It was observed that the addition of inorganic phos-
phate to A. thiooxidans ATCC 19703 cultures favored the biosynthesis of
CdS QDs in the acidic range (pH 3.5). It was also indicated that phosphate
contributes to the biosynthesis of CdS QDs by influencing uptake and toler-
ance to cadmium.

Yan et al. (2018) produced high-quality CdSe QDs in Bacillus amyloliquefa-
ciens. This process has the benefits of short reaction time, high yield, mild syn-
thetic conditions, and good reproducibility. Then as-obtained CdSe QDs were
used as a probe for detecting copper(I) ions in blood plasma. It was observed
that the protein envelope on the QD surface does not permit interference by
others due to selective permeability of the bacterial cell membrane. It was
revealed that copper ions in human blood plasma samples could be accurately
determined in the range (15.6—18.5 pumol L™ "), which is almost similar to results
obtained with atomic absorption spectroscopy. Biosynthesis of CdS quantum dots
sensitized nanorod arrays of ZnO was reported by Yang et al. (2018). These
ZnO nanorod arrays were prepared on FTO using a simple galvanic-cell-based
approach. Therefore, these were introduced silanized by (3-aminopropyl)triethox-
ysilane (APTES) with amino groups, so that Cd*" can be introduced. As-
synthesized CdS/ZnO heterostructure was used as photoelectrochemical (PEC)
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sensing platform, which exhibited detection sensitivity of 32 CFVm L™ for
sulfate-reducing bacteria (SRB). This work can help in the detection of physio-
logical messenger molecules such as hydrogen sulfide.

The role of volatile sulfur compounds was investigated by Gallardo-
Benavente et al. (2019) in the biosynthesis of CdS QDs using Antarctic
strain Pseudomonas fragi GCO1. They used different sulfur sources such as
sulfite, sulfide, sulfate, thiosulfate, cysteine, and methionine. Intracellular
biosynthesis was therefore all sulfur sources except acetylcysteine (Cys) and
methionine (Met), where extracellular biosynthesis was there. It was
observed that as-synthesized CdSQDs were in the range of 2—16 nm (size).
The importance of methane thiol (MeSH) was also confirmed in the biosyn-
thesis of QD. An extracellular biosynthesis of ZnS QDs has been reported by
Qi et al. (2019) via a molecular mediation mechanism, which was due to
mixed SRB. It was observed that particle size of biogenic ZnS QDs was
found to be 6.5 nm. This molecular mediation mechanism was triggered by
the peculiar extracellular proteins (Eps) for the higher yield of biosynthe-
sized ZnS QDs. Some other metal sulfide QDs were also prepared, such as
CusS, PbS, and CdS.

Bruna et al. (2019) reported biological synthesis of CdS QDs using by
polyextremophile halophilic bacteria Halobacillus sp. DS2, which was iso-
lated from Uyuni Salt Flat (Bolivia), Atacama salt Flat (Chile), and the Dead
Sea (Israel). As-prepared QDs were hexagonal in shape and monodispersed
with size ranging between 2 and 5 nm. Abou-Assy et al. (2019) synthesized
CdSe QDs using Providencia vermicola BGRW. These bacteria had the abil-
ity to resist many metals such as silver, cadmium, copper, zinc, nickel, lead,
bismuth, and cobalt. It was revealed that biosynthesized CdSe QDs were
cubic in shape with a size range of 2—4 nm.

The formation of CdS,Se; —, QDs has been reported by Tian et al.
(2019). These QDs have quantum yield (5.2%) and size of 2.0 = 0.4 nm.
As-prepared QDs (without extra modification) were then used for bioimaging
of cancer cells and tumor tissue of mice.

Qi et al. (2019) reported extracellular biosynthesis of ZnS QDs with high
yield. As-prepared biogenic ZnS QDs had an average crystallite size of
6.5 nm with better uniformity and greater PL activity than obtained by a
chemical route. They have fabricated other QDs such as PbS, CuS, and CdS
through this method.

Anthony et al. (2020) synthesized fluorescent carbon quantum dots by
nitric acid treatment. They used rice-biryani (processed white rice waste) as
a precursor of carbon. As-prepared CQDs were modified further by a two-
step process:

1. preparation of reduced-state CQDs (r-CQDs) using borohydride as reduc-
tant; and
2. rigidifying with a tripeptide such as glutathione (r-CQDs-GS).
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It was observed that QY was enhanced from 5.46% for bare CQDs to
41% for (r-CQDs-GS). As-prepared r-CQDs-GS had an average particle size
in the range of 2 — 5 nm. It was reported that about 90% cell viability and
normal morphology was retained even after treated with r-CQDs-GS concen-
trations up to 100 pgmL~'. It was reported that r-CQDs-GS could find
applications in in vitro/in vivo bioimaging.

Ocal et al. (2020) achieved intracellular preparation of PbS QDs using
Pseudomonas aeruginosa ATCC 27853. It was revealed that these intracellu-
lar biosynthesized PbS QDs had a particle size in the range of
3.47—11.45 nm. As-synthesized PbS QDs showed antibacterial activity
against E. coli, Proteus mirabilis, Micrococcus luteus, and Bacillus cereus.
Ordenes-Aenishanslins et al. (2020) synthesized CdS, Ag,S, and CdSAg
nanocrystals with size less than 15 nm. As-produced CdSAg ternary QDs
exhibited high stability, fluorescence, and good quantum yield (36.13%).
They could also produce soluble Ag,S nanoparticles without any traces of
Cd. All these three biosynthesized QDs were used as photosensitizers, where
CdSAg QDs exhibited the best photovoltaic performance. It was revealed
that these nanoparticles are formed in the extracellular space of bacterial
cells exposed to cysteine and cadmium chloride.

Sulfate-reducing bacteria are present in anaerobic granular sludge and
convert sulfate into sulfide. Jacob et al. (2020) coupled sulfate reduction
with precipitation of zinc in ZnS quantum dots. It was reported that biogenic
ZnS QDs had an average particle size of 5—7 nm. They determined the
bandgap energy of as-synthesized ZnS QDs to be 3.84 eV. These QDs can
be used as an effective photocatalyst for the photo-assisted decolorization of
Congo red. Ashengroph et al. (2020) developed a method for the biosynthe-
sis of cadmium sulfide quantum dots using a strain of Pseudomonas chloror-
aphis. It was reported that spherical CdS QDs were produced with an
average size of 6.7 = 2.4 nm.

The biosynthetic ternary ZnCdS QDs were prepared by Qi et al. (2021a)
by sulfate-reducing bacteria. It was reported that these ternary ZnCdS QDs
were monodispersed, spherical in shape, with an average crystallite size as
6.12nm. The bandgap energy of these QDs were determined to be
2.35—-2.72 eV. ZnCdS QDs exhibited remarkable photocatalytic activity for
hydrogen evolution (3.752 mmol h™' g~ ") under visible light without using
any noble metal cocatalysts. An extracellular biosynthesis of ternary
Zn,Cd; —,S QDs has been reported by Qi et al. (2021b) using sulfate-
reducing bacteria. It was revealed that these QDs with size of 3.50—4.64 nm
could be achieved within half an hour. It was reported that these biogenic
QDs exhibited high stability in gastric acid and excellent biocompatibility
and biosafety, so that these can enter growing HeLa cells.

Carrasco et al. (2021) analyzed the ability of Antarctic lithobiontic bacte-
rium Pedobacter sp. UYP1 in the synthesis of cadmium sulfide quantum
dots. Yellow—green and orange—red fluorescent emissions were observed
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after 20 and 80 min of synthesis in the presence of UV light, respectively. It
was revealed that QDs were obtained with size of 3.07 nm, which were then
used as photosensitizers in solar cells. As-fabricated solar cells displayed
Voe=162mV, J,.=0.0110 mA cm 2, and conversion efficiency up to
0.0016%. An anaerobic approach was developed by Xu et al. (2021a) for the
biosynthesis of CdS quantum dots (cubic phase and hexagonal phase) using
S. oneidensis Mr-1. It was reported that as-synthesized hexagonal CdS QDs
exhibited high photocatalytic hydrogen evolution (21 mmol g~ 'CdS h™").

6.4 Fungi

It was reported by Ahmad et al. (2005) that the synthesis of gold nanoparti-
cles can be controlled in the presence of the fungus Trichothecium sp. It was
observed that as-prepared gold nanoparticles were spherical, rod-like, and tri-
angular shaped. The synthesis of highly luminescent CdSe quantum dots
were reported by Kumar et al. (2007) at room temperature. They used
F. oxysporum, a fungus incubated with a mixture of SeCl, and CdCl,. A con-
trollable synthesis of CdSe quantum dots has been reported by Cui et al.
(2009) using living yeast cells as a biosynthesizer. These CdSe QDs can be
synthesized at 30°C instead of at 300°C, as required in other methods. Apart
from this, a control over photoluminescence could be achieved also.

A simple and efficient biosynthesis was reported by Bao et al. (2010b) to
prepare biocompatible cadmium telluride quantum dots using yeast cells. It
was revealed that as-prepared CdTe QDs are formed via extracellular growth
and then an endocytosis pathway. These CdTe QDs are protein-capped with
good crystallinity and uniform size (2—3.6 nm). As-prepared QDs are highly
soluble in water and exhibit good biocompatibility. The fluorescent biocom-
patible CdTe QDs can find use in biolabeling and bioimaging applications.

The live yeast cell were used for biosynthesis of CdSe quantum dots by
Wang et al. (2010). They prepared seleniumized yeast cells before loading. It
was also reported that the on-chip biosynthesis required only 0.5 X 10~*M
concentration of cadmium chloride and only 4—5 h incubation time to obtain
the optimum yield of CdSe quantum dots.

Saa et al. (2010) generated CdS quantum dots by enzymatic products.
This provided an analytical assay to detect the enzymatic activity of alkaline
phosphatase and acetylcholine esterase. The rate of decomposition of sodium
thiosulfate to give hydrogen sulfide increases in the presence of thiocholine,
which is produced by acetylthiocholine after hydrolysis by acetylcholine
esterase. This H,S in the presence of cadmium sulfate yields CdS quantum
dots. This assay was also applied to detect acetylcholine esterase inhibitors.

The cadmium sulfide quantum dots were biosynthesized by Huang et al.
(2012) using Saccharomyces cerevisiae yeast. It was reported that as-
prepared CdS QDs emit blue—green fluorescence under UV light.
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Syed and Ahmad (2013) reported fungal-mediated synthesis of CdTe
quantum dots using the fungus F. oxysporum. They used cadmium chloride
and tellurium chloride as the precursor of Cd and Te, respectively. It was
observed that these CdTe QDs are highly fluorescent and exhibited antibac-
terial activity against Gram-positive as well as Gram-negative bacteria. A
mechanism-oriented strategy was reported by Li et al. (2013) for controlling
the biosynthesis of CdSe quantum dots (fluorescent) through metabolic engi-
neering in yeast cells. It was reported that the glutathione metabolic pathway
controlled the intracellular formation of CdSe QDs. It was revealed that yeast
cells were homogeneously transformed into efficient cell-factories at the
single-cell level, which provides a way to direct the cellular metabolism
toward formation of CdSe QDs.

Chen et al. (2014) developed a method for extracellular microbial synthe-
sis of CdSQDs. They used white rot fungus P. chrysosporium. This fungus
was incubated with a solution of cadmium nitrate tetrahydrate, which turned
yellow after 12 h, which indicated that CdSQDs are formed. These QDs
exhibited a blue fluorescence (458 nm). The average particle size was calcu-
lated to be 2.56 nm with uniform size and good crystallinity. It was revealed
that secretion of proteins and cysteine was found to play a dominant role in
the stabilization and formation of CdS QDs. Borovaya et al. (2015) reported
a reproducible, efficient, and eco—friendly biosynthesis of CdSQDs using
mycelium of basidiomycete fungus P. ostreatus. The CdSQDs were synthe-
sized using sodium sulfide and cadmium sulfate by incubating P. ostreatus
mycelium. It was reported that as-prepared quantum dots were spherical in
shape ranging between 4 to 5 nm size.

The cadmium selenium quantum dots were synthesized by Wu et al.
(2015) using S. cerevisiae (ATCC9763). They used sodium selenide and cad-
mium chloride as the source of selenium and cadmium, respectively. It was
reported that the biosynthesized CdSe QDs exhibited much lower cytotoxic-
ity as compared to that obtained with hydrothermally synthesized thioglyco-
lic acid (TGA)-capped CdSe. An efficient method for biosynthesis of CdTe
and CdS has been reported by Mareeswari et al. (2016) using fungus
Rhizopus stolonifer. It was observed that suspension of as-prepared quantum
dots exhibited greenish-blue and purple luminescence. It was indicated that
these quantum dots are biocompatible in nature. A good contrast in imaging
was observed, when these quantum dots were incorporated in human breast
adenocarcinoma Michigan Cancer Foundation-7 cell lines.

Polycrystalline ZnS quantum dots were synthesized by Uddandarao
(2016) from an endophytic fungus Aspergillus flavus. It was revealed that
they formed a spherical shape. A. flavus was isolated from a medicinal plant
Nothapodytes foetida. It was proposed that quantum dots synthesized from
this fungus may exhibit a great potential in medical and environmental appli-
cations. The CdSe QDs were synthesized by Yamaguchi et al. (2016) using
F. oxysporum. It was reported that CdSe quantum dots were obtained from
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the mycelial cells of F. oxysporum. It was also revealed that superoxide is
accumulated, which may play an important role in reducing Se** to Se®;
thus, inhibiting the aggregation of CdSe to form nanoparticles.

Jacob et al. (2017) reported the biosynthesis of PbSe QD using marine
Aspergillus terreus. It was observed that an increase in the total protein con-
tent was present in the reaction mixture after biosynthesis. The involvement
of metallothioneins (metal binding peptides) and other antioxidant enzymes
was confirmed, and it may play an important role in biosynthesis of PbSe
QDs. Brooks and Lefebvre (2017) synthesized CdSe quantum dots in the
cytoplasm on treating S. cerevisiae sequentially with sodium selenite and
cadmium chloride. As-prepared CdSe QDs exhibited a yellow fluorescence
(540 nm). The presence of glutathione contributed to this biosynthetic pro-
cess as it inhibited when it was applied after selenite treatment but before
the addition of cadmium. It was revealed that by optimizing each aspect the
production of CdSe QDs was increased 70% in this case.

Sandoval-Cardenas et al. (2017) used a sulfur toxic waste, which was
recovered after hydrodesulfurization of Mexican oil’s sour acid gases. They
synthesized cadmium sulfide quantum dots (hydrophilic) via a green method
using a fungus, F. oxysporum. The mycelia of F. oxysporum f. sp. lycopersici
were incubated with cadmium nitrate (1 mM) and sulfur waste (1% w/v) for
24 h, and then filtered to provide a yellow solution of cadmium sulfide quan-
tum dots. As-obtained CdS QDs were biocompatible, hydrophilic, and
stable in nature. It was also revealed that CdS QDs had a wurtzite crystalline
structure with size of 6.116 = 2.111 nm (diameter).

The cadmium selenide QDs were prepared by Tian et al. (2017) in vivo
using Candida utilis WSH02—08. It was observed that fluorescence proper-
ties of these QDs can be turned using different precursor concentrations. It
was found that as-synthesized QDs with longer photostable life time and
high fluorescence intensity could be obtained by keeping Cd content higher
than Se. It was suggested that such synthesized QDs can find application in
live-cell imaging without any further modification. A white rot fungus
Trametes versicolor was used by Qin et al. (2018) for biosynthesis of cad-
mium sulfide quantum dots. As-obtained cadmium sulfide quantum dots
were found to be biocompatible and stable and therefore could have great
potential in biological and biomedical applications.

Biosynthesis of CdSe QDs was reported by Shao et al. (2018) using
S. cerevisiae. The selenocysteine was considered (SeCys) as the primary pre-
cursor of selenium in the intracellular biosynthesis of these QDs. It was
revealed that the selenomethionine (SeMet)-to-SeCys pathway regulated bio-
synthesis of CdSe QD. The biosynthesis of ZnS QDs was reported by Jacob
et al. (2019a) using the fungus Aspergillus sp. It was observed that as-
prepared QDs were spherical and crystalline with a mean diameter of
6.3 nm. These ZnS QDs can find numerous applications in the fields of
photocatalysis, medical imaging, and biosensing.
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Jacob et al. (2019b) biosynthesized ZnS quantum dots from Zn-tolerant
Penicillium sp. They also revealed that spherical particles of ZnS QDs were
obtained with an average diameter of 11.08 nm. As-prepared biogenic ZnS
were used for the photodegradation of methylene blue and this degradation
efficiency was increased on increasing ZnS nanocatalyst/dye ratio reaching
an equilibrium within six hours. These ZnS nanohybrids can find practical
utility in the removal of different pollutants released from paper, textile, and
dyeing industries. The carbon quantum dots were doped with nitrogen and
sulfur (N,S-CDs) by Shi et al. (2019) using fungus fibers. It was reported
that N,S-CDs exhibited excellent stability with high quantum yield as well as
being water soluble with activity as quenching-based detection and cellular
imaging of cancer cells. These QDs can be used as fluorescent probe for effi-
cient, sensitive, and selective probe determination of tetracyclines the linear
range of 0.5 to 47.6 uM, with a limit of detection of 15.6 nM. They also pre-
pared test papers using N,S-CDs, which could detect tetracyclines present in
aquiculture wastewater in lesser time.

Cao et al. (2020) biosynthesized CdSe QDs using a yeast Rhodotorula
mucilaginosa PA-1 under aerobic conditions. It was reported that concentra-
tion of cadmium ions decides synthesis of CdSeQDs and not the selenium
ions. It was found that bio-synthesized CdSe QDs had a narrow size distribu-
tion in the range of 3.2 * 0.4 nm. These QDs exhibited excellent photocata-
lytic activity in degradation of malachite green in presence of ultraviolet and
visible light. The photocatalytic degradation efficiency of malachite green
under ultraviolet light was 86.5% after, while it was 94.28% under visible
light. A green system was developed by Xu et al. (2020) for the biosynthesis
of CdS,Se,_, QDs by Phomopsis sp. XP-8. The QDs were shown to have a
CdS0.75Se0.25 @oligopeptide transporter structure. It was observed that
these QDs were monodispersed with a uniform spherical shape with diameter
as 3.22 = 0.07 nm. These QDs are water soluble and exhibited excellent
fluorescence. It was revealed that they can be used as a sensor for detecting
chloramphenicol (CAP) in the range of 3.13 to 500 pg L™ with a limit of
detection of 0.89 pgL~'. The detection method was highly selective for
CAP with minimal interference from other antibiotics and it was also used
successfully to detect CAP in milk samples.

A biosynthesis method to synthesize Ag,Se QDs was developed by Liu
et al. (2021) using S. cerevisiae. It was reported that nanoparticles obtained
by extracellular purification had a uniform size of 3.9 = 0.6 nm. These
Ag,Se QDs had good biocompatibility, maybe due to capping by protein. It
was observed that the as-synthesized Ag,Se QDs had lower toxicity and
these could be used for in vivo imaging.

Xu et al. (2021a,b) developed a method to biosynthesize CdgsZngsS
quantum dots using filamentous fungus Phomopsis sp. XP-8. It was reported
that heterogeneous catalyst functionalized composite mycelium pellets
(CMP) exhibited an enhanced visible light degradation activity. The catalytic
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activity was also improved as biosorption capacity of CMP increased the
contact rate between organic dyes and catalysts. This CMP has high mechan-
ical strength and is easy to separate and recycle; thus the problems of recov-
ery after use and secondary pollution of the environment were avoided.

6.5 Others

Ascencio et al. (2006) obtained small metallic nanoparticles of neodymium
via biosynthesis. They could obtain particles of 1—8 nm depending on pH
conditions. It was also revealed that smaller clusters were obtained at pH 5,
but nanorods were formed at pH 10. Yu et al. (2006) synthesized water-
soluble CdSe-ZnS (core-shell) QDs. The g-aminobutyric acid (GABA), an
inhibitory transmitter in the central nervous system of mammals, was then
bioconjugated to these QDs in the presence of N-hydroxysuccinimide (NHS)
and 1-ethyl-3-(3)-dimethylaminopropyl carbodiimide (EDC) to make a fluo-
rescence probe. They could detect GABA binding sites on protoplast mem-
brane of both pollen as well as somatic cells using.

One-pot synthesis of neoglycoconjugates with a reactive thiol group was
reported by Babu et al. (2007). Their functionalization with carbohydrates
can provide high solubility and stabilization of CdSe —ZnS quantum dots.
They used melibiose, lactose, and maltotriose to obtain three different sizes
of quantum dots. These sugar-QDs were found to be very selective in the
detection of lictin. Huilan et al. (2008) developed a bioinspired technique to
synthesize hybrid nanocomposites. It consisted of well-dispersed CdS quan-
tum dots on silk fibroin fibers (SFF). It was observed that biomaterial SFF
acts as both a supporting substrate and functional sites for in situ generation
of CdSQD. As-prepared CdSQDs/SFF nanocomposites can be used as novel
luminescent, photoelectron transfer devices and in photocatalysis.

Manzoor et al. (2009) reported the synthesis of luminescent quantum
dots, which were conjugated with a cancer-targeting ligand, folic acid (FA).
Doped QDs were prepared by a simple aqueous method at room temperature.
It was observed that these QDs are monodispersed with an average size
~4nm. The dopants selected were A", Cu®>*, Mn?*, and F~ and color
tunability could be achieved ranging from blue (480 nm) to red (622 nm). It
was claimed that nontoxic, Hg-, Pb-, Cd-, Te-, and Se-free luminescent QDs
can be used for targeted cancer imaging.

Dong et al. (2009) used I-glutathione (GSH) as a stabilizer for the prepa-
ration of CdTe quantum dots in aqueous solution. It was reported that as-
prepared QDs were linked to prostate-specific antigen (PSA) for indirect
labeling of fixed prostate cancer cells. It was indicated that as-prepared QD-
based probes were fluorescent markers and exhibited excellent photostability
and spectral properties. These were found to be much better than organic
dyes in target detection. It was also suggested that the l-glutathione capped
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CdTe had low cytotoxicity as these QDs did not show a detectable effect on
cell growth after culturing for three days.

Stiirzenbaum et al. (2013) showed that an earthworm’s metal detoxifica-
tion pathway can be used to produce cadmium telluride (CdTe) quantum
dots. It was observed that these QDs are water soluble and luminescent in
green region. They exposed standard wild-type Lumbricus rubellus earth-
worms to soil that was spiked with cadmium chloride and Na,TeO; salts for
11 days. They isolated luminescent quantum dots from chloragogenous tis-
sues surrounding the gut of the earthworm and used them in live-cell
imaging.

Tan et al. (2013) reported that near-infrared fluorescent silver sulfide
quantum dots can be synthesized in hepatoma carcinoma cells (HepG2) can-
cer cells, which is intracellular synthesis. Silver sulfide quantum dots were
synthesized by delivering quantum dot precursors into cultured HepG2 cells
and these can be used for cell imaging. Zhang et al. (2020) developed CdSe/
CdS QDs and used these as a fluorescence sensor for Hg?" detection with
high sensitivity in the range of 0.25—100 nM with a limit of detection of
0.01 nM. The as-fabricated sensor exhibited a high selectivity for Hg>*
detection of mercuric ion even in the presence of other metal ions and it
gave satisfactory results in the case of some samples such as tap water, river
water, and landfill.

6.6 Conclusion

Various chemical and physical methods for the synthesis of quantum dots
have their own demerits. The majority of them are not green in nature.
Biosynthesis methods have certain advantages, such as they are clean, non-
toxic, and eco-friendly in nature. In this technique, no hazardous chemicals
or reagents are required and harsh conditions are avoided. It is interesting
that several nanoparticles (quantum dots) can be easily biosynthesized, which
is sometimes not possible by the conventional chemical synthesis. The field
of biogenic synthesis is a fairly new and exciting area of research and it has
a great potential for further development.
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Microwave-assisted synthesis of
quantum dots
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Department of Chemistry, M. L. S. University Udaipur, Rajasthan, India

7.1 Introduction

Quantum dot (QD) materials have huge potential for the expansion of novel
analytical approaches because of their tiny nanosizes, typically <10 nm for vari-
ous specific applications (Kumar et al., 2018). Over the last few decades, QDs
of different materials have attracted increasing attention in various research
fields, for example, as fluorescent biological labels, solar cells, and optoelec-
tronic transistor components, as they have unique size-tunable electronic and
optical properties (Kim and Yoon, 2014). Carbon-based QDs, for example, gra-
phene QDs (GQDs), carbon QDs (CQDs), and several types of semiconducting
QDs have potential in planning and tuning fluorescent probes (Lim et al., 2015).
The zero-dimensional (OD) GQDs generated using top-down methods like elec-
trochemical synthesis, chemical ablation from graphene, oxygen plasma treat-
ment, etc. display a dynamic area of superior interest (Wang et al., 2015a,b).
The semiconducting QDs, particularly cadmium telluride (CdTe), cadmium sele-
nide (CdSe), and cadmium sulfide (CdS), have been investigated extensively
due to their fluorescent properties in the near-infrared, infrared, and observable
spectra (Rodrigues et al., 2017). Lee et al. (2004) reported the production and
analysis of size-sensitive and outstanding selective QD structures. Several meth-
ods have been employed for synthesizing QD structures using various chemi-
cals; although other synthesis techniques are time-consuming and require costly
equipment. Consequently, there is a necessity for a quick, sensitive, simple, and
selective process for large-scale production of all types of QDs.

Research is focused on precise experiments for less time-consuming, facile,
and fast synthetic methods without losing any heat into the surroundings.
Microwave (MW)-aided synthesis provides a facile and fast approach, since it
has an alternate energy source and it is exploited widely due to its power of con-
trol on volumetric and inner heating of constituents (Agranovich et al., 2017).
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Recently, more attraction has been paid to MW-assisted generation of inorganic/
organic nanostructured materials in different media (gaseous and liquid) and
future studies are significant. MWs are largely employed in the synthesis of QD
materials, since the interaction is strong with MW rays generating uniform heat-
ing and higher heating rates. Thus MW synthesis of metal oxides supported on
graphene sheets (Kumar et al., 2014), metal oxide NPs (nanoparticles), and
nanostructured carbon materials (Zhang and Liu, 2012) has been studied. Apart
from (3D) carbon hybrid metal such as oxide-held graphene and CNTs, acti-
vated carbons and carbon nanocapsules were also synthesized (Hu et al., 2012).
The MW-assisted path is a quite promising, clean, economic, and low-
temperature synthetic route with huge potential. One of the ultimate and
notable advantages is that it yields a specific shape and size of QD that depends
on the experimental parameters. These MW-assisted synthesized QDs are useful
for current and developing technologies and may play a noteworthy role in
numerous research areas.

The basic use of MW technology is in the field of transmission of energy
or telecommunication by electromagnetic waves. MWs are electromagnetic
radiation, ranging between infrared radiation and radiofrequencies. These
have frequencies between 300 GHz (1 mm) and 0.3 GHz (1 m). The irradia-
tion technique for rapid heating is based on the principle that materials
absorb electromagnetic energy and convert it into heat. The electromagnetic
energy transferred from MWs to the irradiated material is believed to occur
either through relaxation or resonance. Only contracted frequency windows
located at 0.915 and 2.54 GHz are appropriate for MW heating purposes.
The MW entails coordinated perpendicular oscillations of magnetic and elec-
tric fields. These MW rays are absorbed by materials causing heating, which
is known as dielectric heating. This heating is not the same as in the case of
conventional form of heating, since energy is transferred in the form of radi-
ation at the surface in MW heating, whereas thermal energy is transported to
the material’s bulk through conduction.

MW heating is a quick and simple process which is why it is widely
employed nowadays in academia and industries for the synthesis of several
kinds of QDs. This process results in speedy and even heating (volumetric).
Thus, MW is an essential tool in all branches of green synthesis approaches
since the time of its origin (Giguere et al., 1986). A wide range of QDs can
be synthesized for industrial uses by putting extra efforts into MW-aided
synthesis.

7.1.1 Advantages

The MW-assisted production of QDs has numerous advantages compared to
conventional routes. The major benefit is the molecular interaction of
reagents with an electromagnetic field without direct contact. This method is
safe, eco-friendly, with energy proficiency and selectivity, and provides high
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yield in a shorter time. All such advantages of MW-assisted synthesis are
shown in Fig. 7.1.

7.1.2 Disadvantages

Apart from the many advantages of MW-assisted synthesis, there are some
disadvantages or limitations associated with its use in organic synthesis.

1. There is lesser penetration depth in some cases.

2. Metallic substrates or metallic reagents cannot be used for synthesis.

3. Only polar solvents are used, which can interact with the MW.

4. Heating reactions above boiling point of the solvent can generate high
pressure, which may cause an explosion.

5. In some cases, the yields are not reproducible because of uneven heating,
particularly while using a domestic MW oven.

7.2 Synthesis of core-type quantum dots

Core-type QDs are made up of a single material, basically a metallic chalco-
genide like CdTe, CdS, CdSe, PbS, SnO,, etc. The existing oil-bath heating
techniques transfer heat internally from the source (heat), while radiowaves
in MW-mediated heating exactly pierce the wall of the vessel to excite polar
units like alcohol, water, and fatty acids. Polar molecules absorb this radia-
tion and transform it directly into nuclear motion to convert it into heat. The
complete procedure is different from ordinary oil-bath heating since the heat
is generated via a native domain by exciting molecules/atoms rather than

High yields

Shorter
oontrol reaction time

Selective
heating

FIGURE 7.1 Advantages of microwave-assisted synthesis.
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conduction. Hence, there is no need to drift heat internally by conduction,
since all particles are excited simultaneously in the MW field. The use of
MW heating in accelerating chemical reactions has fascinated the scientific
world extensively in the last few decades. The reducing time of the reaction
is not only its merit but it has improved controllability, allowed larger pro-
duction yields, greener reactions, and reproducibility.

7.2.1 Oxide quantum dots
7.2.1.1 SnO, quantum dots

Semiconductor QDs such as tin oxide are attractive materials because of their
unique physical and optical properties (Han et al., 2010; Bajorowicz et al., 2018).
Tin oxide (SnO,) has a broad bandgap of 3.6 eV at room temperature. It is a pure
n-type semiconductor oxide and it has been widely used in gas sensors, dye-
sensitized solar cells (DSSCs), photocatalysts, lithium-ion batteries, and transpar-
ent electrodes (Shi and Lin, 2010; Wang et al., 2011a; Wang et al., 2012; Song
et al., 2013). Various methods are available for the production of tin oxide such
as wet chemical method, laser ablation routes, and MW irradiation technique
(Pang et al., 2001; Xiao et al., 2010; Wang et al., 2012, Singh et al., 2012). But
most of them require the use of toxic poisonous compounds, critical reaction con-
ditions, and long periods of time. Therefore, there is a challenge for the synthesis
of SnO, QDs in a fast facile, greener way on an industrial scale. Among several
approaches, MW heating has several advantages including better control over the
size, lesser reaction time, and even nucleation of precipitates in suspension.
Several research teams have utilized MW technique for synthesizing SnO, QDs
(Xiao et al., 2010; Liu et al., 2013; Bhattacharjee and Ahmaruzzaman, 2015;
Begum et al., 2016; Zhu et al., 2016).

Liu et al. (2013) fabricated SnO, QDs using MW-irradiation in 10 min.
at 150°C with (150 W). These QDs were then used for photocatalytic degra-
dation of methylene blue. The SnCl, was used as a source of tin. It was
revealed that QDs were having particle size of about 3—5 nm. A green syn-
thetic technique was developed for preparation of SnO, QDs using MW irra-
diation. Amino acids (aspartic, glutamic, L-lysine, serine) were used by
them. (Bhattacharjee and Ahmaruzzaman, 2015; Begum et al., 2016).

Bhattacharjee and Ahmaruzzaman (2015) obtained globular SnO, QDs,
when aspartic or glutamic acid (amino acids) and stannous chloride were
used as starting materials. It was revealed that diameter of SnO, was found
to be 1.6 and 2.6 nm for glutamic and aspartic acid, respectively. As-
produced QDs were used as an efficient photocatalyst in degradation of two
dyes; eosin Y and rose Bengal in presence of solar isolation.

Begum et al. (2016) prepared SnO, QDs using L-lysine monohydrate,
and sodium dodecyl sulfate (surfactant) under MW exposure. They used
these QDs in degradation of humic acid. Then the reaction solution was
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given MW treatment. It was revealed that sizes of SnO, QDs obtained was
2.3 nm. They used these QDs for degredation of humic acid on solar expo-
sure for 3 h. Begum and Ahmaruzzaman (2018) used Parkia speciosa Hassk
pods extract in a green economical and less time-consuming process for syn-
thesizing SnO, QDs in presence of MW irradiation. As-produced QDs were
then used in photodegradation of acid yellow 23. It was reported that QDs
also have scavenging activity. It was revealed that average crystallite size of
as-obtained SnO, QDs was found in the range of 1.5—1.9 nm.

Tin oxide QDs have been prepared by Zhu et al. (2016) using a MW-
assisted method. It was reported that SnO, QDs (organic component-
wrapped) can be synthesized with size 2—4 nm in only 30 s. If these SnO,
QDs can be obtained by annealing the organic component-wrapped SnO,
QDs in air at 400°C in 4 h, then QDs with good crystallinity and bigger size
(5—10 nm) could be obtained. As-prepared QDs exhibited an excellent sensi-
tivity toward vapors of ethanol as a sensor.

Zhu et al. (2016) reported MW-aided preparation of SnO, QDs. They used a
mixture of SnCly, oleic acid (OA), C,HsOH, oleylamine (OLA), and H,O and
exposed it to MW (200 W) for different time intervals (0.5—20 min). It was
revealed that QDs with diameter of 2—4 nm could be obtained on 0.5 min expo-
sure, but on increasing time to 20 min, QDs are obtained with a larger size of
8—20 nm. Xiao et al. (2010) prepared highly crystalline QDs of SnO, under MW
irradiation. This involved dissolving Sn(OtBu), and 1-butyl-3-methylimidazolium
tetrafluoroborate (desiccated) in an inert atmosphere of argon and 1 min exposure
to MW irradiation. As-obtained SnO, QDs were spherical, monodispersed, and
crystalline in nature with size of 4.27 *= 0.67 nm.

A synthetic route was reported by Parthibavarman et al. (2019) for pure and
Ag-doped SnO, QDs under MW irradiation. It was revealed by TEM images
that average particle size of QDs increases on Ag doping. A smaller bandgap
(3.54—3.09 eV) was observed on Ag doping. The photocatalytic degradation of
rhodamine B and methylene blue was observed in with as-obtained catalyst. A
maximum efficiency (97.5%) for degradation of rhodamine B could be achieved
in the presence of visible light irradiation. As-obtained Ag—SnO, QDs catalyst
can be reused and these are stable after even seven cycles.

Mohanta and Ahmaruzzaman (2020) used Allamanda cathartica leaf
extract for synthesis of SnO, QDs. They boiled chopped leaves in water and
stannous chloride solution was added dropwise under continuous sonication.
On addition of carbon nanoflakes and sonication, a greyish solution was
obtained. This solution was exposed to MWs. As-obtained SnO, QDs were
then used for the removal of bisphenol A.

7.2.1.2 Co30, quantum dots

Uniform Co30,4 octahedrons were obtained by Zhang et al. (2012a,b) via a
MW method. Here, various carbon materials were used, which not only acted
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as a secondary heater, but also as an agent for directing morphology. A weak
ferromagnetic property was found in octahedral Co3;0, as-obtained carbon
nanotubes using MW.

Zhou et al. (2014) synthesized Co304 QDs/graphene composites via a
MW irradiation method. The crystals of Co;0,4 were found to be in the size
of 3—8 nm. These composites exhibited a high rate capability as well as
enhanced cycling performance on use as anode materials for Li-ion batteries.
In addition, the well-dispersed Co3;04 nanodots and the synergetic effect
between graphene nanosheets (conductive and flexible) also gave a better
electrochemical performance due to reducing the diffusion pathway of lith-
ium ions and the high surface area.

7.2.1.3 ZnO quantum dots

Lu et al. (2011) synthesized ZnO QDs using zinc sulfate heptahydrate as a
precursor. They mixed a Zn precursor with GO. They utilized NaOH for pre-
cipitation, where a chocolatey—black suspension was obtained. It was then
placed in a MW for half an hour at 150°C. The as-prepared product was fil-
tered and dried at 70°C for a day. This composite was utilized for electro-
chemical superconductors, and it was proved that ZnO QDs exhibited
enhanced activity as compared to GO only.

The Ag and Sn-doped ZnO QDs (ZQDs) were synthesized by Soumya
et al. (2018) via a MW-assisted sol—gel method. They used 3-aminopropyl
trimethoxy silane as a capping agent. As-obtained ZQDs were then dispersed
in methyl methacrylate (MMA) monomer to obtain polymethyl methacrylate
(PMMA)/ZQDs. It was observed that doped PMMA/ZQDs hybrid coatings
exhibited a blue emission in the presence of UV light. A photochromic dye
(spiropyran) was introduced in the doped PMMA/ZQDs hybrids and it dis-
played photochromic behavior with a red emission. This hybrid can be used
in solar radiation control active interface layers.

Rangel-Mendez et al. (2018) reported solvothermal synthesis of C-doped
ZnO and TiO, hybrid materials under MW irradiation. Titanium isopropox-
ide, saccharose, and zinc acetate were used as sources of Ti, Zn, and C,
respectively. There was a redshift in bandgap of these semiconductors. The
TiO,-C and ZnO-C was obtained (3.02 and 3.13 eV), which was attributed to
C-doping effect. It was indicated that these present materials can find appli-
cation as photoelectrodes for QD-sensitized solar cells (QSSCs).

The nanocomplex was prepared of ZnO QDs by a MW-assisted reaction
in the presence of avobenzone (Av) (Asok et al., 2018). It was reported that
ZnO QDs can catalyze the formation of highly photostable surface enolate
species via an aldol condensation reaction. It was observed that molar
absorptivity and photostability was extended beyond the UV-A filtering
range, and therefore it can provide a visible emission color matching human
skin.
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7.2.14 WOj3 quantum dots

Le Houx et al. (2009) carried out the synthesis of WO3; QDs by both MW
and conventional heating and compared the results. It was reported that parti-
cles obtained with MW-heating were more suitable compared to conven-
tional heating or routine preparation. There have greater specific surfaces
and particle size, ranging between 5 and 30 nm.

Wang et al. (2015a,b) fabricated tungsten oxide QDs using a one-pot
MW-assisted method. It was reported that as-obtained WO3; QDs have a
size ranging from 2 to 3 nm. These WO3; QDs exhibited significant pho-
tonic/thermal stabilities. It was interesting to note that a colorless aqueous
suspension of WO3; QDs turned blue in the presence of sunlight in 10 s
indicating its photochromic behavior. This type of behavior was attributed
to surface oxygen vacancies as well as exposed reactive sites of ultrafine
WO3 QDS

7.2.1.5 SiO; quantum dots

Mao et al. (2014) prepared N-acetyl-L-cysteine-stabilized CdTe/CdS@ZnS—SiO,
QDs red-luminescent under MW irradiation. The Stober method was used for
coating silica on CdTe/CdS QDs. The as-compared QDs exhibited high photolu-
minescence (PL), low biotoxicity, and superoptical stability. They utilized the
QDs in a low-power surface-mounted and a high-power device.

7.2.1.6 CeO, quantum dots

Lehnen et al. (2014) prepared CeO, QDs via MW-solvothermal synthesis of N-
methylpyrrolidone. The synthesis procedure involves a MW reactor at 50 W at
150°C and 1.5 bar for 5—15 min. It was observed that crystallinity of CeO,
QDs was improved, when reaction time was kept at 15 min. The product was
collected after centrifugation and purification. The average size of CeO, QDs
was found to be 4.3 nm. He et al. (2017) synthesized CeO, QDs using a MW-
assisted method. A mixture of OLA and cerium (III) nitrate hexahydrate was
first heated for half an hour at 80°C under vacuum and then placed in a MW
oven at 180°C. These QDs were cooled down and washed and were then kept
dispersed in tetrahydrofuran and stored at —20°C.

Soren et al. (2015) fabricated CeO, QDs via MW-assisted synthesis. In
MW-hydrothermal synthesis, autoclave cerric ammonium nitrate and NaOH
were used in the ratio (1:6) with water and pH was adjusted to 10 and
exposed to MW irradiation, while in MW solvothermal synthesis, cerric
ammonium nitrate and 1,4-butanediol were used and pH was maintained at
6. This mixture was then exposed to MW rays for 20 min. It was revealed
that MW-mediated solvothermal method could yield less agglomerated and
smaller size QDs (5—10 nm), whereas larger NPs size (15—20 nm) was pro-
duced on using the MW-mediated hydrothermal technique.
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7.2.1.7 TiO; quantum dots

Alves et al. (2018) reported the synthesis of graphene-TiO, QDs via the
MW-oleothermal method. They mixed OLA, graphene oxide (GO), OA,
98% titanium propoxide, and Triton-X under magnetic stirring at ambient
conditions, which was followed by the oleothermal method and sonicated for
15 min in the presence of MW radiation. It was observed that the diameter
of synthesized QDs was found to be around 3 nm.

7.2.1.8 MoO, quantum dots

Cao et al. (2020) fabricated phosphorus and nitrogen codoped MoOx QDs
(N,P-MoOx QDs) using MW-assisted method. The H3;P(Mo030()4.xH,0,
glutathione (GSH), and ultrapure water were mixed, stirred, and sonicated
for 5 min. The mixture was placed under MW radiation in an autoclave for
8 min after adding ammonium solution.

7.2.1.9 CuO quantum dots

The CuO QDs were prepared by Bekru et al. (2021) using the MW-assisted
modified method. They used copper acetate as the source of copper extract
of leaves of Cordia africana Lam. Then, the mixture was irradiated by MWs
(1000 W) for 9 min. A brown precipitate of CuO QDs was obtained and thius
were utilized in the reduction of 4-nitrophenols. Felix et al. (2015) also syn-
thesized CuO QDs using a MW-assisted method. An average size of CuO
QDs was found to be about 4 nm. As-prepared CuO QDs exhibited high sen-
sitivity for electrochemical sensing as compared to their microcounterparts.

7.2.2 Sulfide quantum dots

7.2.2.1 CdS quantum dots

Alehdaghi et al. (2020) obtained CdS QDs and examined the consequence of
gamma radiation on their chemical and physical properties. These QDs were
prepared in less than 10 min under MW radiation. They studied the PL and
transmittance characteristics of CdS QDs. The size of CdS QDs was confirmed
as 3—4 nm from TEM analysis. It was revealed that degradation of PL of QDs
was found to be inversely dependent on concentration. The redshift was found
to be more with a lower size of QDs. It was claimed that as-prepared CdS QDs
may be promising material for use as a gamma dosimeter.

Zheng et al. (2010) synthesized mesoporous CdS QDs via a simple and
cost-effective method (in situ conditions). They used OA. A soft template for
MW treatment was used instead of sintering, because the mesostructure is
destructed under this condition. It was observed that on adding Na,S, the
color of the gel changed to yellow. It was revealed that both these samples
of CdS QDs (naturally evaporated and MW irradiated) had a size of
3—4 nm.



Microwave-assisted synthesis of quantum dots Chapter | 7 123

Fregnaux et al. (2013) made a comparative study of CdS formation via
single-source precursor methodology (SSPM) and MW synthetic route (MWSR).
The average particle size of QDs ranged between 4.5—5.2 and 2.8—4.5 nm when
prepared with MWSR and SSPM techniques, respectively. It was observed that
CdS QDs prepared by MWSR had a cubic structure, while SSPM afforded QDs
with hexagonal structure. It was also concluded that there is better optical quality
in MWSR-grown QDs. It was revealed that a stable behavior of QDs was due to
the absence of S vacancies when treated in air.

Alehdaghi et al. (2014) synthesized CdS QDS by dissolving both in S as
well as Cd precursor deionized water, followed by the addition of TGA. It
turned into a milky solution, which was made transparent by adding ammo-
nia. This solution was then exposed to MWs for various time intervals to
afford QDs of different sizes. Liu et al. (2014) synthesized CdS QDs using
the MW-assisted chemical bath deposition technique. They utilized thiourea
and cadmium nitrate as precursor solutions. Then TiO, film was introduced
containing a precursor solution, and it was placed under MW exposure for
20 min. The crystal size of as-obtained QDs was found to be 5 nm.

Butova et al. (2017) prepared CdS QDs via a MW hydrothermal method
in 5 min. They stabilized these QDs with 4,4’-bipyridine and dioctyl sodium
sulfosuccinate. They also investigated the impact of different capping media-
tors on particle shape, size distribution, and properties. They used cadmium
nitrate as precursors. It was revealed that Cds QDs were about 5 nm in size.
It was revealed that smaller particle size was obtained when 4, 4’- bipyridine
was used as a stabilizer.

The CdS QDs were also prepared by Radzi et al. (2020). They used a mix-
ture of solutions of C;oH{7N306S (GSH), and CdCl,, and added Na,S to these
drop wise. This mixture was heated at 150°C in a MW reactor for 1 min only.
It was revealed that the average diameter of CdsQDs produced was found to be
5.8 *£ 03 nm. These QDs were embedded into PVA (polyvinyl alcohol)
(matrix film) and were used in an absorber in Q-switches.

7.2.2.2 ZnS quantum dots

ZnS is a significant type of II-VI semiconductor QD because of its luminous
properties. ZnS crystals are in two phases: hexagonal phase (wurtzite form)
and cubic phase (zinc blende, sphalerite). The bandgap of ZnS falls in the
range of 3.68—3.80 eV. It was observed that the cubic phase of ZnS is more
stable at lower temperatures, but at higher temperatures it transforms to its
wurtzite phase. MW-irradiation is an efficient and eco-friendly method as it
provides high-purity particles, a greater yield of QDs, requires a simple reac-
tion medium, has a lesser reaction time, and is an economically visible route.
Here, capping agents may play an important role in enhancing the properties
of QDs, such as luminescent nature, stability, and morphology, which pre-
vents their agglomeration.
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Ayodhya and Veerabhadram (2018) prepared ZnS QDs (undoped and
doped) under MW irradiation. They used Rh®>", Pd*", and Zr** as dopant
materials. The precursor solutions (zinc acetate and sodium sulfide) were
prepared in water. The white colored ZnS was obtained on MW irradiation
(1000 W) on exposure of a mixture of precursor solutions for 10 min.
Undoped and doped ZnS QDs were prepared in the absence and presence of
dopant. The structure of ZnS QDs was cubic and the size of these
as-prepared QDs ranged between 2 and 10 nm. It was observed that both
these ZnS QDs exhibited superior fluorescence quenching with the cysteine
molecules and these can be used as an efficient fluorescent material for
quenching and binding practices.

Mathew et al. (2010) fabricated folic acid (FA) conjugated carboxy-
methyl chitosan (CMC), which was coordinated to Mn-doped ZnS QD
(FA—CMC—ZnS:Mn) nanoparticles. The zinc acetate, manganese sulfate,
and sodium sulfide were used as precursors of zinc, manganese, and sulfur,
respectively. A white colloid was obtained, which was treated under MW
irradiation for 1 min. These as-obtained QDs were utilized for monitoring,
targeting drug delivery, and imaging of breast cancer cells.

Shahid et al. (2012) reported MW-assisted fabrication of ZnS QDs
(wurtzite). The size of as-obtained QDs was 3 nm. Saravanan et al. (2012) made
a comparison between MW and conventional techniques for preparation of ZnS
QDs. They used sodium sulfide and zinc acetate as the source of sulfur and
zinc, respectively. It was revealed that the size of QDs prepared using the MW
method was very small (diameter ~ 3 nm). It was revealed that these QDs were
almost 30 times smaller than those produced by the conventional method. The
bandgap of bulk ZnS was 3.67 eV, which was found to increase to 3.9 eV on
MW treatment.

Zhu et al. (2014) synthesized Mn-ZnS QDs via MW-assisted technique.
Zinc nitrate and manganese chloride were selected as the source of zinc and
manganese, respectively. A solution of sodium sulfide was added to sodium
palmitate solution. The mixture was kept under MW irradiation (260 W) for
35 min. It was revealed that the average particle size of Mn—ZnS QDs was
found to be 4.2 nm as evident from HRTEM images.

He et al. (2019) reported a facile method of producing copper-doped ZnS
QDs (ZnS:Cu QDs) using MW irradiation. They used 3-mercaptopropionic
acid as a source of sulfide as well as a stabilizer. The copper sulfate and zinc
acetate were used as precursor of copper and zinc, respectively. It was
observed that the size of QDs increased very little from 4.1 to 4.7 nm on
increasing the time from 10 min to 2 h. As-prepared ZnS:Cu QDs were uti-
lized in the lighting device. It was interesting to note that as the time of
exposure was increased, the emission color of ZnS:Cu QDs changed from
blue — green — yellow — orange—red.

Shaheen et al. (2020) synthesized zinc sulfide QDs by MW route. They
found 1-dodecyl-3-ethylimidazolium bromide, surface active ionic liquid
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suitable as a capping agent because of its amphiphilic nature, superior aggre-
gation property, and eco-friendly behavior. As-obtained QDs were found to
be thermally stable with a size of 3.03 nm (diameter). They also reported
their application as a sensor for ascorbic acid. The fluorescence property of
QDs was attributed to high sensitivity, low cost, and ease.

7.2.2.3 PbS quantum dots

He et al. (2012) prepared PbS QDs. They used lead chloride and thioaceta-
mide as the source of lead and sulfur, respectively, and 3-mercaptopropionic
acid as a stabilizer. The reaction mixture was exposed to MW irradiation
(960 W) only for 40 s. As-obtained PbS QDs solution was light gray-green
in color and the particle size of PbS QDs was 5 nm in diameter.

Liu et al. (2019) embedded Pb(DMDC), with PbS QDs by reducing
dimethyl dithiocarbamate (DMDC) in ethanol. It was further treated by MW
and ultrasonic—irradiation (200 W). The color of the solution was finally
changed from colorless to black, which indicates the formation of PbS QDs.

Molaei et al. (2020) prepared PbS QDs in water using LG as a stabilizer
and for distribution in the blood transmission. They mixed lead acetate and
LG before the treatment by MW irradiation for 30 s after addition of sodium
sulfide.

7.2.2.4 CuS quantum dots

Nethravathi et al. (2019) utilized MW irradiation in the synthesis of CuS
QDs. They used sonication before MW exposure. They used copper hydro-
xydodecylsulfate and thiourea as a precursor of copper and sulfur, respec-
tively. The resulting mixture was treated with MW (800 W) for 5 min. Black
colored CuS QDs were obtained. These QDs were used for photocatalytic
degradation of methylene blue, methyl orange, and 4-chlorophenol in sun-
light. They were separated via centrifugation and purified by washing and
then dried.

CuS QDs were synthesized by Chaudhary et al. (2014) in very high yield
in MWs in 2 min. The particle size of as-obtained QDs was in the range of
2—3 nm. These CuS QDs were used as a catalyst in Biginelli reaction under
solvent-free conditions affording dihydropyrimidinones in excellent yields.
This catalyst can be recovered and reused for a number of cycles.
Malankowska et al. (2020) obtained CuS, QDs under MW irradiation. The
size of CuS, QDs was found to be 2—3 nm. The efficiency of CuS, QDs and
QDs-sensitized TiO, composites was evaluated in the degradation of toluene
under LED irradiation.

7.2.2.5 AgS quantum dots

Mir et al. (2018a) prepared silver indium sulfide (AIS@ZnS) core—shell QDs
via a MW-assisted method. They used a stabilizer GSH. The appearance of a
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golden color indicates the formation of silver—indium sulfide QDs. An average
diameter of core and core—shell nanocrystals diameter was found to be
2.5—325nm, with corresponding bandgap and yield of 2.3—3.1 and
24-3.5eV and 26% and 49%, respectively. The core—shell QDs display color-
tunable production in the noticeable region (500—600 nm) by varying the Ag:In
molar ratio.

Mirahmadi et al. (2020) synthesized Ag,S and Ag,S@ZnS QDs via a MW
method. These as-prepared Ag,S and Ag,S@ZnS QDs were used as cosensiti-
zers in the fabrication of QDs solar cells (QDSCs), where an enhancement of
cell efficiency (3%) and short current density (12.5 mA cmfz) could be
achieved.

7.2.3 Selenide quantum dots

7.2.3.1 CdSe quantum dots

Attempts were made to produce CdSe QDs (Peng and Peng, 2001; Li et al.,
2003). Here, organic phosphine and cadmium oxide/organometallic precur-
sors were utilized as ligand and crude material in a temperature range of
250°C—350°C. As-produced CdSe NPs were found to be soluble only in
nonpolar solvents unless some surface modification is made. It has been
observed that PL of CdSe QD was reduced, if any surface alteration is being
made since it is hypersensitive to the surface characteristics (Nazzal et al.,
2003). So, it is necessary to develop a directly water-soluble production
route. The commercial preparation of CdSe has its own limitations, such as
the use of poisonous organic phosphines, elevated temperature, and costs
linked with oxygen-free equipment. Therefore, there is a necessity for a path-
way that is greener, with harmless chemicals, lower temperatures, and fast
reaction method. The CdSe QDs can be utilized in photovoltaic biomedical
engineering lasers and solar drive cells (Peng, 2002; Pradhan and Peng,
2007). The MW-assisted heating method is easy as well as there is swift con-
trol of the reaction.

Wang et al. (2004) were able to produce fairly stable CdSe NPs utilizing
MW heating of 1,1-dimethylselenourea and cadmium perchlorate (in the
presence of citrate). They used MW (900 W) for preparation of CdSe QDs.
Zhu et al. (2009) reported MW-assisted synthesis of CdSe QDs. They used
OA as a nonphosphine ligand. Cadmium oxide and diesel were mixed with
OA, followed by the addition of selenium powder in diesel and glycerol.
This mixture was exposed to MW (170 W) for 2 min.

A rapid MW-assisted process was developed by Zhang et al. (2012a,b) to
produce protein-conjugated CdSe QDs. They used ribonuclease A (RNase A)
as a template for the generation of CdSe clusters. These clusters were found
to be less toxic and exhibited excellent stability. The MW exposure was
required for 5 min. It was revealed that the shape of QDs was regular
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spherical with an average size of 5 nm. Moghaddam et al. (2012) reported a
one-pot protocol for the synthesis of monodispersed colloidal CdSe QDs
with the help of MW radiation. Here, 1-octadecene (ODE) played a dual role
of a solvent and reducing agent. They observed that CdSe QDs can be fabri-
cated with different sources of cadmium, where their particle sizes ranged
between 0.5 and 4 nm.

Xuan et al. (2013) prepared CdSe QDs via MW-assisted synthesis for use
in white light-emitting diodes with outstanding color rendering features. It
was reported that size and optical properties of these QDs can be modified
by changing the MW power growth temperature as well as reaction interval
and molar ratio of Cd** with Se. It was revealed that as-produced QDs
exhibited spherical shapes with a diameter of 4.8 nm.

CdSe QDs were prepared by Mehrjoo et al. (2017) using the MW-assisted
method. They used TGA as a capping agent and CdSO, and Na,SeQOs5 as precur-
sors. The MW (720 W) was used for 90 s for their synthesis. It was reported
that as-produced CdSe QDs were found to be 5 nm in size. Then, these QDs
were used for the degradation of methyl orange.

Abolghasemi et al. (2019) also used an MW-assisted method for the pro-
duction of CdSe QDs. They used CdO and Se powder as precursors. It was
observed that the particle size of CdSe QDs varied in the range of 5—7 nm.
It was indicated that as-prepared QDs can be used in solar cells (as a sensi-
tizer) with an efficiency of 3.57%.

7.2.4 Telluride quantum dots

7.24.1 ZnTe quantum dots

Alvand et al. (2019) synthesized zinc telluride QDs (ZnTe QDs) using the
aqueous extract of Ficus johannis. Ultrasonic as well as MW techniques
were applied for the preparation of plant extracts, which can be utilized
as stabilizing precursors during the synthesis of ZnTe QDs. The nanoparti-
cles of ZnTe QDs had an average size of 8 nm. It was reported that as-
prepared QDs produced antimicrobial, antifungal, and antioxidant properties.

A series of Zn, —,Pm,Te QDs was synthesized by Al-Harthi et al.
(2021) via 4,4-bis-N-1-naphyl-N-phenylaminobiphenyl through MW-assisted
method. These QDs showed remarkable optoelectronic properties. It was
observed that the bandgap of ZnTe QDs was reduced from 3.06 to 2.8 eV in
the presence of promethium ions and particle size was increased from 1.4 to
4.3 nm. The inclusion of promethium ions in these QDs ions was found to be
responsible for tuning the color of QDs in the visible region. It was sug-
gested that as-prepared Zn; — ,Pm,Te QDs can find potential application in
photovoltaic devices.

Du et al. (2012) developed a MW-assisted method for synthesis of
GSH-capped Zn,_,Cd,Te alloyed QDs. They used Na,TeO; as a source
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of tellurium. The photoluminescent quantum yield of as-synthesized
alloyed QDs could reach up to 90%. As-prepared Zn,_,Cd,Te alloyed
QDs have a potential as biological fluorescent labels in different biologi-
cal applications.

Zhan et al. (2013) prepared CdSe QDs covered by double-shells of
CdZnS and CdS using a one-pot MW-assisted route. It was reported that
as-prepared CdSe/CdS/CdZnS core—shell—shell (CSS) QDs exhibited high
crystallinity and high-fluorescence quantum yield of 90%. As-obtained QDs
also displayed stability toward light, acid, and oxidation. These CSS particles
have an average size of QDs around 3.2 nm. It was revealed that as-prepared
QDs can find a potential for fluorescent QDs-based biological applications.

Kim and Kim (2016) synthesized CdZnTe QDs using MW irradiation in
aqueous solution. They used 3-mercaptopropionic acid as a stabilizer. Zinc
nitrate, cadmium nitrate, and NaHTe were used as precursors of Zn, Cd, and
Te, respectively. It was reported that absorbance spectra and PL of these
QDs exhibited a redshift.

7.2.4.2 CdTe quantum dots

CdTe has found varied applications like sensors, photovoltaic devices, bioi-
maging, and biolabeling because of its higher quantum efficiency. These are
synthesized via aqueous and nonaqueous methods such as thermal break-
down, solvothermal, MW, and sonochemical treatment routes. MW irradia-
tion has several advantages over other methods.

He et al. (2006) synthesized CdTe QDs with a MW-assisted method.
They used NaHTe and CdCl, as precursors solutions of Te and Cd respec-
tively. The 3-mercaptopropionic acid was utilized as a stabilizer. Kanwal
et al. (2010) also used this method with slight modifications. Here, mercapto-
succinic acid was used as a stabilizer. It was observed that dimensions of
CdTe QDs can be changed by simply changing the time intervals of heating.
It was also revealed by Wang et al. (2008) that production of CdTe QDs
with mercap to succinic acid as a stabilizer consumed less time and
as-obtained QDs exhibited durable PL with high quantum yield.

Kominkova et al. (2017) prepared CdTe QDs by MW treatment. They
used Na,TeO; as the precursor of tellurium. The reaction mixture was heated
under MW (300 W) for 10 min. Molaei et al. (2015) also prepared CdTe
QDs. They used CdSO4 and NaHTe as the precursor of Cd and Te, respec-
tively. Here, TGA was used as a capping agent. In the final stage, a yellow-
orange solution was obtained, which was placed under MW (720 W) for
various time periods. The diameter of as-obtained CdTe QDs was found to
be 2.5 nm.

Singh et al. (2017) fabricated CdTe QDs using CdCl, and TeO, as the pre-
cursor of Cd and Te, respectively. The MPA was also mixed in this solution in
100 mL milli-Q water. Then this mixture was exposed to MW irradiation



Microwave-assisted synthesis of quantum dots Chapter | 7 129

(300 W). It was observed that spherical QDs were obtained in a cubic structure
and an average diameter of 2.5 nm was evident from XRD and TEM analysis.
A redshift was also found with a change in particle size on increasing the time
of exposure. These as-fabricated CdTe QDs were then used in latent fingerprint-
ing and it was claimed that only a few seconds were needed to detect finger-
marks under UV treatment.

Singh et al. (2017) used the one-step MW irradiation method for the synthesis
of capped CdTe QDs. They used 3-mercaptopropionic acid as capping agent. The
TeO, was used as the source of tellurium in place of commonly used Te powder,
Na,TeOs, or Al,TeOs. The average particle size of the QDs was found in the
range of 2—3 nm. These capped CdTe QDs can be used for latent fingerprinting.

MW irradiation route was developed by Duan et al. (2009) for the synthe-
sis of CdTe QDs. The 3-mercaptopropionic acid was used as stabilizer. It
was revealed that as-obtained CdTe QDs could be used as fluorescent probes
for detect ion of mercuric ions in aqueous solution with a detection limit of
2.7 X 10" mol L™

Ribeiro et al. (2017) reported a MW-assisted synthesis of CdTe QDs. They
used three different ligands (2-mercaptoethanesulfonate, 3-mercaptopropionic
acid, and L-GSH reduced) as capping agents. They could achieve CdTe QDs
with quantum yield of ~60%. A simple synthesis of CdTe QDs has been
reported by Chen et al. (2015a) under MW irradiation. They used GSH as a
modifier. It was revealed that as-prepared CdTe/CdS QDs were more dispersible
and exhibited higher fluorescence intensity.

Dong and Ren (2012) developed a MW-assisted method for synthesis of
CdTe QDs. They used long-chain thiols-mercaptoundecanoic acid (MUA) as sur-
face ligand. It was revealed that as-obtained MUA-coated CdTe QDs were having
have good stability, small diameter, long lifetime, and high luminescence. It was
also revealed that these MUA-coated QDs could be used for HeLa cell imaging.

A MW-assisted synthesis of water-soluble cadmium telluride QDs was
reported by Alibolandi et al. (2014). They used sodium tellurite and cad-
mium chloride as the source of Te and Cd, respectively. The mercaptosucci-
nic acid was used as a capping agent, CdTe nanocrystals with different
colors ranging from blue to orange were obtained in less than one hour. It
was revealed that qualified AS1411-aptamer-conjugated QDs exhibited that
these can be used as excellent nanoprobes for targeting of cancer and molec-
ular imaging. Bichpuria and Oudhia (2016) prepared GSH capped CdTe QDs
(GSH-CdTe QDs) using a MW assisted wet chemical method. It was
observed that high loss tangents and high boiling point were effective in con-
trolling the size dispersion of QDs in MW-assisted synthesis.

7.2.5 Other quantum dots

A MWe-assisted synthesis of silver indium sulfide (AIS) and AgInS@ZnS
(AIS@ZnS) core—shell QDs was reported by Mir et al. (2018b). They used
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GSH as a stabilizing agent. An average particle size of 2.5 and 3.25 nm was
obtained for core and core—shell nanocrystals with bandgap as 2.3—3.1 and
2.4-3.5 eV, respectively. It was revealed that AIS@ZnS particles can easily
penetrate the cells. It was suggested that as-obtained QDs have the potential
to be used as antifungal and photodynamic agents as well as in high contrast
cell imaging.

Fitzmorris et al. (2015) synthesized CulnS, QD cores using a MW-
assisted reaction. It was indicated that the CulnS,/ZnS (core/shell) QDs were
~98% ZnS, while In and Cu were present in lower concentrations. It was
reported that PL stability was improved with ZnS shell and PL. down conver-
sion efficiency of ~65% was there on using a blue LED source.

Hong et al. (2015) synthesized CulnS,/ZnS (core/shell) QDs via one-pot
MW irradiation. It was observed that as-prepared QDs exhibited emission
ranging from the red to NIR. The as-prepared CIS/ZnS QDs not only possess
a high PLQY (56%) but also exhibit a large Stokes shift. It was revealed that
these QDs can convert near UV and blue light in the Si solar cell with lower
sensitivity to red and NIR light, where these solar cell has relatively higher
sensitivity. Especially when they were first embedded into a PMMA trans-
parent matrix to form a composite film as a luminescent downshifting layer
for Si solar cell, the photoelectric conversion efficiency of the cell shows a
marked enhancement by spectral downshifting as compared to the bare glass
substrate, and the maximum achieved is 16.21%.

A green MW-assisted synthesis of CulnS, (CIS) and CulnS,@ZnS
core—shell QDs (CIS@ZnS) was reported by Mir et al. (2018b). They also
used GSH as a stabilizer. The average particle size of CIS and CIS@ZnS was
found to be 2.9 and 3.5 nm, respectively. It was observed that core—shell QDs
exhibited better binding with lysozyme as compared to core structures.

Yang et al. (2012) synthesized Cu-doped ternary ZnCdS QDs (ZnCdS:
Cu QDs) using a MW-assisted method in aqueous solution. They prepared
samples at different Cd concentrations. These ternary QDs were found to be
dispersible in water solution. It was observed that their PL peak was red-
shifted and quantum yield of these QDs could reach as high as 12% depend-
ing on the doping concentration of Cu. It was concluded that as-fabricated
ZnCdS:Cu ternary QDs may find application in fields such as bioimaging,
sensing, and light-emitting diodes.

7.3 Synthesis of core—shell quantum dots

Core—shell QDs (CSQDs) have a solid core that is encapsulated within a
second QDs material with an upper bandgap. Such hybrid particles have an
enhanced quantum yield over QDs of single material. The II—VI compounds
are useful for many purposes such as sensors, solar cells, probes, LEDs,
photocatalysts, etc. QDs have a very high surface-to-volume ratio (around
80%) of atoms. They can provide various interesting properties. The CdSe
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QDs have been exclusively investigated, which can be further improved by
having a shell of ZnS as its bandgap is high compared to CdSe. The CSQDs
can be categorized depending on the position of conduction and valence
bands in the semiconductor materials. If the core has a larger bandgap as
compared to the shell, then these are known as type I or conversely (inverse
type I). On the other hand, if the conduction band or valence band of the
core is placed within the bandgap of the shell, then these are classified as
type II, CS QDs.

7.3.1 Type I CS quantum dots

Ziegler et al. (2007) used a green method to synthesize a ZnS shell over a
CdSe core using MW irradiation. The proximity of core and shell was exam-
ined by the thiophenol test. Formation of the shell was started by MW expo-
sure (within 30 s at 800 W). The mixture was then stirred for a minute and
exposed to MWs (600 W).

Duran et al. (2014) reported a rapid method for the synthesis of water-
soluble CdSe/ZnS QDs using MW technique. They used L-cysteine, cyste-
amine, and 3-MPA as thiol ligands. It was found that CdSe core was covered
by ZnS shell. This method also increased the crystallinity of ZnS (shell).

Molaei et al. (2016) prepared CdSe/CdS CSQDs by an MW-assisted method
in a single pot. They used two methods: MW irradiation (720 W) and chemical
reaction (between NaHSe, CdSQ,, and TGA as capping ligand). It was observed
that a CdS shell was developed on the CdSe. The formation of CdSe/CdS
core—shell QDs is given as:

CdSO, + TGA —>\aHSeCdSeQDs
CdSeQDs + CdSO4 —>N2$203CdSe /CdS CS QDs

7.3.2 Inverse type | CS quantum dots

Shen et al. (2012) reported MW-assisted fabrication of highly luminescent
cadmium selenide tellurium@zinc sulfide-silicon dioxide (CdSeTe@ZnS-
Si0,) QDs, which are helpful in detecting Cu(Il) ions. These QDs were pre-
pared with ZnS-like clusters, which were incorporated into the shell of SiO,
in the presence of MW irradiation. The Zn®" and GSH were utilized as
precursors for ZnS. An average diameter of CdSeTe QDs was found to be
3.9 nm. It was reported that as-prepared CSS QDs have high luminescence
and water solubility.

Ma et al. (2013) utilized a MW irradiation oven for the synthesis of
GSH-capped ZnSe/ZnS core—shell QDs. Zinc acetate and KHSe were used
as the source of zinc and selenium, respectively. The GSH was utilized as a
capping agent. The molar ratio of Zn:GSH:KHSe was kept as 1:1.6:0.1 for
better results.
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Ebrahimi and Souri (2020) synthesized ZnSe:Cu@ZnS core—shell QDs
using a MW-assisted colloidal method. It required 6 min of exposure to MW
irradiation. It involves ZnSe and ZnSe:Cu semiconducting NCs in aqueous
medium. The thioglycolic acid was used as a capping agent so that no
agglomeration occurred. The NaHSe was prepared by reaction of Se with
NaBH,.

7.3.3 Type Il CS quantum dots

Sai and Kong (2011) synthesized crystalline, water-soluble CS QDs
(CdTe/CdSe QDs) via a MW technique. These are type II QDs. The solution
of cadmium chloride (N,-saturated) and NaHTe in the presence of MPA was
exposed to MW irradiation for core formation (CdTe) for 2 min. It was
reported that as-prepared QDs were monodispersed with a crystalline nature
and size of 2 nm.

The MW-assisted technique was used by Chen et al. (2015b) to synthe-
size GSH conjugated CdTe (core)/CdSe (shell) QDs (CS QDs). The core
QDs was prepared using cadmium chloride and MPA solutions. They used
NaHTe solution as a source of Te. The resultant solution was exposed to
MW irradiation for 2 min. The NaHSe solution was used as a precursor for
selenium. Then, a solution of CdTe core QDs was added and exposed to
MW for 20 min.

7.3.4 Inverse Type Il CS quantum dots

Ren et al. (2013) produced PbS/CdS CS QDs via MW-assisted cation inter-
change method. A mixture of CdO, 1-ODE, and OA was heated in an oil
bath until color disappeared. Then PbS QDs were injected using a syringe
and the resultant solution was heated under MW (300 W) irradiation. It was
observed that CS QDs were monodispersed with QY of 57%, which was
almost 1.4 times more in the case of MW-assisted preparation as compared
to the oil bath method.

7.3.5 Core—shell—shell quantum dots

The CSS (CdTe/CdS/ZnS) QDs were synthesized by He et al. (2008) under
MW irradiation. As-prepared CSS QDs may be found useful as fluorescent
probes in biological applications as these have good spectral properties, good
biocompatibility, aqueous dispersibility, and excellent photostability (Fig. 7.2).

Wang et al. (2013) synthesized CdTe/CdS/ZnS QDs under MW irradia-
tion for 10 min. The average particle size of CdTe/CdS/ZnS QDs was found
to be >8nm. It was reported that as-prepared CdTe/CdS/ZnS CSS QDs
showed a maximum emission wavelength of 780 nm. Their synthesis is
diagrammatically presented in Fig. 7.3.
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FIGURE 7.2 Microwave-assisted preparation of CdTe (core)/CdS (shell-I)/ZnS (shell-II) QDs.
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FIGURE 7.3 Microwave-assisted production of water-dispersed CdTe/CdS/ZnS core—shell—shell
quantum dots. Adapted Wang et al., 2013. Biomaterials 34 (37), 9509—9518. With Permission.

7.4 Synthesis of alloyed quantum dots

These include multiple materials, but in the same combination. Therefore,
combinations of two diverse semiconductors with unlike bandgaps may
introduce some unique properties to the dots.

ZnSe QDs are interesting as these have the potential to be used in solar
cells, diodes, scintillators, etc. (Abd Elhamid et al., 2018). Huang and Han
(2010) have developed a simple plan for preparing GSH-capped ZnSe QDs
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under MW irradiation. The Na,SeOs; was used as a source of Se. The GSH,
zinc nitrate, Na,;SeOs, and surplus NaBH, were mixed and exposed to MWs
treatment (300 W) for 1 h. It was revealed that as-prepared ZnSe QDs had
cubic shapes and ZnS spherical shapes with diameters in the range of
2—3 nm.

Qian et al. (2005) developed a seed-mediated technique for the synthesis
of alloyed QDs (CdSe—CdS) under MW irradiation in aqueous phase. They
prepared CdSe seeds by a reaction between Cd** and NaHSe. The MPA was
used as a source of sulfide ions followed by MW exposure (1000 W). It was
observed that the black-colored solution turned to white after 3 h. The
NaHSe was prepared by NaBH, and Se powder. Again, the resultant solution
was irradiated with MWs at for 5min~ ' h. It was reported that the size of
alloyed QDs was 28 nm with QY of 25%.

Yang et al. (2013) synthesized CdSe-TeS alloyed QDs in aqueous solu-
tion using MW radiation. They used CdCl,, NaHTe, and NaHSe as sources
of Cd, Te, and Se, respectively. The MPA served as a source of sulfur and
acted as a stabilizer also. These alloyed QDs could achieve 57.7% QY and
are used in cancer imaging.

A simple MW treatment procedure for the preparation of
CdSe,Te; _,—CdS QDs was reported by Luo et al. (2014). They carried out
this MW-assisted method in two steps:

1. CdS shell (CdSe,Te; — ,-CdS-I) was prepared by 3-mercaptopropionic
acid capped CdSe,Te; — , QDs.
2. CdS layer formation on the CdSe,Te; — , core.

It was revealed that the XRD data supported the formation of alloyed
QDs and the size of QDs was found to be 3.2 nm. These QDs were used in
QSSCs.

Al-Hazmi et al. (2020) prepared nanocrystalline Zn; — ,Pa,Te (0 = x =
0.09) QDs using poly[(9,9-bis(3’-(N,Ndimethylamino)propyl)-2,7-fluorene)-alt-2,7-
(9,9-dioctylfluorene)] via a MW-assisted method. They used a solution of poly
[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)],
OLA, and 1-ODE, zinc acetate, trioctylphosphine telluride, and a sufficient amount
of protactinium chloride. The resultant solution was irradiated with MWs
(1200 W) for 2 h. They could obtain crystalline and monodispersed Zn; — ,Pa,Te
QDs with a size ranging between 3 and 8 nm and very good QY up to 95%.

Mubiayi et al. (2020) synthesized CulnGaSe, QDs using MW exposure.
Equal quantities and concentration of tri-n-octylphosphine (TOP) capped
copper, gallium, and indium chloride in solvent OLA were mixed and MW
(500 W) exposure was given for 10 min. Then TOPSe was injected and it
was irradiated again with MW (600 W) for 10 min. It was observed that
as-obtained QDs were pyramidal in shape with a crystalline nature and had
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an average diameter of 10 nm. It was reported that films of as-prepared QDs
can be applied as a counter electrode in DSSCs.

7.5 Carbon and graphene quantum dots

Graphite and GO are normally used for the preparation of GQDs. Several
workers have used these precursors with different methods, but the MW
technique was found to be better for this purpose. Li et al. (2012) synthe-
sized greenish-yellow and blue GQDs (g-GQDs and b-GQDs). They did not
utilize a stabilizer in this method. It was reported that PL QY of b-GQDs
and gGQDs was found to be 22.9% and 11.7%, respectively. Their average
diameter of QDs was found to be in the range of 2—7 nm.

The GQDs were also synthesized by Chen et al. (2012) using a
MW-hydrothermal method. They used GO as the precursor of GQDs in the pres-
ence of nitric and sulfuric acids and exposed them to MWs (200°C) for 5 min.
The size of as-prepared QDs was in the range of 2—5 nm. The MW-assisted
hydrothermal method was also used by Chen et al. (2013) for the synthesis of
pyrrole-ring functionalized GQDs (p-GQDs). They used the similar MW condi-
tions here. It was reported that the final solution was pink and particle size ranged
between 2 and 6 nm.

Shin et al. (2014) prepared GQDs directly from graphite powder in large
amounts under MW irradiation (600 W) for 1 h. An average particle size of
GQDs was found to be below 8 nm only. Carbon black, lamp black, and can-
dle soot were used by Wang et al. (2011b) for the generation of CQDs.

Alves et al. (2018) synthesized grapheme TiO,-QDs via nanoemulsifica-
tion. They used different precursors of carbon (GO, Triton-X, n-heptane,
OLA, OA) and titanium propoxide as precursors of TiO,. The MW exposure
(300 W) was given to get QDs of globular shape with 3.3 nm.

Li et al. (2018) prepared S, N-carbon QDs under MW irradiation for 7 min.
They used thiourea as the source of dopant (S, N). Later, they used as-prepared
QDs for the reduction of carbon dioxide. Jusuf et al. (2018) made use of egg-
shell for preparing CQDs under MW irradiation (560 W) for 2 min CQDs and
used these QDs in the degradation of pollutants. It was reported that as-prepared
CQDs were 3.88 nm in diameter. Yang et al. (2018) used xylan and ammonium
hydroxide as a carbon-precursor and source of dopant (N) to prepare fabricate
nitrogen-doped CQDs under an MW approach (200 W) for 10 min. A change in
color of the solution was observed from dull yellow to brown.

7.6 Recent developments

There has been rapid progress in the field of MW-assisted synthesis of differ-
ent QDs and their varied applications in last few decades. Some recent
advances are summarized in Table 7.1.
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TABLE 7.1 Synthesis of quantum dots under microwave irradiation.

Quantum dots Size (nm) Applications References
CdTe 2.6-3.5 Ratiometric fluorescence Amiri and Hosseini
sensor (2020)
CulnGaSe, 10 Ultrasonic spray system Mubiayi et al.
(2020)
SnO, 1-1.5 Planar perovskite solar cells Xu et al. (2021)
Graphene 3.78 Photocatalytic degradation of Van Tam et al.
dyes (2019)
Boron and nitrogen- 2 Fluorescence of Budak et al. (2020)
rich graphitic photosynthetic pigments
Graphitic carbon <10 Photocatalytic removal of Shorie et al. (2019)
nitride heavy metals
Sulfur dots 3.58—4.00 Photoluminescence Hu et al. (2020)
Niobium pentoxide 4 Photocatalytical processes Nakagomi et al.
(2019)
Carbon quantum dots 2 Photocatalytic degradation of Zhang et al. (2020)
synthetic dyes.
Nitrogen doped 4.5 Fluorescence detection Du et al. (2019)
carbon
Fe—BiOBr—N 12.93-8.43 Photocatalytic properties Lopez-Velazquez

7.7 Conclusion

et al. (2021)

This chapter highlights the generation of QDs by MW-assisted synthesis.
These QDs have found various applications in varied fields such as sensors,
LED, photocatalyst, solar cells, biomedicals (drug target delivery, cancer
therapy, biolabeling, bioimaging, etc.). One can control/modify the parameter
of QDs. This technique has many other advantages over conventional meth-
ods. The MW process has also been used in combination with solvothermal,
ultrasound, and hydrothermal methods for a better yield and within a limited
time, that is, within minutes or sometimes even in seconds. The use of MW
technique has great potential in providing uniform and homogeneous QDs
and it will prove to be an asset in the years to come.
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Sonochemical synthesis of
quantum dots
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8.1 Introduction

Sound frequencies beyond the upper audible limit of human hearing are nor-
mally categorized as ultrasound. The frequency range of ultrasound that has
been used sonochemistry is 16—3000 kHz. Ultrasonic irradiation has been
widely used in chemical synthesis and it has become an interesting field of
research. When an ultrasonic wave passes through a liquid medium, than a
large number of microbubbles are formed, they grow, and finally collapse in
a very short time, which is of the order of a few microseconds. This is called
ultrasonic cavitation (Fig. 8.1).

Extremely high pressures and temperatures are generated during the pro-
cess of acoustic cavitation, which initiates a number of chemical and physi-
cal effects, such as microjetting, shock waves, shear forces, microstreaming,
and generation of different radicals. Sonochemistry finds a variety of appli-
cations such as drug encapsulation and delivery, food science, electrochemis-
try, material engineering, synthesis of nanoparticles, etc.

Bang and Suslick (2010) have reviewed the application of ultrasound in
the synthesis of nanostructured materials. Sonochemical approach can pro-
vide control morphology over size. Cavitation-induced sonochemistry with
the temperature and pressures provides hot spots inside the bubbles of the
order of ~5000 K, and ~ 1000 bar, respectively. These extraordinary condi-
tions permit the synthesis of a wide range of nanostructured materials, partic-
ularly quantum dots.

The field of sonochemistry has been excellently delivered by various
workers over time (Einhorn et al., 1989; Pestman et al., 1994; Mason, 1999;
Suslick and Flannigan, 2008; Ameta et al., 2018).

The high energy and pressure for chemical reaction is generated by
collapsing bubbles. This can be divided into three regions (Fig. 8.2):
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FIGURE 8.1 Growth and implosion of a bubble. Adapted from Ameta et al., Sonochemistry:
An Emerging Green Technology, Apple Academic Press, New Jersey, 2018, with permission.
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FIGURE 8.2 Reaction zone in cavitation process (Chowdhury and Viraraghavan, 2009).
Adapted from Chowdhury, P.; Viraraghavan, T. Sonochemical degradation of chlorinated
organic compounds, phenolic compounds and organic dyes—a review. Sci. Total. Environ.,
2009, 407 (8), 2474—2492. With permission.

1. First region is a hot spot region or thermolytic center, which has a quite
high temperature of 5000 K and a high pressure of 500 atm during the
collapse of a bubble or cavitation.

2. Second region is a interfacial region between the bulk liquid cavitation
bubble.

3. Third region is a bulk region. Here, temperature is almost equal to room
temperature due to process of adiabatic cavitation.

8.1.1 Advantages

There are some advantages of using the sonochemical route for the synthesis
of quantum dots. These include:
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It improves the reaction rate.

It involves high energies and pressures in a short time.

No additives are required.

It reduces the number of reaction steps.

It provides uniform size distribution, higher surface area, with improved
phase purity.

It is a solvent-free synthesis producing less waste.

U A

o

8.1.2 Disadvantage
The sonochemical method has a disadvantage as:

1. Tt affords relatively low yield of the product.

8.2 Instrumentation
Various sources are used for generating ultrasound.

1. The first ultrasound transducer was developed by Galton (1883), now
known as Galton’s whistle (Fig. 8.3A). It is a brass tube and a jet of gas
is passed through an orifice into a resonating cavity.

2. Liquid whistle is also used for this purpose (Fig. 8.3B). Cavitation is gen-
erated in this transducer through motion of a liquid in place of gas.

3. Piezoelectric transducers are also used for generation of ultrasound
(Fig. 8.3C). A transducer is based on electrical and mechanical vibrations
via piezoelectric effect. There are many materials that have a range of
piezoelectric effects. Some examples of natural materials are quartz,
topaz. tourmaline, belemnite, etc., while synthetic materials are bismuth
ferrite, lithium tantalite, Ba,Na Nbs Os, Pb,KNbsO;5, etc.

4. Cup horn (Fig. 8.3D). It is a high intensity ultrasonic bath. In this trans-
ducer, indirect sonication technology is involved. This cup horn sonica-
tion is effective, where the liquid sample is higher in volume.

8.3 Synthesis of quantum dots
8.3.1 Metals

Liu et al. (2011) prepared highly fluorescent and water-soluble gold nanoclusters
(AuNCs) and Au@AgNCs emitting near-infrared via a sonochemical approach.
It was reported that yellow emission was observed from Au@AgNCs. It was
revealed that as-prepared Au NCs could be successfully applied in the determi-
nation of copper ions in a wider of range of concentration with a lower of limit
NCs. A facile and fast sonochemical route was proposed by Wang et al. (2017)
to synthesize fluorescent AgNCs. They used glutathione (GSH) and hydrazine
hydrate, respectively, as capping and reducing agent. It was revealed that
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AgNCs waweres formed quickly within 15 min in the presence of ultrasonic
waves. As-prepared QDs show red fluorescence and good dispersion in aqueous
solution. The size of AgNCs was found to be small enough (~2 nm). Use of
GSH as protecting agent on the surface of these AgNCs provides high, photo-,
and pH-stability. They designed a stable Ag nanoclusters-based nanosensor for
detection of Pb>* ions with high sensitivity and selectivity. The as-fabricated
nanosensor can also be used as a probe for monitoring Pb** ions in living cells.
It was proposed that these stable and fluorescent AgNCs can find potential
applications for sensing and biolabeling.

Mallikarjuna et al. (2021) fabricated g-C3N, and Ag-g-C3;N, composite
structures by the ultrasonication method. It was reported that the silver quan-
tum dots anchored to g-C3N, structures may show better photocatalytic
activities for dye degradation, H, production, and antimicrobial activity in
the presence of visible-light. As-prepared Ag/g-C3N4 composite (Ag loading
of 0.02 mole) exhibited optimum photoactivity for production of H,
(335.40 pmolg " 'h™ "), which is much better than other Ag loaded g-C5N,
composites. These synthesized Ag/g-C;N, nanoparticles also show potential
antimicrobial activity and inhibition zones were found comparable to that of
an antibiotic chloramphenicol. Calderon-Jiménez et al. (2022) reported a
sonochemical synthesis of silver nanoparticles in aqueous suspension. These
Ag NPs were found to be quasi-spherical in shape and highly stable. The
particle size of as-prepared sample was found to be 8.1 * 2.4 nm with nar-
row dispersion of the size distribution. The bandgap of these Ag NPs was
2.795 = 0.002 eV. A high stability of the optical properties of these Ag NPs
were found at 10 h (short term) and 24 weeks.

8.3.2 Metal oxides

Sedghi et al. (2010) prepared SnO, QDs by sonication-assisted precipitation.
It was reported that they can be used as a low temperature sensor for detect-
ing CO as well as methane. There was a good of selectivity to CO in the
presence of methane below 375°C using this sensor. The average particle
size of SnO, QDs was found to be 3—4 nm and their sensing properties were
compared with the nanoparticles prepared by conventional sol—gel method.
It was observed that bandgap measurements of as-prepared sample indicated
a 2.1 eV blueshift. Majumdar and Devi (2010) synthesized SnO, nanoparti-
cles at room temperature by a sonication-assisted precipitation method. It
was reported that 3 h sonication was found to produce nanoparticles with
size below 10 nm. It was found that a gradual increase of the sonication time
gradually decreases the particle size with interesting morphology and
increased surface area. It was also observed that as-synthesized powders
exhibited a direct influence by the sonication time on the sensing properties
of butane. A maximum response of 98.88% was reported toward butane
(5000 ppm) at 450°C along with a fast recovery time.
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A sonochemical approach was developed by Islam et al. (2011) for large-
scale synthesis of iron oxide magnetic nanoparticles (Fe;O4 NPs) using inex-
pensive and nontoxic metal salts as reactants. It was revealed that
as-prepared nanoparticles had average particle size around 11 nm and these
were almost spherical in shape. It was also proved that these particles were
super paramagnetic with magnetization values of 80 emu g '. Chlorine-
doped titanium dioxide (anatase) nanocrystallites were prepared by Wang
et al. (2012) through sonicating sodium chloride solution of tetraisopropyl
titanate in water/ethanol at 70°C. The presence of dopant (chloride) was con-
firmed and it was found that Cl is incorporated into TiO,. It was reported
that as-prepared samples were used in the photodegradation of butyl benzyl
phthalate (BBP) in aqueous condition in the presence of visible light irradia-
tion. It was reported that photodegradation of BBP could reach to 92% in
4 h.

N-doped TiO, nanocrystals were synthesized by Jia et al. (2014) via a
sonochemical route. The urea, titanium tetrachloride, and aqueous ammonia
were used as starting materials. It was revealed that as-synthesized nanocrys-
tals had size of 10 nm. It was reported that the adsorption band edge of
N-doped TiO, samples exhibited redshift to the visible region compared to
TiO,. The photocatalytic activity of as-prepared photocatalyst was observed
for degradation of rhodamine B under visible light. It was revealed that the
use of an optimal amount of urea enhanced the photocatalytic activity of
TiO, due to its mesoporous structure and incorporation of nitrogen as a
dopant.

Yang et al. (2016a) synthesized ZnO quantum dots using an ultrasonic
microreactor. It was observed that flow rate, ultrasonic power, and tempera-
ture affected type and quantity of defects in ZnO quantum dots, and size of
ZnO quantum dots can also be controlled by variation of these conditions. It
was reported that the size of ZnO quantum dots decreased on increasing
flow rate but quantum yields first increased and then decreased. The size of
ZnO quantum dots was found to decrease first, and then increased on
increasing ultrasonic power while the quantum yields kept on increasing.
Moreover, the quantum yields of ZnO QDs synthesized by ultrasonic micro-
reactor could reach 64.7%, which is higher than those synthesized only under
ultrasonic radiation or only by microreactor.

The ZnO quantum dots were synthesized by Yang et al. (2016b) using an
ultrasonic-assisted sol—gel method. It was reported that ultrasonic exposure
time and temperature both affected type and amount of defects in as-
prepared ZnO quantum dots. Total defects of ZnO quantum dots were found
to decrease with the increasing ultrasonic time and temperature. The optical
defects changed from oxygen interstitial defects to oxygen vacancy and then
zinc interstitial defects. These were again transformed back to oxygen inter-
stitial defects. It was observed that the sizes of ZnO quantum dots first
decreased on increasing ultrasonic temperature and time and then increased.
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Moghaddam et al. (2017) prepared two samples of ZnO quantum dots by
sonochemical as well as conventional methods. It was indicated that the
quantum dots prepared under ultrasonic waves had smaller size and also a
narrow size distribution. It was observed that phase purity of nanocrystals
could be obtained on using ultrasonic waves as there is complete conversion
of precursors into ZnO, and as a result as-prepared ZnO can find application
in optoelectronics.

8.3.3 Metal sulfides

The histidine functionalized CdS quantum dots were synthesized by Yadav
et al. (2010) via a sonochemical method. It was revealed that as-prepared CdS
QDs are well-defined with almost spherical shape. The X-ray diffraction pat-
tern indicates the formation of cubic phase QDs. The confinement of histidine
functionalized CdS QDs was confirmed. The photoluminescence property of
CdS/histidine QDs was found to be better than that of CdS QDs. These as-
functionalized QDs can find potential applications in the biological fields.
Estandarte et al. (2011) synthesized ionic liquid-capped cadmium sulfide QDs
in PET fibers as photocatatyst. Its photocatalytic activity was evaluated in the
photodegradation of methylene blue. These CdS QDs and PET-CdS QDs
nanocomposites were synthesized via a sonochemical route using an ionic lig-
uid, 1-octyi-3-methylimidazolium lauryl sulfate ((OMIM]LS). They used PET
fibers prepared from waste bottles and used these as matrix for preparation of
the PET-CdS QDs nanocomposite. It was revealed that PET-CdS QDs nano-
composite has the highest bandgap energy (2.79 eV), which is suitable for
absorption in the visible range. The CdS QDs and PET-CdS QDs nanocompo-
sites were used as photocatalyst for photodegradation of methylene blue under
visible light and degradation efficiency was 53.64 and 77.96%, respectively,
which was much better than uncatalyzed degradation (19.57%).

Semiconductor nanoparticles of CdS have been prepared by Entezari and
Ghows (2011) in microemulsion (O/W) under ultrasound irradiation. The
effect of some operational parameters was observed, such as intensity of
ultrasound, sonication time, temperature, and oil fraction. It was observed
that as-prepared QDs had about 2 nm size with a hexagonal phase and this
size can also be tuned. It was postulated that the collapse of bubbles gener-
ates high temperature and a number of nucleation sites, thus leading to uni-
form spherical particles with small size. It was revealed that the bandgap of
as-prepared CdS NPs decreases with increasing sonication time. Goharshadi
et al. (2012) developed a sonochemical method to prepare zinc sulfide nano-
particles with extremely small size (about 1 nm in diameter). They used a set
of ionic liquids, which are based on the bis(trifluoromethylsulfonyl)imide
anion and different 1-alkyl-3-methyl-imidazolium cations. This method pro-
vides wide bandgap ZnS nanocrystals, which can find application in different
photonic devices.
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A template-free chemical and sonochemical method was developed by
Pejova and Bineva (2013) to prepare 3D assemblies of indium(IIl) sulfide
quantum dots. This method allowed the deposition of cubic a-In2S3 nano-
crystals (close packed) in thin film because of heterogeneous sonochemical
effects. The average crystal radius of QD was reduced from 2.5 to 2.0 nm on
sonication by continuous high-intensity ultrasound. It was observed that these
values increased to 4.1 nm by postdeposition annealing treatment. It was
reported that bandgap energy value (2.85 eV) was blueshifted (2.00 eV). It
was revealed that Bohr’s excitonic radius lies in the range of 2.5—4.1 nm.

Zhao et al. (2013) synthesized gamma-cyclodextrin-folate (gamma-CD/FA)
inclusion-coated CdSe/ZnS quantum dots by a sonochemical method. It was
observed that these gamma-CD/FA-coated CdSe/ZnS QDs were monodispersed
and have smaller size, but with longer fluorescence lifetime and higher quantum
yield. The cytotoxicity of gamma-CD/FA-coated CdSe/ZnS QDs was found to
be lower and they could more effectively enter cancer cells. It is the smaller
size of QDs (4—5 nm diameters) that allowed them to easily enter the cell and
be removed through kidneys. These QDs are more suitable for some biomedical
applications like bioprobes and bioimaging.

Das and Wai (2014) synthesized lead sulfide quantum dots. They used
1,2-benzenedimethanethiol, sodium sulfide, and lead nitrate solutions in etha-
nol under ultrasound irradiation. As-prepared PbS quantum dots had sizes of
2.7 and 3.6 nm in diameter. A simple one-pot method for synthesis of
SWNT—-PbS nanoparticle composite was also developed just by addition
of single-walled carbon nanotubes (SWCNT) to the system under ultrasonic
irradiation. This allowed the attachment of PbS nanoparticles to the
SWCNTSs’ surface via m—m stacking. Kim et al. (2015) synthesized CdS
quantum dots (QDs)/mesoporous TiO, (mp-TiO,) by a sonochemical succes-
sive ionic layer adsorption and reaction (SC-SILAR) process. It was found
that there is less growth time and larger absorbance of CdS QDs along with
a uniform penetration into mp-TiO, films in the case of the SC-SILAR pro-
cess as compared to the SILAR process. As-prepared CdS QDs/mp-TiO, was
used to fabricate photoanode. This was used in quantum dot-sensitized solar
cells (QDSCs) and these cells exhibited high efficiency.

Palanisamy et al. (2015) developed a continuous flow sonochemical reac-
tor, which can produce metastable cadmium sulfide nanoplatelets. It was
observed that continuous sonochemical synthesis was found to give high
aspect ratio for hexagonal platelets of CdS with cubic crystal structures with
thicknesses below 10 nm. It was revealed that uniformity in particle size was
much better, when the continuous sonochemical process was used as com-
pared to conventional synthesis processes and batch sonochemical process.

Xu et al. (2015) synthesized uniform molybdenum disulfide/tungsten
disulfide quantum dots by the combination of solvothermal and sonication
treatment. They used bulk MoS,/WS, reactants at a mild temperature. It was
observed that monolayer thickness had an average size of 3 nm. It was
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reported that a highly exfoliated and defect-rich structure provides these
quantum dots with enough active sites for catalyzing the hydrogen evolution
reaction (HER) with long-term durability. These as-prepared particles had
good cell permeability, strong fluorescence, and low cytotoxicity, which
make them quite promising and biocompatible probes for imaging.

Sonochemical method for the synthesis of zinc sulfide quantum dots has
been developed by Panda et al. (2016). They used a single precursor Zn ion
and sulfur containing complex. It was indicated that the prepared complexes
decomposed to form zinc sulfide quantum dots under high intensity ultra-
sound irradiation. It was revealed that as-obtained ZnS quantum dots had an
8.2 nm diameter with a cubic structure. The bandgap of these ZnS QDs was
also calculated and was found to be 3.73 eV. The Cu and Mn-doped glutathi-
one (GSH)—ZnS polypeptide quantum dots were prepared by Shi et al.
(2016) via microwave-assisted sonochemical approach. The glutathione acted
as a source of sulfide as well as a dispersant and reducing agent to form
polypeptide QDs. It was indicated that the size of the polypeptides QDs was
2—3 nm. It was also reported that the doping of Cu and Mn could decrease
the bandgap of GSH—ZnS from 3.67 to 2.86 eV. It was observed that photo-
electrochemical (PEC) properties of GSH—ZnS were also enhanced due to
the doping of Mn and Cu with excellent chemical stability.

ZnS quantum dots and ZnS:graphene QDs were synthesized by Jindal
and Giripunje (2016) via a sonochemical method. It was reported that the
average size of ZnS and ZnS:graphene QDs was 3.7 and 8.4 nm, respec-
tively. The bandgap of ZnS:graphene QDs was calculated as 4.9 eV. An
increase in current density from 2.44 to 98.4 pA cm™ ' was observed with
lower turn on voltage from 0.40 to 0.12 V in the active layer as compared to
pristine ZnS QDs. Such an enhancement in current density in these ZnS:gra-
phene QDs indicated a great potential for such an active layer in photovoltaic
devices. Kapatel et al. (2017) reported the synthesis of tungsten disulfide
quantum dots, which were highly stable. They used sodium chloride, sodium
hydroxide, lithium hydroxide, and ammonium hydroxide-assisted sonochem-
ical exfoliation of bulk WS, powder in N-methyl-2-pyrrolidone for 2 h. It
was observed that as-prepared WS, quantum dots (few-to-monolayer) have a
size of 3 = 0.5 nm. It was also revealed that better yield of WS, quantum
dots was obtained in N-methyl-2-pyrrolidone. The as-obtained WS, quantum
dots exhibited a blueshift with a bandgap of 2.7 eV.

Tin sulfide quantum dots were synthesized by Cheraghizade et al. (2017)
via a sonochemical method. They kept sonication time as 10, 15, and
20 min. It was reported that SnS and Sn,S; (orthorhombic phase) and Sn,S;
(hexagonal phase) was there in as-prepared QDs. The particle size of tin sul-
fide QDs was smaller than other QDs, when sonication time was kept at
20 min. It was revealed that smaller spherical shaped particles were obtained
on increasing sonication time. The solar cell devices manufactured using tin
sulfide QDs exhibited a better performance with the samples prepared with
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more sonication time. It was concluded that sonication time is the key factor
affecting the synthesis of Sn,S; QDs. Not only this, it will also affect photo-
catalytic, optical, electrical, and photovoltaic conversion.

Kadeer et al. (2018) synthesized CdS quantum dots/Bi,WOg three-
dimensional (3D) heterojunction photocatalyst by ultrasonic method. These
composites were found to be active for the degradation of rhodamine B and
tetracycline hydrochloride under visible light irradiation and also for the
reduction of Cr(VI) in aqueous solution. As-prepared CdS QDs/Bi,WOg het-
erojunctions exhibited a significantly enhanced photocatalytic activity in all
these cases as-compared with samples of CdS and Bi,WOg. The highest
photocatalytic efficiency for degradation of rhodamine B was 94.5% with
3% CdS QDs/Bi,WOg heterojunction in 30 min, which was about 6 and 1.5
times higher than that with those of pure Bi,WOgs and CdS QDs respectively.
This enhancement was attributed to the synergetic effect between CdS QDs
and Bi,WOg, including fast transfer of charge carriers between CdS QDs and
Bi,WOg and an efficient electron—hole separation.

Rajabi et al. (2018) developed a sono-assisted chemical precipitation
method for synthesizing zinc sulfide quantum dots at room temperature.
Then ZnS QDs doped with some transition metal ions (Ag, Mn and Cu)
were also prepared using l-cysteine as the capping agent. It was revealed that
the time required for a complete synthesis in the presence of ultrasonic irra-
diations was less than other conventional chemical methods. It takes hardly
15 min at a temperature of 40°C. The bandgap of colloidal ZnS QDs was
found to be larger than 3.68 eV. The average particle size of these QDs was
less than 5 nm. These were then used for driving the photocatalytic process
for degradation of Victoria blue R. It was reported that the maximum
removal of this dye (>95%) could be achieved under optimum conditions:
pH 10.5, amount of QDs 3 mg, and time 30 min under UV irradiation. It was
also revealed that these QDs can be reused six further times, without any sig-
nificant loss in their photocatalytic properties.

A chemical precipitation method was used by Karimi et al. (2019) for
thesynthesis of zinc sulfide quantum dots under the ultrasonic radiation,
which was water based and fast also. They used two capping agents,
l-cysteine and 2-mercaptoethanol, for this purpose. It was indicated that
as-synthesized QDs were cubic in structure with a size less than 10 nm.
These ZnS QDs were then used as photocatalysts for the degradation of crys-
talline violet under UV light. It was revealed that as-synthesized QDs can be
reused five times without any significant decrease in their photocatalytic
activities.

The cadmium sulfide QDs-sensitized mesoporous-TiO, (mp-TiO,) photo-
anodes were fabricated by Kim et al. (2019) using the sonochemical succes-
sive ionic layer adsorption and reaction (SC-SILAR) methods to achieve
highly efficient quantum dots (QDs)-sensitized solar cells. It was reported
that the SC-SILAR method took a shorter time for synthesis of CdS QDs as
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compared to the conventional SILAR method. It was suggested that the cavi-
tation energy of microbubbles formed in the SC-SILAR method provided an
additional energy for the synthesis of CdS QDs. Kandasamy et al. (2022)
synthesized cadmium sulfide quantum dots through a green sonochemical
method. They used Delonix elata leaves water extract as a capping as well
as stabilizing agent. It was reported that the corrosion inhibition performance
of as-prepared CdS QDs was studied in 3.5% NaCl, 1M HCI, and 6 M
KOH. It was observed that corrosion of zinc plate was reduced when the
plates were coated with CdS QDs and these aqueous electrolytes, particularly
with 3.5% NaCl.

Goharshadi et al. (2013) synthesized zinc sulfide nanoparticles under
ultrasonic irradiation. They did not use any surfactant in this method under
high temperature treatment. It was reported that the average particle size of
as-prepared ZnS QDs was found to be 2 nm. The photocatalytic activity of
ZnS quantum dots was evaluated for the degradation of reactive black 5
under UV light irradiation. It was revealed that about 95% of dye was
removed within 10 min when using 0.2 g ZnS at a neutral pH.

8.3.4 Selenides

Three-dimensional (3D) assemblies of CdSe quantum dots (zinc blende
structure) were synthesized by Pejova (2013) by two routes: (1) colloidal
chemical and (2) sonochemical. A decreasing trend was observed on postde-
position thermal annealing treatment, with increasing average crystal size.
Mousavi-Kamazani et al. (2016) synthesized NiSe, quantum dots from
the reaction of selenium tetrachloride with pomegranate marc peels (PMP)
dyes and Ni as a nickel precursor in the presence of potassium borohydride
through a sonochemical-assisted method. They used PMP because it has sev-
eral dyes (proanthocyanidins) and flavonoids and ions that can easily extract
these from PMP.

Tavakolian and Tashkhourian (2018) prepared cadmium selenide quan-
tum dots capped with reduced graphene oxide and then modified with thio-
glycolic acid in only 5 min under sonication. They used a solution of
cadmium(II) nitrate, graphene oxide, thioglycolic acid, and selenium powder
with NaBH, for this purpose. The glassy carbon electrode (GCE) was modi-
fied with as-prepared nanocomposite and used for the determination of ascor-
bic acid (AA), dopamine (DA), and uric acid (UA) simultaneously. The
detection limit was found to be 0.11, 66 and 0.12 pM for DA, AA and UA,
respectively. This electrode was also successfully applied for determination
of these compounds in spiked urine samples. Kastilani et al. (2019) reported
the sonochemical synthesis of CdSe quantum dots in single-liquid bulk phase
as well as emulsion-based system. They used cadmium oleate and trioctyl-
phosphine selenide as precursors. It was observed that synthesis of QDs was
found to be slow in the case of a single-phase liquid system (1-octadecene)
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but it was quite enhanced in a dispersed system (emulsions of 1-octadecene
in ethylene glycol). It was also observed that the single-phase solvent system
produced ultrasmall QDs exhibiting white-light emission (broad band), while
the emulsion system produced well-defined magic-size clusters (MSCs) with
high photoluminescence quantum yield (34%).

An ultrasound-assisted method was used by Zare and Tashkhourian (2020)
for synthesis of L- and D-cysteine-capped CdSe quantum dots at room tempera-
ture. It was observed that as-prepared QDs were in the range of 5—7 nm dia-
meters. These capped QDs exhibited green fluorescence, which was quenched
differently by D- and L-tryptophen in a high selective manner, so that they can
be used for their recognition with negligible interference by other species. It
was reported that detection limits for the recognition of L- and D-tryptophen are
4.2 and 4.7 nm, respectively. However, it was 4.4 and 4.8 nm in the presence
of other enantiomers. Tb-doped CdSe nanoparticles were synthesized by
Hanifehpour et al. (2021) with variable Tb>" content via a sonochemical route.
The sonophotocatalytic activities of the as-prepared sample were evaluated for
the photodegradation of reactive black 5. It was reported that the sonophotocata-
lytic process could degrade 85.25% of the dye, which was much more compared
to individual sono- (22%) and photocatalytic degradation (8%) processes. It was
observed that photodegradation was inhibited in the presence of benzoquinone
and ammonium oxalate. Superoxide radicals and photogenerated holes were
detected as the main oxidative species.

8.3.5 Tellurides

Luminescent CdTe quantum dots were produced in an aqueous medium by
Menezes et al. (2011) within a few minutes using ultrasound irradiation. It was
reported that as-produced QDs exhibited a strong quantum confinement effect
and only one fluorescence band was present. These nanoparticles were monodis-
persed. It was revealed that the morphology of QDs can be better controlled and
surface defects are also reduced by the use of ultrasound. The colloidal cadmium
telluride quantum dots have been synthesized by Hwang et al. (2011) via one-pot
sonochemical reaction. They used multibubble sonoluminescence (MBSL) condi-
tions for this work. The tellurium powder and cadmium chloride with hexadecy-
lamine and trioctylphosphine/trioctylphosphineoxide (TOP/TOPO) (dispersants)
were sonicated in toluene (solvent) using ultrasound (20 kHz) at 60°C for
5—40 min. It was reported that a very wide size range of CdTe particles
(2—30 pm), could be obtained by just controlling sonicating and thermal heating
conditions. It was observed that as-prepared CdTe QDs exhibited different colors,
ranging from pale yellow to dark brown, and they showed photoluminescence
properties mainly due to the quantum confinement effect. The bandgap of these
CdTe particles was found to be 1.53 eV.

Chen et al. (2012) prepared highly fluorescent and water-soluble CdTe quan-
tum dots. They used (3-cyclodextrin (3-CD) as surface-coating agents. This
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involved a substitution reaction at the C-6 position of mono-6-deoxy-6-(p-tolyl-
sulfonyl)-cyclodextrin (6-tso-3-CD) by the —NH, of (3-aminopropyl)triethoxysi-
lane-coated CdTe QDs to afford APTES/ CdTe QDs under mild conditions. It
was proved that the CdTe QDs were effectively modified by 3-CD. The quan-
tum yields of CdTe QDs, APTES/CdTe QDs, and 3-CD/APTES/CdTe QDs in
water were about 17%, 12%, and 9%, respectively. It was reported that 3-CD/
APTES/CdTe QDs could recognize molecules of p,p’-DDT and o,p’-DDT.

Shi et al. (2014) developed a fast one-pot method for synthesis of CdTe
quantum dots in aqueous solution using a sonoelectrochemical route without
the protection of N. It was indicated that the water-soluble CdTe QDs with
high photoluminescence qualities can be synthesized without the preparation
of precursor and N protection. The PL emission wavelength and quantum
yield can be controlled by variation of some operational parameters. It was
suggested that QDs prepared by this method have a great potential for appli-
cation in the fields of sensors, photocatalysis, and solar cells. The cadmium
telluride quantum dots were synthesized by Yoo et al. (2017) under ultra-
sonic irradiation. It was observed that bandgap reduces with the growth of
CdTe quantum dots on increasing time of synthesis. There was a redshift in
wavelength range (510~610 nm) on increasing the ratio of Te and cubic
zinc blende structure was observed. The size of CdTe quantum dots was
found to be about 2.5 nm and these were uniformly dispersed, when the time
of synthesis was 210 min.

8.3.6 Carbon-based quantum dots

Li et al. (2011) synthesized monodispersed water-soluble fluorescent carbon
nanoparticles. They used glucose as the source of carbon by a one-step alkali
or acid-assisted ultrasonic treatment. It was reported that particle surfaces
were quite rich in hydroxyl groups so as to provide a high hydrophilic
nature. These could emit bright and colorful photoluminescence covering a
broad range starting from visible to near infrared (NIR). It was also revealed
that these particles had an excellent upconversion fluorescent properties also.

Bavireddi and Kikkeri (2012) synthesized highly fluorescent water-
soluble glycoquantum dots through a sonochemical method. It was based on
specific host—guest interactions between trioctylphosphine oxide (TOPO)
surfactant and (3-cyclodextrin (3-CD) on quantum dots. It was indicated that
these QDs (3-CD modified) provided good cell viability of human hepatocel-
Iular carcinoma cell line (HepG2) cells. It was also revealed that 3-CDgal-
capped QDs can have a preferential binding with HepG2 cells and therefore
could be a promising candidate for some biomedical applications.

Composite architectures consisting of graphitic carbon nitride quantum
dots/bismuth phosphate were synthesized by Li et al. (2014). Then as-
synthesized composite was used as a visible light-induced photocatalyst for
photodegradation of methyl orange with appreciable efficiency.
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A one-step sonochemical preparation of carbon dots (C-dots) doped with
Ga atom (Ga@C-dots) have been reported by Kumar et al. (2015). This syn-
thesis was carried out with molten Ga, and polyethylene glycol (PEG-400)
as the reaction medium for 30—120 min under sonication. It was revealed
that as-produced Ga@C-dots in PEG supernatant had an average diameter of
5 = 2 nm. The fluorescence emission of Ga@C-dots was used as a probe and
compared with pristine C-dots.

Kumar et al. (2016a,b) also used a sonochemical approach for the formation
of C-dots using ultrasonic irradiation. They sonicated a two-phase mixture to
yield Sn@C-dots and achieved Sn nanoparticles decorated by Sn@C-dots
(Sn@C-dots@Sn). They directly deposited as-synthesized Sn@C-dots@Sn
nanoparticles on the copper foil (current collector) and used them as a promising
anode for Li-ion batteries. It was revealed that high lithiation and delithiation
properties were present in Sn@C-dots@Sn nanoparticles with enhanced rate
capabilities and high coulombic efficiency due to the conducting carbon dot net-
work on the tin nanoparticles minimizing pulverization effects. They also
reported a one-step synthesis of carbon dots (Kumar et al., 2016a,b) via sonica-
tion of polyethylene glycol (PEG-400) for 0.5—3 h. They also observed the
effect of the different operational parameters on the size and the fluorescence of
the C-dots such as temperature, amplitude, and sonication. The average diameter
of the C-dots was found to be in between 2 and 9 nm; of course, it depends on
the conditions of preparation. The highest quantum yield of emissions was found
to be ~16%. High fluorescence properties of C-dots can find applications in
bioimaging and solar cells.

Sajjadi et al. (2017) prepared cadmium selenide/graphene quantum dots
(CdSe/g-QDs) nanocatalyst via a three-step sonochemical—hydrothermal
process. It was observed that they have a small bandgap and large specific
surface area. It was also observed that the sonocatalytic activity of as-
synthesized CdSe/g-QDs was enhanced in the degradation of methylene blue
as compared to pure CdSe nanoparticles. It was reported that the degradation
efficiency of methylene blue could reach 99% in 90 min under ultrasonic
irradiation in the presence of CdSe/g QDs. It was revealed that degradation
efficiency increased on the addition of K,S,0g and H,O, as enhancers, while
the presence of carbonate, sulfate, and chloride had an adverse effect. It was
also indicated that the CdSe/g-QDs sonocatalyst can be reused for up to five
successive runs.

The graphene/Ag;PO, quantum dot (rGO/Ag;PO, QD) composite was
synthesized by Reheman et al. (2018) via photoultrasonic-assisted reduction
method. It was confirmed that as-obtained Ag;PO, QDs were of the size of
1—4 nm and these were dispersed uniformly on rGO nanosheets. The photo-
catalytic activity of as-synthesized rGO/Ag;PO, QD composites was evalu-
ated for the decomposition of methylene blue. It was found that the best
results were obtained when the ratio W.Go:W composice Was kept at 2.3%. This
composite could degrade 97.5% of methylene blue within 5 min. It was
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indicated that enhanced photocatalytic activities and stabilities were due to a
synergistic effect between rGO and Ag;PO, QDs with a high specific surface
area. It was suggested that these rGO/AgzPO, QDs photocatalysts can find a
great potential in water splitting and sewage treatment. Kumar et al. (2019)
used sonochemistry to develop a one-pot synthesis of carbon dots, and
metal-doped CDs M@CDs (where M =Zn, Ag, Ga, and Au). The size of
these CDs was found to range between 2 and 10 nm. The highest quantum
yield of fluorescence emission was measured as ~ 16%. It was revealed that
M@CDs can be used for imaging and neuronal interactions. They also have
potential selective affinity, photostability, and biocompatibility. As-prepared
M@CD nanocomposites were biocompatible, as well as photostable, so that
these can be used for different multifunctional biomedical applications.

Lu and Zhou (2019) prepared fluorescent carbon quantum dots via a
sonochemical approach. As-prepared QDs were low cost with high effi-
ciency. They prepared nitrogen-doped CQDs (NCQDs) by ultrasonic treat-
ment of dopamine in dimethylformamide for 8 h. It was reported that
as-obtained NCQDs had high water dispersibility as well as stability, within
a range of pH and ionic strength, and exhibited bright and stable fluores-
cence, high photostability, and low cytotoxicity. The fluorescence of CQDs
can be quenched by Fe ions in the range of 0—50 um in both water as well
as in the interior of cancer cells. The limit of detection was found to be
38 nm. It was also proposed that the QDs can serve as a nanothermometer to
sense temperature both in water as well as in cells.

A template-free sonochemical synthesis of a-Bi,O3/C-dots was reported
by Sharma et al. (2019). It was confirmed that a-Bi,O3 in the nanocomposite
was present in monoclinic phase and crystallite size with 28.75 nm. The
bandgap of as-prepared nanocomposite was determined to be 2.49 eV. This
photocatalyst was used for photocatalytic degradation of 86% of indigo car-
mine dye under visible light. It was reported that dye was degraded in 2 h as
compared to pure a-Bi,O;, which only degraded 57%. The Bi,Os/C-dots
could also achieve about 79% degradation of levofloxacin within 2 h. It was
revealed that hydroxyl radicals and electrons played major roles in the photo-
catalytic degradation of indigo carmine, as evident from scavenger studies.

Yuan et al. (2019) reported a sonochemistry-assisted synthesis of hybrid
black/red phosphorus quantum dots (BP/RPQDs). As-prepared quantum dots have
small sizes, tunable bandgaps, and high absorption coefficients. They can find
application in dye-sensitized solar cells (DSSCs). It was observed that as-prepared
hybrid BP/RPQDs exhibited high light-response over a wide range of wavelength
(ultra-violet to visible and even near-infrared region) along with longer recombi-
nation lifetime of photo generated carriers. It was revealed that DSSCs with
BP/RPQDs and BP/RPQDs-N719 cosensitizer could achieve efficiencies of
0.12% and 8.02%, respectively as compared to 7.60% for N719-only solar cell.

Kaimal et al. (2022a) synthesized graphene quantum dots (GQDs) via
ultrasonication and fabricated a glassy carbon electrode embedded on
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amine-functionalized silica nanoparticles (Si NPs). It was reported that
as-developed electrode exhibited a good response to glutathione (most abun-
dant antioxidant in the majority of cells and tissues) with a wide linear range
(0.5—7 pm) and a low detection limit of 0.5 pm with high sensitivity. It was
revealed that reproducibility, outstanding selectivity, and long-term stability
of these as-prepared QDs can find application in real sample analysis even in
the presence of interferences.

Kaimal et al. (2022b) prepared gold-loaded boron-doped graphene quantum
dots (Au@B-GQDs) interface using the ultrasound-aided reduction method. A
sensor was constructed by depositing these as-prepared Au@B-GQDs (thin layer)
on a glassy carbon (GC) electrode and they were used for electrochemical stud-
ies. These as-obtained QDs have good reproducibility, long-lasting stability,
prominent selectivity, and repeatability. It was reported that as-fabricated
Au@B-GQDs/GC electrodes can be used as simple and effective sensing plat-
forms for the detection of guanine and adenine in neutral media.

8.3.7 Others

Pejova et al. (2011) studied transport properties of sonochemically synthesized
three-dimensional (3D) assemblies of AgBiS, quantum dots (thin films). The
bandgap energy was determined as ~ 1.18 eV, which was found to be higher
than the optical bandgap of a bulk semiconductor. It may be attributed to 3D
confinement effects on the charge carrier motions within individual QDs. Panda
et al. (2017) prepared AgInS, (silver indium sulfide) quantum dots with size
~ 1.4 nm by a sonochemical method in 5 min. They used dodecylamine as a
capping agent. The bandgap of as-prepared AgInS, QDs was found to be about
2.15eV.

Pejova et al. (2020) synthesized quantum nanocrystals of CulnS,
(cubic modification) by a sonochemical route. It was reported that average
particle size, size distribution and degree of structural disorder of these
CulnS; can be controlled by adjusting reactor content and exposure to ultra-
sonic irradiation. It was revealed that bandgap of as-prepared material can
also be tuned. As-prepared material can find application in materials in opto-
electronics and solar cells based on inorganic semiconductor systems. Zhang
et al. (2020) fabricated AgCl quantum dots via ultrasonic method. The aver-
age size of AgCl QDs was found to be 2.5nm. It was reported that
as-prepared AgCl QDs exhibited an excellent photocatalytic activity for deg-
radation of rhodamine B and tetracycline under visible light irradiation. It
was also revealed that degradation rate of rhodamine B and tetracycline
could reach up to 96.6 and 72.2%, respectively in 20 min, which was much
higher with AgCl nanoparticles (23 nm) and AgClI nanospheres (114 nm).

Ramalingam et al. (2021) deposited silver quantum dots particles and
nanoparticles of magnetite on nanotubes of bismuth in situ doped manganese
oxide (Bi-MnOx). It was reported that Ag QDs particles with very fine size
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and Fe;0O,4 nanoparticles were incorporated into the Bi-MnOx polymer com-
posite through high power ultrasonication deposition method. It was reported
that nanoparticles of silver were spherical in shape with size ranging between
5—15nm and these were deposited on the Bi-MnOx surfaces (porous). On
the other hand, Fe;O, particles (nanorods) were deposited on Bi-MnOx
nanotube composite. As-prepared nanoparticle-modified Bi-MnOx composite
electrode can be used as electrochemical sensor for hydrogen peroxide detec-
tor. It was also revealed that as-prepared Fe;O, and Ag QDs particle-
modified Bi-MnoOx nanotubes could remove more than 90% Cr (VI) within
60 min.

8.4 Conclusion

There is a wide range of available methods for synthesizing quantum dots
including top-down and bottom-up approaches. Sonochemical synthesis of
quantum dots has certain advantages over other conventional methods such
as high purity, higher surface area, uniform size distribution, no requirement
of additives, and a faster rate. However, it is associated with a disadvantage
in that a relatively low yield is obtained, which can be overcome by certain
modifications. Quantum dots of various metals, their chalcogenides, and
some nonmetals-based QDs have been discussed with their applications. This
approach can occupy a prominent position amongst other methods of synthe-
sizing quantum dots in the coming few decades.
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9.1 Introduction

Photocatalysis is a branch of chemistry that deals with chemical reactions
taking place in the presence of light and a photocatalyst. A photocatalyst is a
semiconductor that enhances the rate of reaction by its presence. Thus photo-
catalysis is a phenomenon, where an electron—hole pair (exciton) is gener-
ated on exposing semiconducting materials to light of suitable energy. Thus
the chemical reactions that occur in the presence of a semiconductor and
light are collectively termed as photocatalytic reactions. Photocatalytic reac-
tions are mainly classified into two categories: (1) homogeneous photocataly-
sis, where substrate and photocatalyst both exist in the same phase; and (2)
heterogeneous photocatalysis, in which substrate and photocatalyst exist in
different phases.

Different dyes and some soluble coordination compounds are used as
homogeneous photocatalysts, whereas different semiconducting powders are
good examples of heterogeneous photocatalysts. The importance of photoca-
talysis lies in the fact that a photocatalyst provides both an oxidation and
reduction environment simultaneously. This field has been extensively
reviewed by various researchers (e.g., Fox and Dulay, 1993; Ameta et al.,
1999; Chong et al., 2010; Pelaez et al., 2012; Ameta et al., 2013; Ibhadon
and Fitzpatrick, 2013; Schneider et al., 2014; Ameta and Ameta, 2016;
Zhang et al., 2019; Djurisi¢ et al., 2020; Ren et al., 2021).

Photocatalysis is a main tool in dealing with some major problems of the
world such as environmental pollution, wastewater treatment, water splitting for
combating energy crises, self-cleaning, antifogging, biomedicals, solar cells, etc.

Thus heterogeneous photocatalysis involves a chain of oxidative and reduc-
tive reactions on the surface of the photocatalyst. The energy difference between

Quantum Dots. DOI: https://doi.org/10.1016/B978-0-12-824153-0.00009-4
© 2023 Elsevier Inc. All rights reserved. 169


https://doi.org/10.1016/B978-0-12-824153-0.00009-4

170 Quantum Dots

the valence band and the conduction band is called the bandgap (Eg). When a
photocatalyst is exposed to light of the desired wavelength (sufficient energy,
i.e., equal to or more than bandgap), the energy of photons is absorbed by an
electron (e ) of the valence band and it is excited to the conduction band. In this
process, a hole (h™) is created in the valence band. This process leads to the for-
mation of photoexcitation state e~ and h™ pair. This excited electron is used for
reducing an acceptor, while a hole is used for oxidation of donor molecules.
There are some advantages of photocatalysts and these are:

o The catalyst is low cost, nontoxic, and reusable.

e The only requirement for such a reaction is the presence a semiconductor
and light.

e The process takes place at ambient conditions.

o The pollutants may be degraded finally to CO,, H,0, and other inorganic
substances, that is, complete mineralization.

Water is a universal solvent and it is required for the survival of life on
this planet. Water is polluted due to an increased utilization in domestic and
industrial activities, which poses a special threat of contaminating surface
and groundwater. In recent years, advanced oxidation processes (AOPs), par-
ticularly photocatalysis, have been applied to treat wastewater problems.
This is a green method to oxidize organic contaminants with strong reactive
oxidizing radical species like .OH, HOO., O[., etc. It fulfills the goals
of being environmentally friendly and showing sustainable development due
to the unique electronic, optical, and structural properties. The important
aspect of these nanoscale materials is their large surface area-to-volume ratio
and quantum confinement effects, which are necessary for catalysis.

After the discovery of quantum dots (QDs), their potential applications for
chemical sensing, bioimaging, drug delivery, and photocatalysis have been tre-
mendously developed. It is due to their excellent aqueous solubility, magnificent
electron transfer, and ability to harness light to make full utilization of solar
insolation. Green QDs, particularly carbon QDs (CQDs), have received consid-
erable interest in this blooming field due to their nontoxic behavior, greater sus-
tainability, outstanding photostability, and their natural photoluminescence
properties. These CQDs also have tunable optical properties and high biocom-
patibility; as a result, they have a number of applications. The importance of
such studies lies in designing efficient photocatalysts, surface modification,
charge transfer, and development of ternary photocatalysis. These techniques
will significantly increase the photocatalytic activity of semiconductors with
wide bandgaps, which can be utilized for solar energy conversion.

9.2 Quantum dots

QDs are semiconductor nanoparticles that exhibit size and composition-
dependent optical and electronic (optoelectronic) properties. These are ultrasmall
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in terms of size, ranging between 2.0 and 10.0 nm. These can be used in waste-
water treatment (removal or degradation of pollutants), hydrogen generation
from water (as the fuel of future), reduction of carbon dioxide (putting a check
on ever increasing amount of CO, in atmosphere, that is, controlling global
warming), and converting solar energy into electrical energy (solar cell, drug
delivering), etc.

9.3 Wastewater treatment

Industries are regularly increasing the level of manufacture of materials due
to the demands of society. These materials include different drugs, dyes, pes-
ticides, etc. These industries release their effluents into the water resources
with no or negligible treatment. As a result, water is polluted. Most of the
chemicals are quite toxic and some of them are even carcinogenic, and there-
fore there is a necessity to treat wastewater by any alternate but eco-friendly
and effective method. Photocatalysis can degrade most of these pollutants
through oxidation because it is one of the techniques involving AOPs (green
chemical pathways).

Wahab et al. (2013) compared the photocatalytic properties of TiO, and
ZnO QDs for oxidation and degradation of acetaldehyde in gaseous phase. It
was observed that rate constant for as-prepared ZnO QDs and Degussa P-25
was 8.3 X 1077 and 1.9 X 10”2 min., respectively about, which was about
two times. Their efficiencies were 70% and 92% for Degussa P-25 and
Zn0O-QDs, respectively in 2 h. It was observed that as-prepared QDs were of
6—7 nm size with wurzite phase.

Quan et al. (2016) prepared quasinoble-metal graphene QDs (GQDs)
deposited stannic oxide by just sintering citric acid and SnO, together. A
redox process between GQDs and SnO, generated oxygen vacancy (OV)
states somewhere below the conduction band of stannic oxide. These VOs
will shift the optical absorption band of SnO, towards the visible light
region. The GQDs can also effectively increase the charge separation effi-
ciency through noble metal promoting visible light response to some extent.
The best performance was exhibited by samples calcinated at 450 °C due to
relatively high concentrations of VOs. This study revealed that a combina-
tion of defect modulation and noble metal deposition together increased the
photocatalytic activity.

Zeng et al. (2016) reported that when graphene oxide QDs (GOQDs) are
covalently bonded onto amino modified polyvinylidene fluoride (PVDF) mem-
brane, it resulted into a new type of nanocarbon functionalized membrane with
remarkable enhanced antibacterial and antibiofouling properties. An Escherichia
coli containing water exhibited a decrease in relative flux over GOQDs modified
PVDF, which was 23%, and it is significantly lower than with GO-sheet modi-
fied PVDF (62%) and pristine PVDF (86%) after 10 h of filtration. The GOQD
coating layer effectively inactivated Staphylococcus aureus and E. coli cells
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such that the biofilm could not form a membrane surface. As a result, antimicro-
bial activity and antibiofouling capability was improved as compared to GO and
CNTs modified membranes. This better performance may be due to uniform
dispersion and unique structure of GOQDs. A long-term stability and durability
was observed in GOQDs modified membrane due to strong covalent interaction
between GOQDs and PVDF.

Cheraghizade et al. (2017) synthesized tin sulfide QDs by sonication. It was
indicated that SnS and Sn,S; (orthorhombic phase) and SnS, (hexagonal phase)
wer present and the particle size of these QDs was smaller than other QDs. It
was observed that smaller spherical shaped particles were obtained on increasing
sonication time. A greater photocatalytic activity was observed for tin sulfide
QDs, which were synthesized with longer sonication time. It was reported that
solar cell devices constructed using as-prepared tin sulfide QDs exhibited a better
performance. This shows that the duration of sonication is an important factor
that affects the synthesis process as well as the optical, electrical, photocatalytic,
and photovoltaic conversion properties of these QDs.

Xu et al. (2019) fabricated CQDs-N-TiO,_, nanocomposites by decorat-
ing CQDs on the Ti** and nitrogen codoped TiO, nanoparticles via a combi-
nation of the hydrothermal—calcination method. The formation of N/Ti*™*
codoping levels and introduction of CQDs in the nanocomposite was also
confirmed. It was observed that as-prepared CDs-N-TiO,_, nanocomposite
showed increased visible light absorption as well as better charge separation
compared to pristine CQDs-TiO,, TiO,, N-doped TiO, (N-TiO,), N and
Ti*" codoped TiO, (N-TiO,_,). As-prepared CQDs-N-TiO,_, nanocompo-
site exhibited an excellent performance for Cr(VI) reduction in the presence
of visible light (Fig. 9.1). It was reported that there was significant increase
in the reduction of Cr(VI) on addition of citric acid (hole scavenger).
As-prepared CQDs-N-TiO,_, nanocomposite was found to exhibit efficient
photocatalytic reduction of Cr(VI) in real samples of wastewater.

There are three important factors that control recovery: draw solution
(DS), forward osmosis, and membrane. Doshi and Mungray (2020) reported
the synthesis of a novel DS based on CQDs via two different hydrothermal
methods (autoclave, A-1; reflux, R-1). They used tulsi (Ocimum tenuiflorum)
for this purpose. It was found that 5% CQDs prepared by R-1 with 50%
glycerol DS (TCQD-G) was found to be effective in inhibiting microbial
growth. It was observed that the highest water flux (5.34 LMH) could be
achieved with synthetic wastewater (feed solution) using TCQD-G as a DS.

Zhang et al. (2020) studied the use of dual QDs cocatalyst for remedia-
tion of organic pollutants. H,O, is considered a green oxidant. They reported
that FeOOH QDs/CQDs/g-C3N4 composite (FCCN) showed excellent photo-
activity for the degradation of oxytetracycline (OTC) under visible light irra-
diation. The enhanced photoactivity was due to photoexcited electron
transfer, where electrons can be quickly utilized by molecular oxygen to
form H,0, This results in facilitating the activation of oxygen molecules.
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FIGURE 9.1 Photocatalytic reduction of Cr (VI). Adapted from Xu et al., 2019. Chem. Eng. J.,
357, 473—486. With Permission.

The Fe’" in FeOOH QDs was also reduced to Fe?* by these photoexcited
electrons, which react with H,O, to produce the ® OH radicals responsible
for photodegradation. As a result, surface carrier transfer efficiency (41.01%)
was enhanced as compared to only g-C3N, and CQDs/g-C3N, photocatalyst.

9.3.1 Dyes

Different dyes are synthesized and manufactured to fulfill the demand of dif-
ferent color shades by the society, but these are very harmful. If these dyes
are accumulated in nearby water resources, this can harm aquatic life, animal
life, and human beings on consumption of this polluted water. Thus effluents
containing different dyes are to be given photocatalytic treatment, before
release to water bodies.

Colloidal oil-soluble Bi,O; QDs were synthesized by Zhang et al. (2010).
Water-soluble Bi,O; QDs were produced from oil-soluble QDs through phase
transfer by modifying the surface with mercaptopropionic acid. It was reported
that water-soluble Bi,O; QDs exhibited outstanding photocatalytic activity for the
degradation of methyl orange over a wide range of pH. As-prepared Bi,O; QDs
maintained high degradation efficiency even after several cycles. Kusic et al.
(2011) reported the use of QDs nanoparticles for treatment of colored wastewater.
They used chemical processes for water treatment and disinfection (direct ozona-
tion and direct UV photolysis) for the degradation of colored organic pollutant
(reactive azo dye), in the presence of CdSe/ZnS core—shells QDs.

Chen et al. (2013) reported hybrid metal oxide QDs, where Cu,O and
Fe, O, were anchored on TiO, blocks (Cu,O/TiO, and Fe,O/TiO,). Their
photocatalytic activities were examined by photocatalytic decoloration of
methylene blue in the presence of visible light as well as simulated sunlight.
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It was observed that these hybrid metal oxide QDs were dispersed uniformly
on TiO, blocks and both copper and iron were present in mixed valence
states (Fe>" and Fe*"; Cu™ and Cu®™).

Mansur et al. (2014) reported the fabrication of nanophotocatalysts based
on ZnS QDs, which were functionalized with chitosan (CHI) using a green
method at room temperature. It was observed that in as-prepared ZnS/CHI
nanophotocatalysts (ZnS—CHI) CHI was acting as an effective capping
ligand to produce water-soluble ZnS QDs with an average size of 3.8 nm.
They selected two model organic pollutants (methylene blue and methyl
orange), and these were effectively degraded by ZnS/CHI under UV irradia-
tion. It was also observed that ZnS—CHI nanoconjugates displayed blue
photoluminescent behavior, when excited by UV radiation.

Muthulingam et al. (2015) prepared composites containing CQDs/nitro-
gen-doped ZnO (CQD/N-ZnO) via a one-step method. Three dyes were
selected as model pollutants: fluorescein, methylene blue, and malachite
green. It was reported that as-prepared CQD/N-ZnO photocatalyst exhibited
an increased cohesiveness to degrade all these three dyes within 30—45 min
in the presence of daylight. Also, it was found that the composite can be
reused because of its antiphotocorrosion behavior furnished by CQDs.

Saud et al. (2015) prepared CQDs/titanium dioxide (CQDs/TiO,) composite
nanofibers through hydrothermal route. It was revealed that the photocatalytic
efficiency of as-prepared composite nanofibers was found to be higher than pris-
tine TiO, nanofibers for the degradation of methylene blue under visible light
irradiation as well as antibacterial properties against E. coli. The anchored
CQDs can increase light absorption as well as suppressed recombination of
photogenerated electron—hole pair resulting in an increase in photocatalytic and
antibacterial properties.

Vidhya et al. (2015) reported a modified green synthesis route to prepare
pure and starch-capped ZnO (ZnO/starch) QDs. It was observed that a hexag-
onal crystal structure was present in both pure and ZnO/starch QDs, as evi-
dent from XRD data. It was reported that the particles were spherical in
shape with a size of 5—10 nm. It was revealed that ZnO/starch QDs showed
an increased emission behavior as compared to ZnO QDs. The photocatalytic
activity of ZnO QDs was evaluated using the degradation of rhodamine B.
Here, it was found that ZnO/starch QDs showed a higher decomposition of
dye as compared to pure ZnO QDs.

Fan et al. (2016) synthesized GQDs and polymer-modified GQDs using a
hydrothermal method. They used citric acid as a precursor of carbon. The GQDs
were modified with polyethylene glycol and polyethylenimine. It was revealed
that GQDs were uniform in size (2—5 nm). The photocatalytic activity of these
samples was evaluated for the degradation of methylene blue. It was observed
that the rate of photocatalytic degradation was found to be in the order:

GQDs > GQDs-PEIs > GQDs-PEGs



Application of quantum dots in photocatalysis Chapter | 9 175

Miao et al. (2016) prepared CQDs embedded in mesoporous TiO, materi-
als via a sol—gel method. It was observed that the nanoparticles were ran-
domly packed in inverse surfactant micelles and mesopores are formed by
interconnected intraparticles. The photocatalytic activity of as-prepared
CQDs/meso-Ti-450 was observed in the degradation of methylene blue. It
was observed that photocatalytic activity of the composite material was greatly
increased due to the upconversion property and electron withdrawing property
of CQDs. The highest photocatalytic activity was obtained by the sample
(5% CQDs/meso-Ti-450). It was observed that almost 98% dye was removed
while only 10% methylene blue can be degraded by commercial P 25.

Rajabi and Farsi (2016) studied the effect of capping agent on the photo-
catalytic properties of zinc sulfide QDs. They synthesized ZnS QDs by an
aqueous chemical precipitation method using different capping agents
(thiourea, 2-mercaptoethanol, and I-cysteine). It was observed that the optical
absorption band of ZnS nanostructures also changed with capping agents.
As-prepared ZnS QDs were used for photodegradation of crystal violet as a
model dye in an alkaline medium with a low concentration of QDs.

Zhang et al. (2016) prepared nitrogen-doped CQDs/TiO, (NCQDs/TiO,)
hybrid composites. It was reported that the NCQDs were introduced onto the
TiO, surface. The photocatalytic activity of as-prepared NCQDs/TiO, hybrid
composites was evaluated by selecting methylene blue as the target pollutant.
It was found that the photodegradation efficiency of dye over INCQDs/TiO,
was about 86.9%, which was much more than pristine TiO, (53.8%) The
increased photocatalytic activities of NCQDS/TiO, hybrid may be due to
interfacial transfer of photogenerated charges to NCQDs from the conductive
band of TiO,. leading to effective charge separation in TiO,.

Anh et al. (2017) fabricated N, S-codoped GQDs (N, S-GQDs) by a
hydrothermal route. It can be used for selective and sensitive detection of
mercury ions (Hg*") in water as well as wastewater. It was reported that as-
prepared N, S-GQDs were uniform in size with an average particle size of
3.5*0.5nm. It was reported that doping of nitrogen atoms increased the
quantum yield up to 41.9%, whereas sulfur atoms were responsible for better
selectivity of Hg*" through strong coordination interaction. It was found that
the fluorescence intensity of N, S-GQDs was proportional to Hg?* quench-
ing with a limit of detection of 0.14 nM. As-prepared N, S-GQDs were used
for detecting mercuric ions samples of sewage and dye wastewater.

Kumar et al. (2018) synthesized GQDs decorated ZnO nanorods hetero-
junctions. They evaluated photocatalytic performance of these heterojunc-
tions for the degradation of methylene blue and also carbendazim, a
fungicide in the presence of sunlight. It was observed that this heterojunction
with 2 wt.% of GQD (ZGQD?2) exhibited best photocatalytic degradation
(about 95%) of methylene blue and carbendazim as compared to ZnO and
GQD in 70 min. Higher photocatalytic activity of these ZnO-GQD hetero-
junctions may be due to an efficient charge carrier separation, increased light
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absorption from UV to visible region, as well as high specific surface area of
the ZGQD2 heterojunction.

Qu et al. (2018) prepared CQDs/KNbOj3 photocatalyst, via hydrothermal
and mixed-calcination methods, and it was a visible light driven composite.
They also evaluated the photocatalytic activity of CQDs/KNbO; composites
for the degradation of crystal violet dye along with hydrogen production
under visible light (Fig. 9.2). It was reported that CQDs/KNbO3; composites
exhibited much higher photocatalytic activity than the KNbO;. This is all
due to the presence of CQDs as cocatalyst on KNbOj particles surface. This
formed much more active sites, which can trap electrons; thus inhibiting
recombination of photogenerated electron—hole pairs. It was also observed
that as-prepared CQDs/KNbO5 can be used again even after four repetitive
cycles.

Gao et al. (2019) synthesized CQDs via a hydrothermal method. They
used waste larch wood as the raw material. The 3D Bi,MoOg hollow micro-
spheres can be prepared by a mixed solvothermal method without using any
surfactants. The Bi,MoO¢ was used as a matrix and it was doped with CQDs
to get a new composite material (CQDs/Bi,M0QOg). It was observed that
methylene blue was degraded by Bi,MoOg hollow microspheres in the pres-
ence of visible light. This photocatalytic performance was found to increase
when these hollow microspheres were modified with CQDs.

Jat et al. (2019) investigated the photocatalytic degradation of fast green
in the presence of visible light using SnO,-TiO,. They prepared SnO, QDs
by a hydrothermal method using stannic chloride (hydrate) as the source of
tin. This composite exhibited more photocatalytic activity than titania nano-
powder for the degradation of fast green. Karimi et al. (2019) synthesized
zinc sulfide QDs by chemical precipitation method under ultrasonic radia-
tion. They used two capping agents, l-cysteine and 2-mercaptoethanol. It was
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FIGURE 9.2 Photocatalytic hydrogen generation by CQDs/KN composite. Adapted from Qu
et al., 2018. Mol. Catal., 445, doi: 10.1016/j.mcat.2017.11.002. With Permission.
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observed that the as-synthesized QDs were cubic in structure with a particle
size less than 10 nm. These QDs were then used for the degradation of crys-
tal violet. It was also revealed that QDs can be reused five times without any
significant loss in photocatalytic activity.

Lin et al. (2019) synthesized ternary heterostructure photocatalyst by
coanchoring the NCQDs and graphitic carbon nitride QDs (CNQDs) on the
surface of BiVO, microspheres. The as-synthesized BiVO,/CNQDs/NCDs
ternary heterostructure was found to exhibit an excellent photocatalytic activ-
ity for the degradation of rhodamine B and tetracycline in the presence of
visible light as compared to pure BiVO,, BiVO,/NCDs, and BiVO,/CNQDs.
The higher photocatalytic activity in this composite may be attributed to an
efficient separation and transport of photogenerated charge carriers.

Sharma et al. (2019) reported a template-free sonochemical synthesis of
a-Bi,O3/C-dots. They used this composite for the degradation of indigo car-
mine and levofloxacin under visible light (Fig. 9.3). It was reported that
«a-Bi,05 in the nanocomposite has a monoclinic phase. Its bandgap was
found to be 2.49 eV. The as-prepared photocatalyst exhibited higher visible
light driven photocatalytic activity for the degradation of indigo carmine
(86%) than a-Bi,O3 (57%) and levofloxacin (79%) within 2 h. It was con-
firmed that hydroxyl radicals played a dominant role in the photocatalytic
degradation of indigo carmine.

The plasmonic Au nanoparticle (NP)/SnO, quantum dot (SQD) (Au/SQD)
nanocomposites were prepared by Babu et al. (2019) via a solvothermal method.
The photocatalytic activity of as-prepared plasmonic Au/SQD nanocomposites
was evaluated for the degradation of rthodamine B. The Au/SQD photocatalyst
prepared by using tin chloride (1.0 g), exhibited better dye degradation as com-
pared to pristine SQDs. This increased catalytic performance may be attributed
to a shift of the bandgap from the UV to visible region. It was also revealed
that synergistic coupling of the semiconductor and metal QDs as well as surface
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FIGURE 9.3 Photocatalytic degradation of indigo carmine and levofloxacin in the presence of
a-BiyO5/C-dot. Adapted from Sharma et al., 2019. J. Colloid Interf. Sci., 533, 227—237. With
Permission.
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plasmon resonance effect of Au NPs played an important role in increasing the
catalytic performance.

Xu et al. (2022a) synthesized TiO, thin flakes modified with g-C3Ny
QDs. It was revealed that g-C3N, QDs were in the size of ~10 nm. It was
observed that TiO, nanoflakes/g-C3N, QDs hybrid exhibited an excellent
activity for hydrogen evolution from methanol degradation of rhodamine B
(Fig. 9.4).

Jacob et al. (2020) reported the coupling of sulfate reduction with the pre-
cipitation of zinc as ZnS QDs at ambient conditions. It was observed that
biogenic ZnS QDs had average sizes of 5—7 nm and their formation took
2—4 days of incubation. There was an absorption peak (<325 nm), which
may be due to surface plasmon resonance of ZnS QDs and the bandgap of
these biogenic ZnS QDs was found to be 3.84 eV. These QDs were success-
fully used as effective photocatalysts for photoassisted decolorization of
Congo red.

Jamila et al. (2020a) fabricated an effective CuO/NCQDs solar photocata-
lyst using p-type copper oxide, which was modified with NCQDs. A leaf-
like morphology for CuO was confirmed for CuO/NCQDs composites by
SEM images. It was confirmed that NCQDs are well incorporated on nano-
leaves of CuO. As-prepared photocatalyst was used for the degradation of
methyl orange (Fig. 9.5). It was observed that this composite catalyst showed
higher degradation efficiency as compared to pure CuO nanoleaves, which
was attributed to an increased charge separation ability and visible light
absorption.

Jamila et al. (2020b) also prepared NCQDs by modifying the surface of
graphene oxide (GO) incorporated WOj3; nanosheets. It was observed that the
surface of WO; nanosheets was modified with morphological defects so that
more active sites were available there. As-synthesized ternary composites
were used to degrade methyl orange photocatalytically. These ternary

g-C;N,QDs hhe \
TiO: nénc;ﬂakos OH

TiOz nanoflakes/g-CsNs QDs (x) Z-scheme

FIGURE 9.4 Use of TiO, nanoflakes/g-C5N, for hydrogen generation along with degradation
of rhodamine B. Adapted from Xu et al, 2022a. Chem. Eng. J. 430, doi: 10.1016/j.
cej.2021.132861. With Permission.
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FIGURE 9.5 Photocatalytic degradation of methyl orange on CuO/NCQDs. Adapted from Jamila
et al., 2020. J. Phys. Chem. Solids 138, doi: 10.1016/j.jpcs.2019.109233. With Permission.

composites exhibited an excellent photocatalytic activity as compared to
binary and WO; photocatalysts.

The NCQDs were modified with defect-rich g-C3N, (DCN) (NCDs/DCN) by
Liu et al. (2020) using an impregnation method. As-prepared NCDs/DCN with
narrow bandgap showed excellent visible light absorption and electron transfer
ability, which were found useful for photocatalysis of rhodamine B degradation
and simultaneous production of H,. These NCDs/DCN expressed better effi-
ciency in removal of different combination pollutants such as bisphenol A
(BPA)/Cr(VID), ofloxacin (OFL)/Cr(VI), and ciprofloxacin (CIP)/Cr (VI) than in a
single system. This is due to the synergistic effect between oxidation of organic
pollutants and reduction of Cr(VI). An excellent photocatalytic H, generation
activity and degradation of rthodamine B was there simultaneously with the evo-
lution of H, (3.68 pmol h™" g™ ") and 100% removal of dye, respectively.

Vatanpour et al. (2020) used GQDs for preparing polyvinyl chloride
(PVC) blended matrix. It was then used for the removal of reactive blue
19 dye from wastewater. An improved antifouling performance was also
reported by the filtration of bovine serum albumin (BSA) solution. When
GQDs were added to the PVC matrix (1 wt.%), it was found that water flux
reached 19.1 Lm™? hfl, which was around 56% higher than the unfilled
membrane. It was observed that as-prepared PVC membranes have rejection
of reactive blue 19 (>96%) and BSA (>98%).

Hui et al. (2021) synthesized heteroatoms-doped CQDs using rice husk as
a biowaste precursor. They studied the effects of nitrogen and bismuth dop-
ing. They used ethylenediamine and bismuth nitrate pentahydrate as the
source of nitrogen and bismuth, respectively. It was observed that these
CQDs were spherical in shape with a size of less than 10 nm. The addition
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of bismuth nitrate pentahydrate and ethylenediamine tuned the fluorescence
intensity and shifted the emission to higher wavelength from the blue to
green region. The activity of rice husk derived CQDs (RHCQDs) was exam-
ined by photodegradation of methylene blue as well as removal of copper
(ID). It was revealed that Bi-RHCQDs (5 wt.%) and N-RHCQDs (10 vol.%)
exhibited the highest methylene blue degradation performance, 68.91% and
72.16%, respectively. These doped RHCQDs were also tested for removal of
copper(Il) with 56.23% and 33.13%, efficiency.

Sahu et al. (2021) decorated GO with SnO, QDs and used them for the
degradation of methylene blue under visible light. It was revealed that about
~94% methylene blue was degraded using only 0.5 mg of GO-SnO, catalyst
in 30 min. The preparation of GQDs from pyrocatechol has been reported by
Mandal et al. (2021) at different pH. The photocatalytic behavior of
as-synthesized GQDs was evaluated in the degradation of two dyes, methyl
orange and methylene blue, in the presence of visible light irradiation.

Empty fruit bunches by-products of palm oil mill industry containing
lignin were used as raw material in the fabrication of sulfur-doped CQDs
(SCQDs) by Abd Rani et al. (2021) through a hydrothermal treatment. The
SCQDs remained unchanged even after several hours of UV light exposure
and also after storage for 8§ months, which indicates the excellent stability.
The average particle size of as-prepared SCQDs was found to be 2.9 nm.
The photocatalytic activity of SCQDs was evaluated for the degradation of
crystal violet dye under UV light, which could reach 99.7% degradation in
200 min.

The TiO,/GQDs nanocomposite was synthesized by Niazi et al. (2021)
and used for the degradation of textile dye, reactive black 5 (RBS5). It was
reported that almost complete (100%) degradation of 50 ppm RBS5 could be
achieved by TiO,/GQDs within 30 min under sunlight irradiation. The main
active species for the degradation of RB5 was confirmed as surface hydroxyl
radicals based on scavenger studies.

Ahlawat et al. (2021) synthesized CQDs via a microwave-assisted
method. It was reported that CQDs were small in size (about 2 nm) with
spherical shapes. The photocatalytic degradation of rhodamine B was studied
in the presence of CQDs and the highest degradation of 99.7% could be
achieved under UV light irradiation.

Hatefi et al. (2021a,b) reported that photocatalytic activity was enhanced
in electron-rich GQDs with Fe;0,4/TiO, nanocomposites. They could achieve
86.08% removal efficiency of methylene blue, which was more than with
TiO,. The as-synthesized material improved photocatalytic efficiency for the
degrading MB under UVA light irradiation compared with merely pure ana-
tase TiO5.

Two samples of zinc oxide QDs (ZQs) (S; and S,) were synthesized by
Mohamed et al. (2021) via a solvothermal method. The crystallite size of
these samples, S; and S,, was found to be 8.4 and 9.6 nm, respectively. It
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was revealed that the sample S; exhibited the best degradation of dianix blue
dye. Sharma et al. (2021) synthesized CQDs via a hydrothermal method.
They used m-phenylenediamine and I-glutamic acid for this purpose. Then
these were combined with nano-TiO, to obtain CQDs/TiO, composites. It
was observed that CQDs/TiO, (CT-1) composite with 1:1 molar ratio of
I-glutamic acid to TiO, exhibited the best degradation efficiency for methyl
orange. It was revealed that sample CT-1 can degrade 70.56% of methyl
orange, which was almost is 12.7 times higher than that of TiO,.

The ZQs was synthesized by Mohamed et al. (2022) using a modified
precipitation process. The crystallite size of ZQs was found to be 4.4 and
5.3 nm for the ZQ1 and ZQ2 samples, respectively. The photodegradation
process of indigo carmine dye ZQ1 reached the highest synthetic levels equal
to 1.718 X 10 %s~'. They tried it on 16 factory effluents samples, and it
was observed that it can be used for 10 replication cycles after recovery in
the presence of ZQs by sunlight for 2 months.

Smrithi et al. (2022) reported the green synthesis of NCQDs via a hydro-
thermal technique using extract of Cucurbita pepo. The photocatalytic activi-
ties of NCQDs were evaluated for the degradation of crystal violet under
visible light. They could achieve 99.9% degradation of crystal violet in 3 h
in the presence of 1 mL H,O,. It was revealed that a prominent role was
played by ® OH radicals in this degradation.

The black phosphorus QDs (BPQDs) were prepared by Fan et al. (2022)
and photocatalytic activity of BPQDs was investigated by selecting indigo
carmine as a model dye. It was observed that decolorization efficiency of
this dye could reach 98.22% in the presence of sunlight.

Sun et al. (2022) synthesized cerium dioxide QDs modified graphitic car-
bon nitride. It was reported that CeO,QDs was dispersed homogeneously on
the surface of g-C3N,. It was observed that as-prepared CeO,QDs/g-C3Ny
exhibited a higher rate for the photodegradation (0.00985 min~ ') for rhoda-
mine B, which was found to be that seven times higher than that with single
g-C3Ny (Fig. 9.6).

9.3.2 Drugs

Pharmaceuticals and personal care products are required by the society and
their use is increasing day by day. These are emerging as water contaminants
as they can affect the quality of water adversely. This results into a potential
harm to water supplies, ecosystem and human health. Photocatalysis can
degrade these water pollutants into almost harmless products.

Shi et al. (2015) used CdS QDs modified nitrogen-doped TiO, plates
(NTP) for decomposition of diclofenac (DCF). They used thiolactic acid as a
linker to bind CdS QDs on NTP in situ. This composite NTP/CdS exhibited
much higher photocatalytic activity for the degradation of DCF under visible
light. It was observed that degradation rate was significantly increased as
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FIGURE 9.6 Photocatalytic degradation of rhodamine B on CeO,QDs/g-C3N,4. Adapted from
Sun et al., 2022. Appl. Surf. Sci., 576, doi: 10.1016/j.apsusc.2021.151901. With Permission.

compared to NTP and CdS, which was about 1.95 and 2.88 times, respec-
tively. The TiO, QDs were synthesized by Kaur et al. (2015) via ultrasonic-
assisted hydrothermal process. They used as-prepared QDs for photocatalytic
degradation of ketorolac tromethamine in the presence of sunlight. It was
revealed that ~99% ketorolac tromethamine drug was photodegraded.

Ionic liquid induced strategy was used by Xia et al. (2016) for controlled syn-
thesis of CQDs (CQDs)/BiOX (X =Br, Cl) hybrid nanosheets. They selected
three different types of pollutants, such as CIP rhodamine B (RhB), and bisphe-
nol A (BPA) to evaluate the photocatalytic activity of CQDs/BiOX composite
nanosheets. The highest photocatalytic activity was observed with sample 3 wt.%
CQDs/BiOBr nanosheets for the degradation of CIP, RhB, and BPA under visi-
ble light irradiation. It was revealed that are three factors are responsible for
enhanced photocatalysis: Lower resistance, high visible light absorbance and
high separation efficiency of photoinduced holes and electrons.

Di et al. (2017) prepared NCQDs/BiPO, composite using ionic liquid
assisted solvothermal method. This N-CQDs/BiPO, exhibited an enhanced
photocatalytic activity for the degradation of three antibiotics (CIP, tetracycline
and enrofloxacin) under UV irradiation The main active species was found to
be superoxide radicals and not hydroxyl radicals. Kaur et al. (2017) synthesized
Ag,0O/TiO, QDs using pH-mediated precipitation method. It was revealed that
as-obtained Ag,O/TiO, QDs were spherical in shape with size ranging between
2—9 nm. As-synthesized composite exhibited significant photocatalytic activity
for the degradation of levofloxacin under visible light than TiO,.

A metal-free composite photocatalyst (GQDs) decorated graphitic carbon
nitride nanorods (g-CNNR), was obtained by Yuan et al. (2019) via
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hydrothermal technique. The GQDs/g-CNNR exhibited higher photocatalytic
activity for removal of antibiotics. It was observed that photocatalytic reac-
tion rate was 2.03 and 3.46 times higher as compared with g-CNNR and pris-
tine graphitic carbon nitride (g-C3Ny), respectively. It was revealed that this
composite show excellent stability and reusability. It was confirmed that
photoinduced holes as well as superoxide radicals are main active species in
the photocatalytic degradation.

Chen et al. (2019) synthesized CQDs modified potassium titanate nano-
tubes (CQDs/K,TigO;3) via hydrothermal treatment. The successful deposi-
tion of CQDs on K;TigO3 photocatalyst was evident from TEM images.
The performance of CQDs/K,TigO;3 composite was evaluated by degrada-
tion of amoxicillin (AMX) under visible light (Fig. 9.7). The photocatalytic
activity of CQDs/K,TigO3 hybrid material was found to be higher as com-
pared to neat K,TigO,5. It was confirmed that hole (4") and hydroxyl radical
(®OH) played important roles in photocatalytic degradation of AMX.

Jiang et al. (2019) synthesized Fe;0, QDs modified BiOCl/BiVO, p-n
heterojunction. It was observed that 20% Fe;0,QDs@BiOCIl/BiVO, p-n het-
erojunction exhibited an excellent photocatalytic activity for removal of four
different broad-spectrum antibiotics in the presence of visible light. The
improved photocatalytic performance for the degradation of broad-spectrum
antibiotics was mainly attributed to the strong visible light absorption, effec-
tive charge carrier mobility, and large specific surface areas. As-fabricated
photocatalyst was found stable even after four cycles and it can also be
easily separated using an external magnetic field.

Mou et al. (2019) fabricated ultrathin two dimensional (2D) BiOCl/nitro-
gen-doped GQDs (BiOCI/NGQDs) composites using a hydrothermal process.

...d),

) hv
: N
. 2 X = =
K,TigO; § g ~
1] B
b g Products
oeo(’(“wﬁ
Amoxicillin

FIGURE 9.7 Photocatalytic degradation of amoxicillin by CQDs/K,TicO,3. Adapted from
Chen et al., 2019. Chin. Chem. Lett., 30(6), 1214—1218. With Permission.
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It was observed that BIOCI/NGQDs composites exhibited an increase in both
adsorption and photodegradation of CIP as compared to BiOCl. The opti-
mum degradation efficiency of CIP was 82.5% within an hour under visible
light, when NGQDs was kept 6.9%, which was much better as compared to
BiOCl (34.9%). It was also revealed that this removal efficiency could reach
to 95.5% within 5 h.

SCQDs/hollow tubular g-C3N, photocatalyst (HTCN-C) was prepared by
Wang et al. (2019) via ultrasonic-assisted method. It was used as catalyst for
the degradation of tetracycline (TC) as well as destruction of E. coli. It was
reported that HTCN-C(2) exhibited an excellent performance for the degrad-
ing tetracycline degradation (rate = 0.0293 min~ ') and could distract 99.99%
E. coli under visible destructed light.

Zhao et al. (2019) decorated Co304 QDs onto phosphorus-doped g-C;Ny
nanosheets via thermal polymerization method. They used vitamin B,
(VB,) as precursor of cobalt and phosphorus mixed with melamine. It was
observed that as-prepared sample exhibited the maximum photodegradation
efficiency for metronidazole (MTZ), when the sample was prepared with
weight ratio of VB12 in precursors at 1%. The efficiency was almost two
times better than the removal rate with pure g-C5N4. An inhibition was also
observed by NO3 Ca’" and HCO;5; ', but Fe®" was found to promote this
photodegradation.

The synthesis of self-assembled CQDs and reduced graphene oxide layers
modified S@g-C;N,/B@g-C3N, (CRSB) (all metal free) was reported by
Kumar et al. (2020a). Later, it was used as photocatalyst for the degradation
of chloramphenicol (CMP) under visible light and sunlight. It was reported
that 99.1% CMP was photodegraded by CRSB in the presence to visible
light within 90 min. It was revealed that rate of degradation over CRSB was
ten times higher than with g-C5Ny.

Huang et al. (2020) fabricated up-converted CQDs incorporated goethite
(a-FeOOH) nanohybrids (CQDs/a-FeOOH) via hydrolysis method.
As-fabricated CQDs/a-FeOOH exhibited excellent degradation of tetracy-
cline (TC), which was almost 3.7 times as compared to a-FeOOH under
visible light.

Koe et al. (2020) fabricated a novel photocatalytic membrane by incorpo-
rating N,S-CQDs/TiO, nanocomposite on polysulfone (PSF) membrane.
They used it for photodegradation of DCF in water. The N,S-CQDs/TiO,
nanocomposites were synthesized with different loadings of N,S-CQDs on
TiO, nanoparticles. It was observed that N,S-CQDs/TiO, (1.5 g) membrane
exhibited the best photodegradation performance for DCF removal (62.3%)
in the presence of visible light, while TiO, membrane showed 3.33%
removal only.

Patel et al. (2020) prepared Mn-doped ZnS (Mn:ZnS) QDs through chem-
ical precipitation method. It was observed that as-obtained Mn:ZnS QDs
exhibited excellent properties for photodegradation of norfloxacin (NOFX)
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in the presence of both UV light and sunlight. These QDs showed excellent
stability and reusability up to four consecutive cycles. It was also concluded
that these Mn:ZnS QDs could also prove to be useful as efficient as photoca-
talytic materials in ecological remediation and energy conversion.

Wang et al. (2021) constructed CdS—TiO, heterostructure using potato
extract as a modifier and a stabilizer. It was revealed that as-prepared
CdS—TiO, composite exhibited high photocatalytic degradation efficiency
with the degradation rate of penicillin (88%). Liu et al. (2021) prepared
CQD oxygen-rich titanium dioxide nanosheets (CQD-OTNs) via two-step
hydrothermal method. As-prepared composite was used in photodegradation
of tetracycline. It was reported that CQD-OTNs could increase the degrada-
tion rate of drug to 94.1% within 2 h under visible light irradiation; which
was about 2.3 times higher than that with titanium dioxide nanosheets.

Singh et al. (2021) synthesized CdS and CdSe QDs. It was reported that
size of the QDs can be controlled by using different mole ratio of water and
surfactant. They used thioglycolic acid as capping agent prevent ratio aggre-
gation of QDs The photocatalytic activity of as-synthesized CdSe and CdS
QDs was evaluated by selecting 3-aminopyridine as a pollutant.

Wang et al. (2021) used olive leaves as the carbon source to prepare
CQDs through hydrothermal treatment. These CQDs were then loaded on the
surface of TiO, (CQDs/TiO, composite). The photocatalytic performance of
CQDs/TiO, composites was evaluated in the degradation of tetracycline
under visible light for 10 min. It was observed that degradation rate of 5%
CQDs/TiO; could achieve about 81% tetracycline removal.

The silicon-doped CQD were decorated on bismuth molybdate to prepare
(1.0SiCQDs/Bi,M0QOg) nanocomposite by Kumar et al. (2022) via hydrother-
mal method. It was reported that about 97 and 95% of tetracycline (TC) and
of CIP were degraded in 90 min on sunlight exposure.

Xu et al. (2022b) synthesized a series of OD boron carbon nitride QDs
(BCNQDs) modified 2D BisOsl, (0D/2D BisOs1,/BCNQDs) composites. They
used these composite for photodegradation of tetracycline (TC) and OTC. It was
observed that as-prepared Bi4OsI,/BCNQDs composite exhibited highest photo-
catalytic performance for the degradation of TC and OTC and it was about 4.95
and 2.17 times as compared with Bi,Osl,, respectively.

9.3.3 Pesticides

Demand for pesticides, insecticides, weedicides, herbicides, etc. is regularly
increasing due to their widespread use in agricultural practices. These are
required to safeguard the food grains, foods, vegetables, etc. against any infec-
tion or wastage by pest, rodents, etc. and also harm by weeds. These pesticides
will reach animals and humans through the food chain causing a number of
health problems. It is therefore necessary to treat or degrade these harmful mate-
rials. Photocatalysts can play an important role in achieving this object.
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Shahnazi et al. (2020) synthesized poly N-isopropylacrylamide (NIPAM)
coated MWCNTSs/TiO, nanocomposite (MWCNTSs/TiOp/TMIP). They selected
pendimethalin (PM) herbicide as the target pollutant. This photocatalyst exhib-
ited a higher activity in the degradation of PM (rate constant of 0.0438 min~ ')
under visible light as compared to other photocatalysts.

The GQDs-ZnO nanocomposites were synthesized by Phophayu et al.
(2020). They added GQDs solution into starting precursors during the precipita-
tion. Photocatalytic activity was evaluated for the degradation of glyphosate her-
bicide over GQDs-ZnO nanocomposites. It was observed that as-prepared
GQDs—Zn0O nanocomposites exhibited an increased (23% increase) photocata-
Iytic degradation as compared to ZnO.

Xu et al. (2021) fabricated ultrathin CoO/Bi QDs Bi,MoQ¢. It was
observed that as-prepared composites exhibited an excellent photocatalytic
activity for the removal of diazinon (DZN) (94.2%). They attributed this
enhanced photocatalytic activity to the synergistic effect of SPR, ultrathin
hollows, oxygen valencies (OVs), and the Z-scheme heterostructure, which
will increase visible light absorption and also prevent the recombination of
change carriers.

9.3.4 Phenol

Phenols in one or other form are essential at some stages. These also have
certain adverse effects on the health of human beings, animals, and aquatic
organisms. These phenols can be degraded using an eco-friendly photocata-
lyst route.

Vertically aligned CdTe—ZnO composite nanorods were fabricated by
Liu et al. (2013) from indium tin oxide substrates (ITO). They used a layer-
by-layer deposition method formation (CdTe QDs on ZnO nanorod arrays).
It was observed that 75% phenol was removed from wastewater in the pres-
ence of visible light and composite and 53.2% total organic carbon removal
could be achieved within 150 min.

SnO, QDs were synthesized by Bhattacharjee and Ahmaruzzaman (2015)
via a green biological method using sugar cane juice. The biomolecules of
the juice were used as complexing and capping agents and no external agents
were required for this purpose. It was observed that as-prepared SnO, QDs
were spherical in shape with a particle size of ~3—4.5 nm. They observed a
blueshift in the bandgap energy with decreasing particle size, which may be
due to quantum confinement effects. The SnO, QDs were used for the con-
version of p-nitrophenol to p-aminophenol in the presence of NaBH, in an
aqueous medium. It was reported that 99.5% of p-nitrophenol could be
reduced in the presence of SnO, QDs within an hour.

Kandi et al. (2017) synthesized CdS QDs sensitized self-doped Bi,MoOg
via a hydrothermal method. They used glucose as a reducing agent.
As-synthesized catalyst was then used to degrade phenol and reduce toxic
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Cr(V]) from the aqueous solution. It was reported that 47.5% and 97% deg-
radation of phenol and reduction of Cr(VI), respectively, was obtained using
3% CdS QDs-sensitized self-doped Bi,MoOg in the presence of solar light.
Their photostability and reusability was also evaluated and it was observed
that this catalyst can be reused for up to five cycles without any significant
loss in its activity.

Bajorowicz et al. (2018) comodified CdS quantum dot-decorated KNbOj3
composite with Bi,S3 QDs by a combination of hydrothermal method with a
linker-assisted adsorption route. They used starch and thioglycolic acid as
capping agents. It was observed that as-prepared KNbOs-based composites
exhibited enhanced photocatalytic performance for the degradation of phenol
in an aqueous solution under visible light. It was also reported that the high-
est photocatalytic performance with better stability were obtained in ternary
30% CdS—5%Bi,S; quantum dot-decorated KNbO5; composite. They also
observed catechol, benzoquinone, hydroquinone, and 1,2,4-benzenetriol as
the oxidation intermediates of phenol.

Bhatt et al. (2019a) synthesized SnO, QDs decorated on TiO, nanospheres.
Later, they used these composites as photocatalyst for the degradation of
2-nitrophenol. It was found that photocatalytic activity of as-synthesized samples
exhibited an efficient degradation of 2-nitrophenol as compared to pure TiO,
nanospheres.

They also used SnO, QDs/TiO, nanospheres composite for photocatalytic
degradation of picric acid (2,4,6-trinitrophenol) Bhatt et al. (2019b). It is all
due to high tunability, high specific surface area, and visible light absorbing
ability. It was reported that photocatalytic behavior of as-synthesized sam-
ples exhibited better activity compared to only TiO, nanospheres.

Hasija et al. (2019) employed a green synthesis approach using bamboo
leaves (precursors) for CQDs production via a hydrothermal method.
As-fabricated CQDs were then used for the construction of Z-scheme P-
doped g-C3N4/Agl/ZnO/CQDs (PGCN) heterojunction via immobilization of
Agl/ZnO/CQD on graphitic carbon nitride (g-C3N,4). This composite was
then used for the degradation of 2,4-dinitrophenol. The photocatalytic activ-
ity of this composite was attributed to electron sink behavior of CQDs. It
was reported that this photocatalyst exhibited good stability and recyclability
for almost ten cycles.

A solvothermal route was selected by Kumar et al. (2020b) to construct
O and S codoped graphitic carbon nitride QDs (OSCNQDs), which were
hybridized with Bi,MoOg (BMO). They used these composites for the degra-
dation of aqueous phenol under visible light. As-prepared OSCNQDs/BMO
hybrid photocatalyst exhibited almost complete degradation of phenol (98%).

Liang et al. (2020) prepared ZnO composites, which were sensitized by
CQDs. They used these composites for the photocatalytic degradation of
phenol in the presence of visible light. It was reported that photocatalytic
performance of as-prepared ZnO composites (sensitized by CQDs) was
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almost 60% higher than that with ZnO. It was also observed that there is
good stability and reusability of these composites, as there was no significant
change in their activity even after 10 cycles.

9.4 Reduction of carbon dioxide

Scarcity of fossil fuel resources is increasing regularly along with more and
more demand for energy in any form. Photocatalytic reduction of carbon
dioxide into useful fuels (value-added chemicals) may provide a solution to
both these worldwide problems, that is, the problem of the energy crisis and
the ever deteriorating environmental quality. Here, photocatalysts have many
added advantages. However, some photocatalytic conversion approaches for
efficient, economical, and industrialized scalable are to be developed, which
can utilize visible and near infrared irradiation.

Wang et al. (2011) sensitized TiO, catalysts with PbS QDs. It was
observed that PbS QDs enhanced photoreduction rates of CO, with TiO,
almost fivefold as compared to unsensitized TiO,.

Shao et al. (2017) synthesized ZnO QDs and KNb;Og nanosheets by a
hydrothermal technique. They used it for the photocatalytic reduction of CO, to
methanol. It was observed that the formation rate of pure methanol was only
1257.21 pmol g " h™', and was found to increase to 1539.77 pmol g ' h™' on
deposition of 2 wt.% ZnO QDs on the surface of KNb;Og nanosheets.

The CQDs decorated ultrathin Bi, WO, nanosheets (UBW) were used by
Kong et al. (2017) for photoreduction of CO, under Vis—NIR irradiation. It
was reported that ICQDs/UBW (1 wt.% CQD content) exhibited higher rate
of reduction under visible light irradiation, which has almost 3.1 and 9.5
times enhancement in CH,4 production over UBW and pristine Bi,WOg nano-
platelets (PBW).

ZnO QDs/KNb;Og nanosheets were synthesized by Shao et al. (2017) via a
hydrothermal method. The photocatalytic activity of as-prepared materials was
evaluated for the photoreduction of CO, into formaldehyde under UV light irradi-
ation. The rate with KNb;Og nanosheets was found to be 1257.21 pmol g ' h™ !,
which was increased to 1539.77 pmol g~ ' h™" on using 2 wt.% ZnO QDs on the
surface of KNb;Og nanosheets.

Zubair et al. (2018) reported a photocatalyst composed of graphene-TNT
(G-TNT) films and TiO, nanotube arrays (TNTs) sensitized with electrode-
posited GQDs. It was observed that optimal G-TNT samples could promote
the reduction of CO, to CH, with a rate of 1.98 ppm cm >h™".

Kumar et al. (2019) prepared a hybrid photocatalyst that consisted of a
cobalt phthalocyanine tetracarboxylic acid (CoPc-COOH) complex immobi-
lized on organic graphitic carbon nitride. They used triethylamine as a sacri-
ficial electron donor. It was observed that 88.5 pmol (1770 pmol g~ 'cat) and
59.2 pmol (1184 pmol g~ 'cat) yield of methanol was obtained (6.5 pmol Co,
equivalent to g-C3N,4/CoPc-COOH) and g-C;Ny4 (50 mg).
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A simple complexation—oxidation method was used by Li et al. (2020) to
encapsulate CuO QDs in the pores of a metal—organic framework (MOF) of
MIL-125(Ti). Then they combined it with g-C3N,4 to develop a composite
photocatalyst, g-C3N,/CuO@MIL-125(Ti). It was reported that the photogen-
erated electrons in MIL-125(Ti) and g-C3N,4 could be easily transferred to the
confined CuO QDs, resulting in enhancement of photocatalytic activity of
g-C3N,/CuO@MIL-125(Ti) for reducing CO, in the presence of water. Use of
this photocatalyst could afford CO, methanol, ethanol, and acetaldehyde with
yields up to 180.1, 997.2, 1505.7, and 531.5 pmol g~ ', respectively.

Indium phosphide (InP) QDs and CdS nanorods were integrated by Do
et al. (2020). They used CdS-InP composites for the photoreduction of CO,
in aqueous solution, where triethanolamine was used as a sacrificial donor. It
was observed that photocatalytic activity of the as-synthesized composites
was better compared to that of pure CdS alone. The evolution rate of CO
over composite was 216 pmolh™' g~ 'in 3 h.

Qin et al. (2020) synthesized g-C3N, photocatalyst modified by NiS, QDs
(cocatalyst) via a hydrothermal method. It was observed that this composite
exhibited higher activity and stability in the photocatalytic reduction of CO,.
They could achieve the highest evolution rate of CO (10.68 pmolh~ ' g~ ') on
NSQD/CN-25 catalyst, which was almost 3.88-fold higher compared to g-C5N,.

Wang et al. (2020) fabricated OD/2D heterojunction of CsPbBry
QDs/Bi,WOg¢ nanosheet (CPB/BWO). Pristine CsPbBr; has a low catalytic
performance due to severe charge recombination. As-prepared CPB/BWO
photocatalyst could achieve excellent photocatalytic performance in photoca-
talytic CO, reduction. The total yield of CH,/CO was 503 pmol g_l, which
was nearly 9.5 times higher than that achieved with pristine CsPbBrs;.

Que et al. (2021) anchored FAPbBr; QDs on TisC, nanosheets to fabricate
FAPDBr;/TizC, composite. It was observed that FAPbBr3/Ti;C, composite
photocatalyst exhibited an excellent photocatalytic reduction of CO,. The
TizC, nanosheet acted as an electron acceptor to promote the rapid separation
of excitons and supply specific catalytic sites. It was reported that a consump-
tion rate of 717.18 pmol g ' h™' could be obtained by FAPbBrs/0.2-Ti;C,
composite and it was almost 2.08 times the rate of the pristine FAPbBr; QDs
(343.90 pmol g ' h™"). This photocatalyst also exhibited good stability during
photocatalytic reaction.

A direct Z-scheme 0D/2D heterojunction of CuO QDs/ultrathin CoAl-LDH
(CuO/CoAl-u) was prepared by Jiang et al. (2022). It was revealed that 4.5%CuO/
CoAl-u heterojunction could achieve yield of CH;OH as 283.26 umol g~ ' h™' by
photocatalytic reduction of CO,.

9.5 Hydrogen production

It has become almost certain that future energy demands cannot be ful-
filled by fossil fuel resources because they are reaching a level of
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complete exhaustion. Therefore, it is necessary to find an alternate renew-
able energy source. Nature is playing an indirect role in converting carbon
dioxide to carbohydrate (biomass). Here, water is utilized as a reducing
agent. Hydrogen can be produced by photosplitting of water in the pres-
ence of a photocatalyst and light. It has also been advocated as a fuel of
the future creating no pollution, as the final product of combustion is
water.

Ge et al. (2012) synthesized CdS quantum dot-coupled graphitic carbon
nitride photocatalysts. It was observed that the H, evolution rate was
17.27 pmol h~! with CdS QD content (30 wt.%) under visible light irradia-
tion, which was about nine times higher than that with pure g-C3N,.

Yu et al. (2014) prepared cobalt sulfide QDs (CoS, QDs) modified
TiO, nanoparticles using a precipitation—deposition method. They used
cobalt acetate, TiO,, and sodium sulfide as the precursors of Co, Ti, and
S, respectively. The CoS, QDs act as an effective cocatalyst in photoca-
talytic H, production by TiO,. It was reported that the amount of CoS,
exhibited an optimum value at about 5% (mole ratio to TiO,), where the
production rate of H, could reach 838 pumol h™' g~ !, which was 35 times
more than with pure TiO,. Here, ethanol was used as a sacrificial
reagent.

Kuang et al. (2016) embedded Au QDs rimous cadmium sulfide nano-
spheres to synthesize hybrid photocatalysts via a hydrothermal process fol-
lowed by photoreduction. The rimous cadmium sulfide nanospheres had
irregular fissures and a rough surface, which will greatly strengthen their
adhesion and interaction with (Au) QDs. It was revealed that the highest
photocatalytic activity for hydrogen generation was 601.2 pmolh™' g™ ' and
it was achieved by adjusting the Au mass loading.

Lee et al. (2018) synthesized molybdenum disulfide QDs decorated bismuth
sulfide photocatalyst and used them for the generation of hydrogen by photosplit-
ting water. They could achieve the highest hydrogen yield (17.7 mmol g~ ' h™")
with 0.14MoS,QD/Bi,S;, and this yield was 4.5-fold higher than undoped Bi,S3
in the presence of stimulated solar light. As-prepared photocatalyst could achieve
a yield of hydrogen (53.6 pumol g ') in 6 h under NIR irradiation.

Pan et al. (2018) prepared thermally stable and highly dispersed TiO,
QDs (TiO,-QDs) in pore channels of SiO, foams with large pore size
(14—20 nm) using in situ hydrolysis of Ti-alkoxide. It was observed that
there was an anchoring effect between the pore-wall of SiO, foam and
TiO,-QDs, which resulted in the efficient prohibition of the change in both
the TiO, phases (anatase to rutile) as well as aggregation of TiO,-QDs.
The crystal size was found to be less than 7 nm. These hybrid photocata-
lysts show higher efficiency in hydrogen evaluation with a quantum effi-
ciency 17.8% using UV irradiation. It was reported that TiO,-QDs/SiO,
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photocatalysts exhibited a significant H, evolution rate. The outstanding
activity of these photocatalysts in hydrogen evolution was due to high ana-
tase crystallinity, short electron-transfer distance, excellent stability of
TiO,-QDs, and uniform dispersity in silica foam.

Sun et al. (2018) adopted two facile synthetic routes for the synthesis of
MoS, QDs: (1) hydrothermal process and (2) liquid exfoliation strategy.
They were used as cocatalyst in photocatalytic hydrogen production under
visible light. It was reported that MoS, QDs-L (L =liquid exfoliation
method) can increase the photocatalytic hydrogen activity of CdS under
visible light irradiation. The composite MoS, QDs-L/CdS could achieve
maximum hydrogen production activity with a rate of 1032.1 pmolh™'
using lactic acid as a sacrificial agent, which was almost 2.7 and 15.4 times
more than MoS,/CdS (383.5pumolh™") and CdS (66.9 pmolh™"),
respectively.

Luo et al. (2018) fabricated CNQDs on SnNb,Og ultrathin nanosheets via
a hydrothermal method. It was reported that upconversion behavior of
CNQDs in CNQDs/SnNb,Og nanocomposites provided the ability of photo-
catalytic production of Hj utilizing wavelengths >600 nm.

Yang et al. (2019) reported the development of noble-metal-free cata-
lysts having enhanced photocatalytic activity. The cobalt sulfide QDs g-
C;N4 nanosheets (CozS4/CNNS) nanocomposites were synthesized by a
two-step method, using in situ deposition. It was observed that the particle
size of highly dispersed Co3S; QDs was 2—4 nm. These were uniformly
fixed on carbon nitride nanosheets (CNNS), which can be a good alterna-
tive to noble metals for the improvement of photocatalytic activity of
CNNS. It was revealed that Co3S,/CNNS-900 had apparent quantum effi-
ciency of the order of 7.85% at 400 nm. It was also observed that the H,
evolution rate of Co3S4/CNNS-900 was found to be 20,536.4 pmol g71 h!,
which was about 555 times greater than that with CNNS. The Co3S4 QDs
were highly dispersed on 2D CNNS, facilitating the formation of more
active sites. It also shortened the migration distance of as-generated photo-
generated carriers, which finally resulted in an increased photocatalytic
performance.

The functionalized carbon nanotubes—titania QDs (FCNT-TQDs) were
prepared by Reddy et al. (2020). The CNTs may play a dual role as cocata-
lyst and photosensitizer to increase light harvesting and reduce the recombi-
nation rate of charge carriers. It was observed that the maximum production
rate of hydrogen could be obtained up to 54.4 mmol h™'g™' by the addition
of copper. This rate was 5.4 and 2.5 times higher compared to pristine TiO,
QDs and FCNT-TQDs composite, respectively.

The nickel (atomically dispersed) in cadmium—zinc sulfide QDs (ZCS QDs)
exhibited excellent and stable photocatalytic performance for splitting of water
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under sunlight (Su et al., 2020). It was observed that finely tuned Ni atoms
dispersed in ZCS QDs exhibited hydrogen production of 18.87 mmol g~ '.

Li et al. (2021) anchored small-sized TiO, photocatalysts onto large-sized
Ti3;C,-Mxene cocatalysts. A higher hydrogen production rate was observed
to be 62.5 pmol with as-prepared photocatalyst, which was about 15.2 times
higher than that with TiO, (4.1 pmol).

You et al. (2022) prepared (0D/2D) heterojunction nanocomposite [Ag,S
QDs (g-C3Ny)]. The average particle size of Ag,S QDs was around 5.8 nm.
It was observed that composite (0.5 wt.% Ag,S QDs) loading could give the
highest hydrogen evolution rate of 471.1 pmol g~ ' h™".

9.6 Other applications

Cadmium sulfide QDs sensitized mesoporous TiO, (photocatalysts) were
prepared by Li et al. (2009). First, cadmium oxide was preplanted as crystal
seeds in ordered mesoporous titanium dioxide and then CdO was converted
to CdS QDs via ion-exchange. As-prepared photocatalyst exhibited an excel-
lent photocatalytic efficiency for oxidation of NO gas in air as well as the
degradation of organic compounds in an aqueous medium under visible
light.

Bismuth monoxide QDs (average size of 2—5 nm) were prepared by Sun
et al. (2017) and then used for the synthesis of ammonia under simulated
solar light using photocatalytic reduction of nitrogen. The highest rate
(1226 pmol g~ ' h™") was achieved for ammonia synthesis without using any
cocatalyst or a sacrificial agent. It is about 10° times higher than with the
Fe-TiO, photocatalyst. Zhang et al. (2017) synthesized Pt QDs (2—4 nm)
and deposited them on N-doped (BiO),COj5 hierarchical superstructures via a
hydrothermal method. They used H,PtCls and ammonium bismuth citrate as
precursors. It was reported that as-prepared Pt/N-doped (BiO),CO; catalysts
exhibited an enhanced visible light photocatalytic removal of NO removal.

Xie et al. (2018) prepared tin oxide GQDs (SnO,/GQDs) composite.
They used it for the photocatalytic removal of nitric oxide (NO). It was
observed that this composite exhibited an enhanced activity compared to
SnO, only. Visible light response and charge separation efficiency of this
composite was increased due to the presence of GQDs in the composite. A
series of SnO,/g-C3N, composites was prepared by Zou et al. (2019). They
decorated SnO, QDs onto g-C3N, sheets. It was reported that SnO,/g-C3Ny
had an excellent response toward visible light and higher ability to inhibit
the NO, generation.

9.7 Recent developments

Some recent advances are shown in Table 9.1
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TABLE 9.1 Some recent applications of quantum dots in photocatalysis.

Quantum dots

g-C5N, and Ag-g-
C3Ny

SnOz/AgVO3/g—C3 N4

Ag/cellulose
nanocrystal (CNC)-
doped CeO,

Covalent organic
frameworks (COFs)
quantum dots

Carbon dots

Boron-doped CQD
(BCQD)-hybridized g-
C3N, homojunction
(CN) nanocomposite

Metal-free boron
nitride quantum dots
(BNQDs) BiFeOs

Cu-doped carbon
quantum dots(CD(Cu))
modified Ni-MOL (CD
(Cu)-Ni-MOL)

Silver vanadate
quantum dots (AgVO4
QDs)-doped reduced
graphene oxide and
graphitic carbon
nitride
nanocomposites
modified
polyvinylidene
fluoride (PVDF)
membrane (AgVO3/
RGO/C3N4-PVDF)

Zero-dimensional
WOj; quantum dots
on two-dimensional
ultrathin CdIn,S,

Method of
synthesis

Ultrasonication

Hydrothermal

Coprecipitation

Solvothermal

Ultrasonication

Hydrothermal

Impregnation

Hydrothermal

Fabricated

Application

H, production, dye
degradation,
antimicrobial activity

H, production

Degradation of
methylene blue and
ciprofloxacin

Degradation of methyl
red, methyl orange
and methyl blue

Degradation of Congo
red and methylene
blue.

Degradation of
rhodamine B

Degradation of
tetracycline
hydrochloride

Degradation of
Tetracycline

Degradation of
tetracycline, excellent
antifouling activity
rejection of 97.4% of
Escherichia coli, self-
cleaning capacity

Photocatalytic
reduction of CO,

References

Mallikarjuna
et al. (2021)

Koyyada
et al. (2021)

lkram et al.
(2021)

Bahadori
etal. (2021)

Zaib et al.
(2021)

Phang et al.
(2022)

Balta and
Simsek
(2021)

Li et al.
(2021)

Cui et al.
(2022)

Zhang et al.
(2022)

(Continued)
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TABLE 9.1 (Continued)

Quantum dots Method of Application References
synthesis

Graphitic carbon Photoreduction of Sonowal

nitride quantum dots CO, et al. (2022)

coupled Zr(1V)

Zero-dimensional (0D) Solvothermal Photocatalytic Shi et al.

Biz;TaO; (BTO) evolution of H, (2022)

quantum dots/three-
dimensional (3D)
onion-ring-like g-C5Ny4
(OR-CN) S-scheme
heterojunction

N-doped carbon Hydrothermal Photocatalytic Xu et al.
quantum dots evolution of H, (2022¢)
(NCQDs) modified

CdS nanocomposite

9.8 Conclusion

Photocatalysis makes use of hydroxyl radicals as oxidants; they are considered the
strongest oxidants after fluorine. They can degrade the majority of organic pollu-
tants to harmless products such as CO,, H,O, and inorganic ions. In other words,
it leads to complete mineralization. The ever increasing amount of carbon dioxide
is creating havoc in the form of melting glaciers, raising sea level, global warm-
ing, etc. which can be controlled by photocatalytic reduction of carbon dioxide to
provide some value-added chemicals (synthetic fuels). Use of these fuels will
return the same amount of CO, to the atmosphere. Thus it can be considered as a
short-term loan of CO,. Another problem of green fuel can be solved by generat-
ing hydrogen through photosplitting of water. Hydrogen has a high storage capac-
ity and this fuel will not add any kind of pollution to the atmosphere as water is
produced on burning this fuel, which is harmless. Photocatalysis will find a promi-
nent position in solving all these problems in the years to come.
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10.1 Introduction

Quantum dots (QDs) have been extensively investigated in the past few decades
owing to their unique properties. QDs are called artificial nanocrystals posses-
sing confinement in all three dimensions with nanometer size that can carry
electrons; optical and electrical attributes of QDs can be effectively adjusted by
modifying their dimensions, resulting in the emission of specific wavelengths of
light (Chen et al., 2020a; Motomura et al., 2020; Singh et al., 2021a).

QDs exhibit numerous unique optical properties such as high photolumi-
nescence (PL) quantum yield (QY), pure and saturated colors, narrow band-
width, tunable band gap, narrow and symmetric emission, broad and strong
absorption (Shirasaki et al., 2013; Pietryga et al., 2016; Bang et al., 2020; Jia
et al., 2020; Huang et al., 2020a). Due to their remarkable properties, QDs
have found uses in a variety of unusual categories of electronics and
optoelectronic tools with potential for application in information displays,
solid-state lighting (SSL), biology (Armaselu et al., 2011a,b), and other
structures (Colvin et al., 1994; Ugarte et al., 2012; Nguyen et al., 2019).

Light-emitting diodes (LEDs) reshaped the lighting and display industry
and have accomplished considerable developments compared to traditional
lighting sources (Zhang et al., 2021a). Exceptional luminescence and charge
transport characteristics of QDs show that they are promising alternative
emitting materials for the LEDs industry (Colvin et al., 1994; Mattousi et al.,
1998; Coe et al., 2002; Kagan et al., 2016; Yang et al., 2019a; Huang et al.,
2020b; Bang et al., 2021).

Given the requirements for high resolution and high color saturation,
technologies comprising organic LEDs (OLEDs), mini-LEDs (mLEDs),
micro-LEDs (WLEDs or p-LEDs), QD LEDs (QD-LEDs, QD LEDs, or
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QLEDs) (Armaselu, 2017), and laser displays have been produced to substi-
tute liquid crystal displays (LCDs) (Ameta et al., 2019; Ye et al., 2021),
pLEDs (Wu et al.,, 2018; Huang et al.,, 2019; Wong et al., 2019;
Huang et al., 2020b; Bai et al., 2020; Wu et al., 2020; Biwa et al., 2021;
Zhuang et al., 2021) and mLEDs (Tan et al., 2018; Huang et al., 2019,
2020b; Sun et al., 2020) and have emerged as next-generation displays pro-
viding ultrahigh luminance and long lifetimes.

Ghamsari (2017) reminded that the display industry is interested to mix
QD with OLED, noting that an improvement in operation time of OLED
device can be realized with the help of QDs. Luo et al. (2018) presented that
electroemissive QD displays possess the capability to revolutionize the dis-
play industry in the coming years, offering not only the thinness and flexibil-
ity of OLED displays, but with the advantages of price, color, and brightness
of QDs. High color purity and wide color gamut (WCG) that can be realized
using QDs have drawn much attention in display applications (Jiang et al.,
2018). The QD-based consumer displays such as LED TVs, tablets, and
smartphones offer a reasonable power efficiency and an accessible cost,
exhibiting improved competitive edge to OLED technics (Jang, 2018).

A QD display represents a device, which utilizes QDs as a component of
panel construction to produce monochromatic red, green, and blue light
(Sellers, 2018). They explained that photoemissive QD particles are utilized
in LED-backlit LCDs, where a QD layer converts the backlight to give out
pure basic colors and electroemissive QD displays constitute a model of
novel display based on QD-LEDs (QLED or QD-LED). Liu et al. (2020a)
reviewed the newest advances in the implementation of p-LEDs and QDs in
display technology, together with the p-LED design and QD full-color proce-
dure and provided some insights on the progress of favorable QD film depo-
sition mechanisms, showing the modern uses of QD-based p-LED displays.

LED-based communication links can be used in both open space and
optical interconnect applications. The LEDs based on evolving semiconduc-
tor materials are of special importance in the progress of the next-generation
data communications (Ren et al., 2021). They are examining the advance-
ment of some LED materials, including the case of colloidal QDs for appli-
cation in optical communications systems.

This chapter reviews the latest developments on applications of QDs for
LEDs, focusing on some key areas such as display, lighting, data communi-
cations, agriculture, horticulture, and antimicrobial technology.

10.2 Display and lighting

QDs have a great potential in different optoelectronic applications. They
have also found application in LEDs for lighting of different colors due to
their tunable fluorescence emission, characteristic broad emission, and high
thermal stability. These LEDs are also useful in both SSL and flat-panel
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displays. Flexible information displays hold a great promise for future
optoelectronic applications, but most of these are fabricated on glass sub-
strates and only a little work has been done LEDs based on flexible
substrates.

10.2.1 White light-emitting diodes

Among the optoelectronics applications, the white LED (WLED) exhibits a
considerable capability in flat panel displays and SSL (Kim et al., 2016a).

Amorphous silicon QDs (a-Si QDs) were grown by Park et al. (2001) in
a silicon nitride film via plasma-enhanced chemical vapor deposition. Four
types of PL (Red, blue, green, and white) were observed from these a-Si QD
structures just by control of size of QDs. They fabricated orange LEDs using
a-Si QDs with average size of 2.0 nm. An external quantum efficiency of
2 X 107°% was obtained. It was indicated that LED using a-Si QDs embed-
ded in the silicon nitride film was found to be much better than Si-based
LEDs in terms of optical and electrical properties.

Park et al. (2004) obtained white light emission from a LEDs. They
prepared this diode from polymer/QD nanocomposites using poly(9,9’-dihex-
ylfluorene-2,7-divinylene-m-phenylenevinylene-stat-p-phenylenevinylene)
(PDHFPPV) and two kinds of CdSe nanoparticles (NPs) with different
particle sizes. It was observed that blue, green, and red emission from the
polymer, ~3 nm, and emission from the ~7 nm CdSe, contribute jointly
to white emission of the organic—inorganic hybrid device.

Song and Lee (2007a) synthesized (CdSe)ZnS QD—polymethylmethacrylate
(PMMA) polymer composite. Then they fabricated QD—polymer composite
films. It was observed that 28% (wt./wt.) of PMMA in MMA was desired con-
centration to produce a film white good quality and the solubility of QDs was
also maximized. They fabricated red or green light-emitting (CdSe)ZnS
QD—PMMA polymer composite film by combining the red or green
light-emitting (CdSe)ZnS dots with PMMA. It was revealed that a white light-
emitting device can be prepared by a combination of these green/red light-
emitting QD—polymer composites with a blue light-emitting LED (excitation
source). It was proposed that as-fabricated QD—polymer composites can be
used in full color displays, large-area colored wall-papers, and flexible colored
filters.

Jang et al. (2010) used highly luminescent multiply passivated red— and
green—light—emitting QDs as color converters in InGaN blue LEDs. They
could achieve external quantum efficiencies of 34% and 72%, respectively
for these LEDs. As-obtained white QD-LEDs exhibited efficacy of
411m W' and color reproducibility of 100%. Kim et al. (2011) studied
CulnS, QDs as an excellent red emitting source for WLED due to its non-
toxic deep red emission. It was revealed that CulnS, QDs can be synthesized
by a one-pot method. Then ZnS shells were formed on QD surfaces so as to



208 Quantum Dots

reduce nonradiative recombination on its surface defects. It was observed
that core/shell QDs exhibited maximum PL wavelength blue shifts by about
80 nm on increasing intensity more than six times and the QY of as-prepared
CulnS,/ZnS QDs was 67%. The transparent and hydrophobic dispersion of
QDs in polystyrene was also observed using toluene as codispersing agent.
The polystyrene/QD composite was applied on blue LEDs, which exhibited
luminous efficacy (LE) of 10.7 Im W™ "

A large-scale synthesis of InP/ZnS core/shell nanocrystal QDs was
reported by Kim et al. (2012) using a customized hybrid flow reactor. They
synthesized InP cores and InP/ZnS core/shell QDs successively in the hybrid
reactor in one-step process only. The flow rate of the solutions was kept typi-
cally 1 mL min~"' in the reactor, which is about hundred times larger than as
kept in conventional microfluidic reactors. The flow rate as well as crystal
growth temperature were controlled to synthesize high-quality InP/ZnS QDs.
It was revealed that high-quality InP/ZnS QDs (bluish green to red) were
obtained and these core/shell QDs could be incorporated into WLEDs
devices to improve performance of color rendering.

Song et al. (2012) reported the synthesis of Cu—In—Ga—S (CIGS) QDs.
They applied these QDs for WLED with variation of In:Ga ratios. It was
found that band gap and emission energies of as-prepared CIGS QDs were
higher an increasing Ga contents. It was observed that ZnS shell-capped
QDs of the CIGS/ZnS core—shell emitted tunable wavelengths
(520—578 nm) with an excellent PL QY of 72%—83%. They reported high
LEs of 69.1—75.0 Im W', when highly fluorescent CIGS/ZnS QDs as color
converters with a blue-emitting LED were combined with efficient white
QD-based LEDs. A white QD-LED was also fabricated by blending of two
kinds of CIGS/ZnS QDs, which exhibited enhanced color rendering property.

A simple solution method was used by Son et al. (2012) to prepare
emissive hybrid QDs, which consists of a ZnO core wrapped in a shell of
single-layer graphene. Then these QDs were used to make a WLEDs with a
brightness of 798 cd m ™2 White emission could also be achieved by com-
bining these QDs with some other emissive materials in a multilayer LEDs.

The color rendering index (CRI) of YAG:Ce-based WLEDs is poor. The
core/shell/shell CdSe/CdS/ZnS QDs were synthesized by Shen et al. (2012)
and blended into nano-YAG:Ce>" phosphors to improve this index. They
obtained a WLED with a combination of blue LED (with the blends of nano-
YAG phosphors) and orange- and red-emission QDs in the weight ratio
(1:1:1). It was revealed that as-fabricated WLEDs exhibited excellent white
light with luminescent efficiency of 82.5 Im W™ ",

Song et al. (2013) reported the synthesis of two bright noncadmium QDs
of orange (583 nm)-emitting CulnS, (CIS)/ZnS and green (512 nm)-emitting
InP/ZnS core/shell. These were applied for fabrication of SSL devices. It
was obtained that spectral overlap between absorptions from both emissions
from InGaN-based blue LED chip and QDs was excellent. There was an
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efficient downconversion of blue-to-QD emission for the generation of white
light by dispensing sequentially InP/ZnS QDs on top of CIS/ZnS within
epoxy resin. It was revealed that white QD-LED generated a white light with
high quality having a high CRI of 90 and a warm color temperature of
3803K.

Erdem and Volkan (2013) presented that on using QDs in color-
conversion LEDs, it is possible to simultaneously achieve remarkable color
rendition of the illuminated objects together with an excellent spectral over-
lap between the emission spectrum of the tool and the sensitivity of the
human eye, in addition to a warm white color, unlike other standard sources
such as phosphor-based LEDs. They reviewed some modern evolutions in
quantum-dot-integrated WLEDs (QD-WLEDs) based on color conversion.

Kubendhiran et al. (2019) reported in a review that WLEDs are an excel-
lent alternative to fluorescent tubes and classical light bulbs in most lighting
uses because WLEDs have greater operating lifetimes and important energy
savings compared to traditional incandescent light bulbs. They noticed that
at the moment there are different types of QD-WLEDs that show these kinds
of benefits.

Roy et al. (2014) prepared graphene QDs (GQDs) using plant leaf
extracts of Fenugreek (Trigonella foenum-graecum) and Neem (Azadirachta
indica) via a hydrothermal method. They did not use any passivizing, reduc-
ing agents or organic solvents. It was reported that the average sizes of the
GQDs from Fenugreek (F-GQDs) and Neem (N-GQDs) were 7 and 5 nm,
respectively. F-GQDs and N-GQDs exhibited high QYs of 38.9% and
41.2%, respectively. It was revealed that as-prepared GQDs can be utilized
to prepare a white light converting cap based on the red-green-blue color
mixing method.

The green red Zn—Cu—In—S (ZCIS) and Zn—Ag—In—S (ZAIS)core/
shell-like alloyed QDs were synthesized by Yoon et al. (2015) via a hot-
injection method. They obtained tunability of red ZCIS and green ZAIS QDs
by choosing a high temperature multiple alloyed reaction and low tempera-
ture core growth. It was observed that the alloyed red ZCIS and green ZAIS
QDs could reach PL QYs of 0.53 and 0.61, respectively was also carried out
by them. Practical realization of white downconverted LEDs (DC-LEDs).
They also characterized based on CRI, LE, vision & color performance and
color quality scale (CQS) of white DC-LEDs incorporated with red ZCIS
and green ZAIS QDs. It was reported that tricolor white DC-LED using red-
emitting ZCIS core/shell-like alloyed QDs exhibited a moderate LE
31.21m W~ ! with ultrahigh color qualities CRI and CQS as 97and 94,
respectively.

Kang et al. (2015) synthesized cadmium-free and water soluble AgInS,/
ZnS core/shell QDs. These QD powders exhibited bright orange, yellow, and
orange-red luminescence in presence of UV light depending upon Ag/In ratio
and PL QYs could reach as high as 57, 50.5, and 52%, respectively. They
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obtained warm-WLEDs by a combination of orange-emitting QDs with blue
InGaN chip having LE of 39.85 Im W' and CRI of 71.

Zhang et al. (2018a) synthesized all-inorganic halide perovskite nanocrys-
tals. They used hot-injection method and anion exchange reaction to obtain
NPs in the range of 15—40nm and whole visible light region
(410—700 nm). They also constructed a WLED by stacking CsPbBrz QDs-
ethyl acetate composite film and CaSrAIN;:Eu®"-poly (methyl methacrylate)
composite film on the blue LED chip. This displayed the ideal white light. It
was reported that although WLED is not stable at higher operation current,
but it can smoothly work under a lower operation current. Shen et al. (2018)
fabricated an efficient flexible white QLED with mixed green, red, and blue
QDs as emitters. It was reported that as-prepared flexible white QLED
exhibited pure white light emission with brightness of up to 3554 cd m™ 2
and current efficiency of 10.5cd A~".

Chen et al. (2018) fabricated silica-wrapped Mn-doped CsPbCl; QDs
with improved operational stability (Fig. 10.1). They hydrolyzed (3-amino-
propyl) triethoxysilane for this purpose. They could achieve high PL QY
(55.4%) for the CsPbMnCl;@SiO, composite. It was reported that wrapping
by silica can protect these perovskite QDs from any damage by humidity
and temperature. They prepared WLED devices by mixing of green CsPbBr3
QDs and orange-red CsPbMnCl;@SiO, composites, which exhibited high
LE (77.59 Im W™ ') and CRI (82). It was also revealed that electrolumines-
cence spectrum showed almost no variation even after 24 h operation.

Cesium-lead-halide perovskite QDs (PQDs) have excellent superior opti-
cal and electronic properties and therefore, these are considered potential
materials for various optoelectronic devices. Yang et al. (2019¢c) developed
to hydrolysis encapsulation method by embed PQDs into mesoporous poly-
styrene microspheres (MPMs), which was followed by silica shell covering
process. It generated luminescent PQDs/MPMs@SiO, hybrid microspheres
with excellent stability. It was reported that as-obtained CsPbBr;-PQDs/
MPMs@SiO, hybrid microspheres show a high PL QY (84%). As-prepared
hybrid microspheres exhibited good chemical/physical stability seven under
harsh conditions of environments, particularly acid/alkali solution, deionized
water, anion-exchange reactions, isopropanol, and heating. It was also
revealed that about 48% proportion of the initial fluorescence intensity is
there, even after a quite long storage period of 30 days with water. It was
also observed that WLED are achieved by mixing green CsPbBr;-PQDs/
MPMs@SiO, microspheres with red commercial phosphors on a blue chip
with a high power efficiency (811m W™') and good electroluminescence
stability.

Sadeghi et al. (2019) optimized the QY of magic-sized CdSe QDs up
to 22% through controlling parameters of synthesis without shelling or
posttreatment. They integrated them in liquid-state on blue LED so as to pre-
vent the efficiency drop due to host-material effect. It was revealed that
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FIGURE 10.1 Fabrication of silica-wrapped Mn-doped CsPbCl; QDs for LED application.
Adapted from Chen et al., 2018. ACS Appl. Mater. Interfaces, 10(50), 43978—43986. With
Permission.

as-prepared WLEDs showed color-rendering index of 89 and LE of
1.7 ImW ™"

Yin et al. (2019) fabricated yellow-green emitting GQDs using low-cost
as well as eco-friendly method. As-obtained GQDs were cast in UV-curable
siloxane and a polymer film to obtain excellent monodispersity properties
and better optical transparency through just adjusting thickness and the con-
centration of the color convert matrix, so as to achieve tunable color tem-
peratures (3196K—10 870K) of the GQD-based WLEDs. Using the
fluorescent polymeric matrix in WLEDs, good quality emission and gratify-
ing stability could be obtained. It was also indicated that this technology has
a great potential for applications in high-end lighting.

The synthesis of CH3;NH3Pb,_,Mn,I3 PQDs (where manganese is substi-
tuted at sites of lead) was reported by Singh et al. (2019). It was observed
that these QDs exhibited strong color tunability ranging from red to orange,
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when concentration of Mn*" was varied from 0 to 60%. A high external PL
QY (98%) was observed for unsubstituted CH3;NH3Pbl;. They developed a
WLED using CH;NH;Pb;_ Mn, I3 QDs with green QDs on a blue LED chip.

Yang et al. (2019b) developed a novel package structure to prepare QD-
WLEDs using dip-coating red and green QDs/polyurethane composites into
TV lens and combine them with a blue LED to form white light. They dem-
onstrated that the in-lens technique has high stability and that a 32-inch pro-
totype LCD TV possesses a WCG of 108% under the National Television
Systems Committee standard with this in-lens encapsulation construction.

Perikala and Bhardwaj (2021) reported that QD-WLEDs use diverse col-
ors (red, blue, and green), emitting QDs to achieve white light. They com-
municated an open air atmosphere synthesis of highly luminescent single
system white light-emitting carbon dots (CDs). It was revealed that CDs
have been embedded in polydimethylsiloxane (PDSM) polymer and as-
produced CD-PDMS phosphor indicated exceptional CRI ~96; the maximal
communicated so far with Commission Internationale de 1’Eclairage coordi-
nates (0.31, 0.33), which are very similar to pure white light. This research
establishes a scaffold for the uses of CD-phosphor-based WLEDs in lighting
systems.

The influence of the pore structure of SBA-15 particle was observed by
Li et al. (2020) on light emission from inner adsorbed QDs and outer LEDs
chips. It is was found that the particle features of a high refractive index,
comparable feature size of pore structure, and lower amount of QD adsorp-
tion help with QD light extraction, demonstrating a mechanism to suppress
QD light propagating through pores and thus reducing the reabsorption loss.
Then they developed highly efficient QD WLEDs by wet-mixing QD/SBA-
15 NPs. It was observed that as-fabricated LEDs exhibited a record LE of
206.8 Im W' for WLEDs by integration of green—red QD and green QDs
color convertors with improved stability.

Chen et al. (2020b) could obtain uniform blue-green emissive GQDs and
modified efficient orange-emitting GQDs (D-GQDs). These QDs were
derived from fullerene under acid-free conditions. As-prepared D-GQDs
exhibited excellent conversion efficiency with QY of 52.4% at an emission
peak of 617 nm. These GQDs and D-GQDs were blended with a polymer;
poly(vinyl alcohol) to prepare photoluminescent films (transparent) with
excellent flexibility and white emission property. Hu et al. (2020) developed
composite orange-red QDs (composite-QDs) by mixing red QDs (R-QDs)
and CdSe/ZnS-based orange QDs (O-QDs). It was reported that optimized
composite-QDs can improve the CRI of the WLED as compared to mono-
chromatic QDs.

A simple method was developed by Rad et al. (2021) to prepare white
light emissive diodes. These are based on colloidal solutions of carbon QDs
(CQDs) and CsPbl; perovskite (PQDs). It was reported that a right combina-
tion generates emission across the complete visible spectrum on excitation



Application of quantum dots in light-emitting diodes Chapter | 10 213

by UV light. It was observed that white light emission of the final films pro-
vided high and stable CRI (92%). It was also revealed that a mixture can be
obtained emitting the cold, neutral, and warm white lights by changing con-
centration of CsPbl; QDs for indoor lighting applications. The syntheses of
these materials are also low cost and scalable. The colloidal mixture of
CQDs and CsPbl; PQDs shows a facile deposition for LED application,
which exhibited white electroluminescence, indicating that both these QDs
are stable during LED operation. It was revealed that the PL QY of as-
prepared colloidal mixtures was higher (up to 75%) than single white emit-
ters, which indicates a great potential for white emission with tunable
properties.

Chen et al. (2021) used Zn doped CdS QD with ZnS shell together with
green light emission phosphor. It was observed that degradation of LEDs on
degradation of QDs can limit its practical applications, if used for a longer
time. There was a reduction in intensity as well as a blue shift of the emitted
wavelength from the white light was also observed during degradation.
There were three stages of degradation and there are:

1. An enhancement state, where light intensity was increased.

2. It was followed by a rapid degradation stage, where light intensity rapidly
decreases, and

3. Slower degradation stage, where the degradation rate of light intensity
slows down and goes on decreasing.

The degradation of LEDs was attributed to degradation of CdS core
structure, which started with oxidation of sulfur vacancy of CdS QDs by the
closely available oxygen atoms. This was all due to imperfection caused in
ZnS protective coating around the QDs on explosive to blue light. It was
indicated that oxidation transformed CdS into CdO in the initial stage where
as CdSOy is formed via some intermediate processes in final stage.

Zhang et al. (2021b) synthesized green, blue, orange-red, and
yellow—green carbon QDs doped with some heteroatoms (Fig. 10.2). They
showed emission peaks at 495, 435, 595, and 525 nm with high PL QY
(88.9%). A WLED was fabricated with high CRI of 90.8.

10.2.2 Blue light-emitting diodes

In recent years, significant advances have been achieved in the red and green
PQDs-based LEDs. However, the performances of the blue perovskite LEDs
are still seriously lagging behind that of the green and red counterparts. The
visualization of accurate color information using QDs has been explored for
decades, and commercial products employing environment friendly materials
are currently available. However, next-generation electroluminescent dis-
plays based on QDs require the development of an efficient and
stable cadmium-free blue light-emitting device, which has remained a
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FIGURE 10.2 Synthesis of different colored carbon quantum dots doped with heteroatoms.
Adapted from Zhang et al. J. Phys. Chem. Lett.; 12 (37), 8939—8946, 2021. With Permission.

challenge because of the inferior photophysical properties of blue light-
emitting materials.

Realizing of full-color quantum-dot LEDs display remains a challenge
because of the poor stability of the blue quantum-dot and the immature
inkjet-printing color patterning technology. For colloidal QD QD-LEDs, blue
emissive device has always been inferior to green and red counterparts with
respect to device efficiency, primarily because blue QDs possess inherently
unfavorable energy levels relative to green and red ones, rendering hole
injection to blue QDs from neighboring hole transport layer (HTL)
inefficient.

Arakawa et al. (2000) have grown InGaN self-assembled QDs on a GaN
epitaxial layer via atmospheric-pressure metalorganic chemical vapor deposi-
tion. The average diameter of QDs was found to be 8.4 nm. It was also
observed that InGaN QDs could be formed even after 10 QD layers were
stacked and as a result, the total QD density increased. Luk et al. (2012) fab-
ricated a GQD-—agar composite. As-prepared composite exhibited an
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excellent optical stability, but no luminescence quenching. This composite
was applied successfully as a color converting material to achieve white light
emission in blue LEDs. It was reported that light conversion efficiency and
LE of the WLED were 61.1% and 42.2 Im W', respectively.

It was reported that deep-blue, high color purity electroluminescence was
observed in an inverted light-emitting device using nontoxic ZnSe/ZnS core/
shell QDs as the emitter (Ji et al., 2013). As-prepared device exhibited a
peak at 441 nm. It was observed that current efficiency and maximum
luminance could reach 0.51 cdA™" and 1170 cd m ™2, respectively. A high
performances could be achieved using a ZnO nanoparticle based electron-
transporting layer, which can assist in efficient electron injection into ZnSe/
ZnS QDs. It was calculated that these efficient deep-blue QD-LEDs can find
application in full-color panel displays and QD-based lighting sources.

Lee et al. (2013) synthesized blue CdZnS/ZnS core/shell QDs. It was
reported that as-prepared QDs exhibited high PL QY (98%), and high stabil-
ity. All these solution—processed blue QD-LEDs (multilayered), consisted of
HTL of poly(9-vinlycarbazole), electron transport layer of ZnO NPs, and an
emissive layer of CdZnS/ZnS QDs. This as-fabricated device exhibited a
maximum luminance (2624 cdm ™ 2), external quantum efficiency (7.1%), and
LE of 2.2 cdA™".

Biswas et al. (2016) embedded GQDs into synthesized Amoc (N-anthra-
cenemethyloxycarbonyl) capped aromatic amino acid based units. These
QDs exhibited blue emission under UV irradiation at a wavelength of
365 nm. It was reported that quenching in emission spectra revealed that
there are strong m—7 stacking interactions within Amoc-amino acids and
aromatic GQDs. It was also revealed that self-healing properties and thixo-
tropic nature of as-prepared hydrogels can be tuned by introduction of
GQDs.

Bharathi et al. (2017) reported the preparation of micron-sized sheets by
interconnecting GQDs (GQDs solid sheets) with intrinsic absorption and
emission properties. It was observed that metal atoms interconnecting GQDs
in hydrothermal growth process, induced some semiconducting behavior in
these GQD solid sheets. As-prepared GQDs exhibit a 36% PL QY in the
blue region (440 nm). Wang et al. (2017) synthesized highly—efficient blue
CdSe/ZnS QDs with emission peak (> 460 nm) with the object to protect
human eyes from the harmful effect of short-wavelength light. They fabri-
cated QLEDs based on as-prepared blue QDs and optimized ZnO NPs. It
was revealed that using small-size of ZnO NPs, a maximum external quan-
tum efficiency (19.8%) and current efficiency (14.1 cd A" for QLEDs
were observed. It was proposed that color saturation blue QLEDs have a
great potential for use in next-generation full-color displays.

Yuan et al. (2017) synthesized multicolor band gap fluorescent carbon
QDs (MCBF-CQDs) via a solvothermal method. The as-prepared QDs have
blue to red color with high QY (75%). It was observed that maximum
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luminance of as-prepared blue LEDs could reach 136 cdm™ 2. Lin et al.
(2018) synthesized blue nonblinking (> 98% “on” time) ZnCdSe/ZnS//ZnS
QDs (Fig. 10.3). The absolute fluorescence QY was found to be 92%
(Npeak =472 nm). It was reported that these bright nonblinking ZnCdSe/
ZnS//ZnS core/shell QDs exhibited not only good tunability in the blue-cyan
range (450—495 nm) but also high absolute PL quality yield, but excellent
chemical and photochemical stability also.

Wang et al. (2019) synthesized four surface-modified (positively charged
metal NPs) with different localized surface plasmon resonance wavelengths
and then linked with red-emitting colloidal CdZnSeS/ZnS QDs (negatively
charged) on the top surface of a blue-emitting InGaN/GaN quantum well
(QW) LEDs. There is strong surface plasmon coupling due to short distance
of NP and QD in NP-QD linkage; thus enhancing absorption and emission.
A stronger QD excitation was also observed. All the factors together resulted
in an increase of color conversion efficiency of the QDs.

Kim et al. (2020) reported the synthesis of ZnSe-based blue light-
emitting QDs with a QY of unity. They observed that zinc chloride and
hydrofluoric acid additives were found effective in increasing luminescence
efficiency. It was anticipated that these efficient and stable blue QD light-
emitting devices can find potential application in development of electrolu-
minescent full-color displays.

Pan et al. (2020) developed Ni2* ion-doped CsPbCl,Br;_, PQDs via
supersaturated recrystallization synthesis. It was simultaneously realized that
the doping of various concentrations of Ni** cations modulating the Cl/Br
element ratios by introducing different amounts of NiCl, solution in the reac-
tion medium. It was reported that emission wavelength of Ni*" ion-doped
CsPbCl,Br;_, QDs shifted from 508 to 432 nm. It was observed that blue
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FIGURE 10.3 Luminescence efficiency of blue LEDs based on high quality nonblinking QDs.
Adapted from Lin et al., 2018. ACS Photonics, 5 (3), 939—946. With Permission.
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emission (470 nm) with PL QY 89% was achieved in 2.5% Ni** ion-doped
CsPbClgg9Br> g; QDs, which was almost three times more than that of
undoped CsPbCIBr, QDs. It was revealed that external quantum efficiency
of 2.4% could be achieved along with maximum luminance of 612 cd m 2,
which is highest amongst other blue-emitting PQD-based LED reported
earlier.

Zhang et al. (2020) developed a yellow quantum-dot LED of stacking
with a blue organic multifunctional tandem LED using an indium—zinc
oxide intermediate connecting electrode. It was reported that as-fabricated
tandem LED was full-color-tunable and it can emit green, red, and blue col-
ors (primary color) as well as other arbitrary colors. It was revealed that this
tandem LED can emit efficient white light with brightness (107000 cd m™?)
and maximum external quantum efficiency (26.02%). It was suggested that
white light-emission and multi-functionality of full-color-tunability could
find a great potential application in both solid-state lighting and full-color-
display.

10.2.3 Red light-emitting diodes

Taylor et al. (2007) used a hybrid layer of poly(2-methoxy,5(2-ethylhexy-
loxy)-p-phenylene vinylene) (MEH-PPV) and CdSe QDs to convert the light
emitted by electroluminescent ZnS phosphor into red light. It was revealed
that emission wavelength of the display was related directly to the emission
of CdSe QDs. It was observed that thin film electroluminescent displays
have a potential to increase its color spectrum on integrating QDs.

Song and Lee (2007b) prepared core—shell (CdSe)ZnSe QDs by colloidal
chemical synthesis and surface-passivation. They coated a core CdSe with a
larger-band gap material ZnSe. As-prepared (CdSe)ZnSe QDs played a role
of color conversion center (QDs nanophosphors). The red light-emitting
hybrid devices were fabricated consisting of (CdSe)ZnSe QDs and a near-
UV GaN LED. They also tested the possibility of using (CdSe)ZnSe QDs as
red nanophosphors for UV excitation. It was indicated that (CdSe)ZnSe QDs
are quite promising red nanophosphors for NUV excitation. The red LED
based on these QDs and a NUV excitation source has proved to be an effi-
cient hybrid device with good luminance.

Stouwdam and Janssen (2008) studied ZnO nanocrystals as an electron
injection layer for red, green, and blue LEDs based on core—shell CdSe/ZnS
QDs. The deposition of ZnO nanocrystals from isopropanol permits fabrica-
tion of multilayer QD-LEDs that include both hole and electron transport
layers by simple solution processing. The ZnO nanocrystals improved elec-
tron injection in the light-emitting QD layer as evident from a decreased
turn-on voltage and a reduction of emission originating from other layers
than the QD layer of the LEDs.
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Huang et al. (2008) fabricated a hybrid CdSe-ZnS QD (QD)-InGaN-GaN
QW red LEDs. It was reported that the blue light from the InGaN QWs can
be easily down converted to the red light using different blend ratios. The
luminous flux and LE from the hybrid LED of 0.65 Im and 9.3 ImW ' could
be obtained keeping QD concentration as 40 mgmL ™' of resin. It was
revealed that from electroluminescence spectrum that the contribution of red
light emission to the total light intensity was found to be 98%.

Cho et al. (2009) crosslinked colloidal quantum-dot layer. It can reduce
charge injection barrier in a red light-emitting quantum-dot, LEDs by using a
sol—gel TiO, layer for electron transport. It exhibited a high luminance
(12,380 cd m~?) and high power efficiency (2.41 Im W™ '). This technique
may be incorporated in display device with a great promise for possible use
in easy-to-fabricate, high-performance, illumination sources and large-area
displays. A gold nanorod-enhanced light emission was reported by Yang
et al. (2014a) in quantum-dot-doped polymer nanofibers. It was observed
that there was a 67% increment in 600 nm red light emission efficiency on
incorporating gold nanorods into quantum-dot-doped polymer nanofiber. The
photostability was found to be increased by 100 min.

A highly efficient, ultrabright, low roll-off, inverted QD-based red light-
emitting device (QLED) was reported by Dong et al. (2015). They used
cesium carbonate films and solution-processed zinc oxide NPs as the hole
blocking layers and electron injection, respectively. It was revealed that
luminance of 165,000 Cdm~2 was obtained at a current density of
1000 mAcm > for deep red device.

Fine tuning of emission color of Ce-doped yttrium aluminum garnet
(Y3A15012:Ce3+, YAG:Ce) nanophosphor-based WLED was reported by
Kim et al. (2016b). They coated CdSe/CdS/ZnS QDs onto the surface of the
YAG:Ce NPs. It was observed that the luminescence spectra of the
QD@YAG:Ce can be tuned by variation of QD to YAG:Ce weight ratios.
Lin et al. (2016) reported highly efficient deep-red LEDs, which is based on
type-II CdTe/CdSe core/shell QDs. CdTe/CdSe core/shell QDs synthesized
through a green process have different PL emissions peaks at 642, 664 and
689 nm and it was observed these using three devices QDs with different PL
peaks exhibited maximum external quantum efficiency of 5.24%, 5.74% and
6.19%, respectively.

Indium phosphide (InP) QDs have shown great potential as a replacement
for CdSe QDs in display applications. However, the performance of InP-
based QLED:s is still far behind that of the CdSe-based devices. The effects
of different methods for improving the performance of InP-based QLED
devices was investigated by Li et al. (2019a). They evaluated effect of mag-
nesium doping in ZnO NPs used as an n-type electron transport layer, so as
to balance charge transfer in InP-based QLED devices. It was found that
ZnO band gap is broadened and its energy levels are shifted along with
increase in resistivity by doping on increasing Mg content. It was revealed
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that electron current density was reduced and device efficiency was
improved. It was indicated that QD structures and devices in optimum condi-
tions could prove be as current efficiencies of 11.6cdA™' to red InP
QLED:s.

A highly efficient and stable red QLED was reported by Liu et al.
(2020b). They used codoped lithium and magnesium along with magnesium
oxide shell-coated zinc oxide nanoparticle layer (electron transport layer). It
was observed that optimized QLED show a high peak EQE of (20.6%), long
lifetime Tos of >11000 h, and low efficiency roll-off at high current.

10.2.4 Green light-emitting diodes

Steckel et al. (2006) synthesized Cd,Zn,_,Se alloy core nanocrystals. Then
these were overcoated with Cd,Zn;_,S to create core—shell nanocrystals for
use in QD-LED displays. It was found that these Cd,Zn;_,SeCd,Zn,_,S
core—shell nanocrystals can be used to fabricate color-saturated green—
emitting QD-LEDs, which can be a potential for display applications.

Sun et al. (2007) reported green, orange, red, and yellow LEDs using
CdSe core and ZnS or CdS/ZnS shell as emissive layers in the devices and it
was observed that the maximum luminance was 3700, 3200, 9064, and
4470 cd m ™2, respectively. It was indicated that improved electroluminescent
efficiency (1.1—-2.8 cd A™"), low turn-on voltages (3—4 V) and longer opera-
tion lifetimes of quantum-dot-based LEDs can be obtained by optimizing the
thicknesses of the constituent layers of the devices. It was suggested that
these QDs LEDs may be promising flat-panel displays applications.

The growth of InN, GaN, and InGaN QDs by molecular beam epitaxy
(MBE) on either GaN or AIN templates was reported by Moustakas et al.
(2008). InN QDs on GaN templates were found to occur without an InN wet-
ting layer. The self-assembled GaN QDs were grown on AIN templates. It
was observed that the self-assembly of InGaN QDs on GaN templates can
find the applications in blue-green LEDs. It was indicated that InGaN/GaN
multiple QDs (MQDs) were highly strained and at low injection, their emis-
sion is red shifted as compared to a single layer of QDs.

Park and Park (2011) fabricated LEDs with emission in the green range
(540—610 nm). They grow self-assembled In-rich InGaN QDs on n-GaN via
metal-organic chemical-vapor deposition. It was observed that emission
wavelength of LED was red shifted from green (540 nm) to red (610 nm).
This shift was attributed to an increase in the depth of potential wells of the
InGaN QDs with increased roughness of the surface n-GaN layer.

Park et al. (2015) reported bright yellow—green-emitting CulnS, (CIS)-
based QDs and two—band WLEDs using these QDs. They used metal—
oleate precursors and 1-dodecanethiol for synthesis of yellow-green-emitting
CIS QDs with CIS cores (QE = 31.7%). These CIS/ZnS/ZnS QDs exhibited
a high QE (80.0%) and a peak at 559 nm, which is dominant wavelength of
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blue LEDs. It was revealed that white light LEDs can be fabricated with
coating of CIS/ZnS/ZnS on blue LEDs, which exhibited LE (80.3 Im - W_l),
CRI (73) and a high light conversion efficiency of 72.6%.

The InP/ZnS QDs were synthesized by Yang et al. (2015) via hot injec-
tion method. They used nontoxic P(IN(CHs),); as precursor. It was found that
triple-shell-coated InP/ZnS core—shell QDs of green, orange-red, and yellow
colors could reach PL QYs as high as 0.50, 0.63, and 0.55; and FWHMs as
narrow as 55, 71, and 76 nm, respectively.

Li et al. (2016) synthesized perovskite CsPbBr; QDs via hot-injection
method as green phosphor for LEDs. It was reported that green light with an
emission peak at 534 nm could be achieved using CsPbBr; QDs and GaN
LEDs. The current-voltage characteristic of the green LED did not show any
degradation as compared to GaN LEDs. It was also revealed that as-
fabricated green LEDs exhibited a LE of 31.92 Im W',

Ko et al. (2017) synthesized highly efficient bright green-emitting
Zn—Ag—In—S (ZAIS)/Zn—In—S (ZIS)/ZnS alloy core/inner-shell/shell QDs.
They used a multistep hot injection method and zinc acetate dihydrate as pre-
cursor. It was reported that as-synthesized ZAIS/ZIS/ZnS QDs displayed a
high PLQY (87%) with peak wavelength (501 nm). The green, red, and blue
tripackage white DC—LEDs exhibited high LE of 72 Im W' and CRI of 95.

The heavy-metal-free InP/ZnS core/shell QDs with different fluorescence
were prepared by Kuo et al. (2017) via green route. These InP/ZnS core/shell
QDs exhibited maximum fluorescence at ~ 530 nm and high fluorescence
QY (60.1%). As-prepared multilayered InP/ZnS core/shell QD-LEDs showed
highest luminance of 160 cd m~ 2 and external quantum efficiency (0.223%).
It was predicted that these multilayered InP/ZnS core/shell QD-LEDs have a
great potential in heavy-metal-free QD-LEDs for display applications in next
generation.

The green QDs were prepared by Li et al. (2017). They used tris(mercap-
tomethyl)nonane (TMMN) as the capping ligand. It was observed that these
TMMN-capped QDs exhibited QYs of ~90% after ligand exchange with
external quantum efficiency of 16.5%. The current efficiency and power effi-
ciency of these were found to be 70.1cd A" and 57.61m W', respec-
tively. It was revealed that as-prepared devices exhibited high environmental
stability.

It was reported by Kumar et al. (2018) that the structural and optical con-
trol of InP-based QDs can lead to high-performance LEDs. It was observed
that zinc sulfide shells passivate the InP QD core and as a result, increase
the QY in red and green-emitting QDs was observed by eight- and thirteen-
fold, respectively. They fabricated WLEDs with LE up to 14.7 Im W™ ' as
well as color-rendering index up to 80.

QDs have high potential to fulfill the ever increasing demands for high-
quality displays due to their outstanding size-tunable optical properties, high
QY and reduced costs. The synthesis of efficient materials and their
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integration in uniform and thin polymeric films are necessary for displays.
Sadeghi et al. (2018) synthesized green— and red—emitting Cd-based QDs
with QYs of 74% and 52%, respectively. These QDs were incorporated into
the PDMS polymer matrix, which provide polymeric films with 123 X
68 mm for smart phone displays. It was suggested that these QD polymeric
films show promising applications in smart phones.

In recent, the QY and stability of green QDs have been significantly
improved. However, most of the progresses were achieved by using alloyed
QDs, and the control of green emission QDs still remains challenging. Hao
et al. (2019) reported synthesized thick-shell structure QDs (TSQDs) with
saturated green-emission. They used tri-n-octylphosphine as both ligand as
well as solvent to extract the redundant ions from the QDs surface. It was
observed that as-prepared TSQDs exhibited high QY reaching up to 75%
and tunable precise emission properties (532 nm).

The CdSe/ZnS core—shell QDs were synthesized by Ramalingam et al.
(2019) via a chemical route. They used bioconjugated organic amino acid
(L-Cysteine). The diameter of as-prepared QDs was found to be 3 nm with
uniform size distribution. The optical properties QDs exhibited an absorption
and emission peak at 515 and 525 nm respectively, at room temperature. It
was indicated that these QDs exhibited emission in the spectral range at
516—535 nm, which is particularly find application in green LEDs.

The synthesis of heavy metal (or Cd) free QD-LEDs have been reported
by Ippen et al. (2019) for all three colors. They developed heavy metal free
QDs with high QY (> 95% for red and green and >80% for blue). A high
efficiency was observed for these heavy metal free QD-LEDs with
EQE =16.9, 13, and 9% for red, green, and blue, respectively. The impact
of shell thickness on efficiency performance of device was also evaluated.

Yang et al. (2020) reported QD films based on a poly(zinc methacrylate)
coating. These alloyed CdZnSeS/ZnS QDs (QDs@PZnMA) are green—
emitting with high refractive-index BaTiO; NPs. A 7.5—, 11.3—, 8.5—, and
8.6— fold increase in the absorption coefficient, scattering coefficient, optical
density and green light emission QD films was observed as compared to
films having identical mass percentage of pristine QDs. It was proposed that
it has a potential for developing QD optical films with enhanced light emis-
sion and high scattering for flexible displays.

Zheng et al. (2020) prepared green carbon QDs (g-CQDs) with high fluo-
rescent QY and high product yield via solvothermal method using 2,7-dihy-
droxynaphthalene and ethylenediamine as the carbon source and nitrogen
dopant, respectively. It was revealed that the maximum product yield
(70.90%) and QY (62.98%) values of g-CQDs could be achieved. They pre-
pared WLEDs by combining these g-CQDs and blue chip.

pLEDss are considered as ideal source of light for next generation and
high-speed visible light communication InGaN QDs have been proposed as
the active region of (Wang et al., 2021a, b). Green InGaN QDs have an
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external quantum efficiency of 18.2%, which is almost two—folds than pres-
ent green pLEDss. It was indicated that InGaN QDs can provide a solution
to pLEDss for display and visible light communication applications, as these
are fully compatible with current LEDs industrial technology.

10.2.5 Orange light-emitting diodes

Kim et al. (2008) synthesized Mn-doped Zn;_ ,Cd,S QDs via reverse
micelle approach. It was found that band gap energy of Zn,_ ,Cd,S:Mn QDs
can be tuned to a higher energy by increasing the Zn content. The average
size of these QDs was calculated as 3.6 nm. A high QYs (14%—30%) was
exhibited depending on the composition of the core QDs. Orange and
WLEDs were fabricated using these CdS:Mn/ZnS QDs.

Nizamoglu and Demir (2009) reported Forster resonance energy transfer-
enhanced color-conversion. They used colloidal semiconductor QD nano-
crystals to make reddish-orange LEDs, which can find applications in
ultraefficient SSL. Energy gradient hybrid structure from cyan- and orange-
emitting CdSe/ZnS NCs (492 and 588 nm, respectively) can be obtained. A
relative increase in quantum efficiency of 15.1% in reddish-orange full
color-conversion was observed for the integrated hybrid cyan-orange NC
layer.

Song and Yang (2012) reported core/shell structured QDs (CIS/ZnS)
exhibited tunable emissions of yellow-orange with excellent QYs (55%—
91%). A white QD-LED was fabricated using by CIS (2 h)/ZnS QD as a
blue-to-yellow color converter. They also fabricated white QD-LED by
blending of yellow and O-QDs so as to improve a color rendering property.

Shen et al. (2013) used solution-processed ZnO NPs as the electron
injection/transport layer, bilayer structure of poly[9,9-dioctylfluorene-co-N-
[4-(3-methylpropyl)]-diphenylamine]  (TFB)/poly(ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS) as the hole transport/injection layer and
CdSe/CdS/ZnS core—shell QDs as the emitting layer. It was observed that
highly bright orange-red and green QD-LEDs could be obtained with peak
luminances and power efficiencies as ~30000 &~ 52000 cd m 2, and 16
& 19.71m W™, respectively. It was proposed that these can be commercial-
ized for use in QD-based displays and SSLs.

Aniline GQDs (Chemically derived) were used as lumophores and LEDs
exhibiting orange, green, and red electroluminescence with high color purity
were fabricated by Kwon et al. (2016). They evaluated external quantum
efficiency and maximum current efficiency of 1.28% and 3.47 cd A™',
respectively.

The synthesis of Mn-doped cesium lead halide (CsPbX3) PQDs has been
reported by Zhu et al. (2017). It was observed that optical properties of as-
prepared nanocrystals remained same even after several months. They fabri-
cated red-orange LEDs by coating the composite onto ultraviolet LED chips.
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This present approach may open new avenue for doping other ions in
CsPbX3 QDs at room temperature and developed capability in as — prepared
essential material for applications in memristors and other devices.

Ren et al. (2020) proposed a facile posttreatment doping method enabling
preparation of highly luminescent low-toxic CsPbX5:Mn*" PQDs from nonlu-
minescent Cs,PbXg PeQDs. It was reported that monodispersed CsPbX3:Mn**
PeQDs exhibited excellent photophysical properties such as PL QY (87%). It
was revealed that variation of halide composition in Cs4PbXs PeQDs or Mn
doping concentration, they were able to prepare a series of CsPbXs;:Mn®"
PeQDs, which can have tunable emission. They fabricated CstX3:Mn2+ Q-
LED, which exhibited excellent orange light with LE of 24 Im W™,

10.2.6 Yellow light-emitting diodes

Lv et al. (2012) used InGaN/GaN multilayer QD in active regions for
yellow-green LEDs. It was observed that on increasing growth temperature
and switching the carrier gas (from N, to H,), using improved growth para-
meters, a 10-layer InGaN/GaN QD LED was obtained. It was revealed that
electroluminescence peak wavelength also shifted from 574 to 537 nm.

Denault et al. (2013) fabricated devices using CdSe/ZnS core/shell QDs
(red-emitting) with Y3A15012:Ce3 + (yellow-emitting) or Lu3A15012:Ce3Jr
(green-emitting) and InGaN LED (blue-emitting). It was reported that
devices with Y3Als0;:Ce*" with QDs (590 nm) could achieve LE
(571m W1 and CRI (81), while devices with Lu3AlsO;,:Ce** with QDs
could achieve CRI (90) and LE (22 Im W™ ).

He et al. (2018) studied inorganic perovskite CsPb(Br,I;_,); QDs with QY of
50% as yellow light convertor for LEDs. It was reported that highly pure yellow
LEDs were obtained, when x was kept 0.55. It gave LE (13.511m W™ ") with
an emission peak at ~570 nm. It was concluded that CsPb(Br,I; — ,); QDs are
potential candidate for yellow LEDs with high purity.

Gu et al. (2021) used hydrothermal method for the preparation of nitro-
gen doped GQDs (N-GQDs). They used citric acid and o-phenylenediamine
as precursors. It was reported that as-produced N-GQDs exhibited blue color
with a QY (58%) in presence of 365 nm UV light illumination. As the con-
centration of N-GQDs increases, the PL exhibits an obvious red-shift from
blue to yellow. A high PL QY of 28% could be with yellow luminescence is
achieved under 405 nm excitation, using N-GQDs in solid state. A WLEDs
device was constructed by adjusting thickness and concentration of N-GQDs
in blue emitting InGaN chips.

10.2.7 Other light-emitting diodes

Qian et al. (2011) developed devices consisting of a quantum-dot emissive
layer, which was sandwiched between an electron transport layer of ZnO
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NPs and an organic HTL. It was reported that as-fabricated devices exhibited
maximum luminance and power efficiency values of 4,200cdm ? &
0.17Im W', 68,000cdm™ & 82ImW 'and 31,000cdm™> and
3.81m W' for blue, green, and orange—red emission, respectively. It was
also revealed that with the incorporation of the ZnO NPs, these devices have
high environmental stability with operating lifetimes more than 250 h in low
vacuum.

Jun et al. (2013) prepared a highly luminescent and photostable
QD—silica monolith substance via base-catalyzed sol—gel condensation of
silica. They heavily doped SM with 6-mercaptohexanol exchanged QDs up
to 26 wt.% (12 vol.%) without any particle aggregation. These green and red
light-emitting QD—SMs were then applied as color-converting layers on
blue LEDs. It was observed that external quantum efficiency could reach up
to 89% and 63% for the red and green QD—SM, respectively. A WLED
made with a mixture of these green and R-QDs in the SM exhibited an effi-
cacy of 47 ImW ™",

Highly efficient tandem quantum-dot LEDs were proposed by Zhang
et al. (2018b). They used an interconnecting layer (ICL) with the structure of
ZnMgO/AI/HATCN/MoOs;. It was reported that as-prepared ICL exhibited
efficient charge generation/injection capability, high transparency, and high
robustness. The tandem QLEDs [full color (red (R)/green (G)/blue (B)] show
high current efficiency and external quantum efficiency: 41.5 cdA™' and
23.1%, 17.9 cdA™! and 21.4%, 121.5cdA™! and 27.6% for R-QLEDs, B-
QLEDs, and G-QLEDs, respectively. The EQEs of R-, G-, and B-QLEDs
were more than 21%. The R-, G-, and B-QLEDs can still sustain their exter-
nal quantum efficiency at 96%, 99%, and 78%, respectively. It was sug-
gested that these full-color tandem QLEDs have long operational lifetime,
high efficiency, high color purity, and low roll-off efficiency, and hence can
prove to be ideal candidate for the SSL and full-color displays.

10.3 Night vision

Taking into account the requirements of different practical usages at night,
LEDs are applied for infrared lighting in night vision operations comprising
security cameras. It has been shown that a ring of LEDs around a video cam-
era is a low-cost and successful kit for chroma keying in video production
applications (Cabrera, 2019). Night Vision Imaging Systems (NVIS) are
used in military domains such as electronic combat reconnaissance aircraft
(Sabatini et al., 2016; Chen et al., 2017a).

Wu et al. (2012) examined the feasibility of using QD phosphor-based
LEDs in aviation uses that solicit NVIS conformity, recommending
that white QD phosphor-based LEDs can be tailored to show greater suitabil-
ity with NVIS than commercial LEDs. It was expected that the QD
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phosphor-based LEDs reach important goals in cockpit illumination and
LED indicator lights of aviation panels.

Chen et al. (2017a) stated that LED night vision imaging detection has
been applied in numerous areas. The usage of LED array as a light source
possesses the advantages of reduced price and small dimension. It was
revealed that utilizing the degradation model, the target image was recovered
with the help of the model-based image processing algorithms and that the
experimental results confirmed the efficacy of this method.

An interesting review by Zheng and Zhu (2020) emphasizes three classes
of emerging near-infrared (NIR) emitting materials used in LEDs. They
reported the advantages and disadvantages of these three types of materials
(organic materials, inorganic QD materials, and organic—inorganic hybrid
perovskite materials) used to fabricate the appropriate devices (OLEDss, QD
LEDs, and perovskite LEDs), showing that NIR QLEDs possess the potential
for military uses, such as night vision-readable display and iris identification
systems.

Vasilopoulou et al. (2021) reported NIR LEDs based on solution-
processed semiconductors, such as halide perovskites and colloidal QDs,
which are suitable technological stages for night vision, surveillance, and
optical communications. This research listed new developments on emissive
materials synthetic methods and essential qualities that increase the perfor-
mance of manufactured light-emitting devices.

10.4 Data communication

In the data communication structure, there is a requirement for higher data
rates with great reliability and secure means of accessibility (Kate and
Husain, 2017). The use of LEDs increases efficiency in terms of data fidel-
ity, data rate and cost; thus permitting the progress of light fidelity (Li-Fi)
technology and the Visible Light Communication (VLC) system (Kate and
Husain, 2017; Yu et al., 2021). The unique properties of QDs determine their
notable application in optical technologies, such as QD-LEDs that can be
used as an optical transmitter in VLC (Xiao et al., 2016; Yulin et al., 2017;
Choi et al., 2018; Pradhan et al., 2019; Vahabzad et al., 2019).

A new procedure has been described by Ruan et al. (2016) for the manu-
facture of a type of QD-WLEDs from green- and red-emitting AgInS,/ZnS
core/shell QDs coated on GaN LEDs. It has been mentioned that the modula-
tion bandwidth of QD-WLEDs was much enhanced in comparison to that of
YAG:Ce phosphor-based WLEDs, showing that AgInS,/ZnS core/shell QDs
have the potential to improve the bandwidth in VLC. The use of colloidal
semiconductor QDs for light conversion of InGaN sources in VLC applica-
tions was analyzed by Leitao et al. (2017). They presented a colloidal QD/
polymer composite format of color converters and reported some samples of
such color converting composite that were hybridized with a pLED to create
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hybrid sources for a demonstration of free-space VLC over 10 cm with data
rates up to 1 Gbs™'.

A microwave-assisted heating technique to manufacture multicolor QD-
based phosphors in 30 s was investigated by Zhou et al. (2018) using a com-
bination of QDs and sodium silicate aqueous solution. They indicated an
application of the QD-based phosphors in VLC, noting that the bandwidth
modulation reaches 42 MHz. Cao et al. (2019) developed a high bandwidth
GaN-based WLED that was obtained using blue LED chip (GHz bandwidth)
with a combination of CdSe/ZnS QDs. It provides an advantageous solution
for the creation of high bandwidth WLEDs for VLC uses in free space. Li
et al. (2019b) exhibited an interesting portable VLC system, which is
suitable for indoor short-distance communication technology using CdSe/
ZnS QDs as a light converter, creating a portable transmitter and receiver
based on digital signal processors and observing that under a direct bias volt-
age of 2.70 V, the highest transmission rate is 267 Kbs ™.

Recently, Singh et al. (2020) reviewed the latest advances for VLC appli-
cations based on LEDs but principally on semipolar p-LEDs and p-LED-
based arrays with high bandwidths. It has been highlighted that a significant
application of great interest for marine exploration and underwater connec-
tivity is the use of VLC for underwater optical wireless communication,
recalling the reported case of a data rate of 2 Gbps over a 3 m air-underwater
channel using a single layer QD blue u-LED (Singh et al., 2020. Wei et al.,
2020a).

Li-Fi, which represents a wireless technology that is not only
environment-friendly, but also low cost for the future of communication
(Meshram and Meshram, 2020), demands wearable and full duplex configu-
ration because of its important role in applications such as smart wearables
and “Internet of Things” (Shan et al., 2020). They described a perovskite
QD-based light-emitting/detecting bifunctional fiber built with the help of a
hybrid strategy and showed that the creation of this type of fiber is promising
for the manufacture of future smart wearables.

Wan et al. (2021) proposed a new plasmonic WLED using the combina-
tion of a nanohole LED (H-LED) with QDs and silver NPs (Ag NPs)
together (M-LED), explaining that the improved M-LED exhibited a maxi-
mum CRI of 91.2 and a data rate of 2.21 Gbs™ ' at a low current density of
96 Acm ™~ (60 mA). Here, a promising scope for WLEDs in lighting and
VLC applications has been discussed.

10.5 Agriculture and horticulture

In recent years, a lot of research has been carried out in the fields of horticul-
ture and agriculture, due to the diverse successful characteristics; LED light-
ing systems are considered a new profitable technology for plant growth and
a promising tool to improve crop production (Mitchell et al., 2012; D’Souza
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et al., 2015; Hasan et al., 2017; Virsilé et al., 2017). Many studies have
revealed that the monochromatic character of LEDs can help diminish the
incidence of pest and diseases pressure in growing plants and that some valu-
able features such as energy efficiency, long lifetime, and flexibility have
indicated that LEDs are more adequate for future agricultural lighting meth-
ods than conventional lighting methods (Darko et al., 2014; Gomez and Izzo,
2018; Al Murad et al., 2021; Koushik et al., 2021).

The feature, related to the fact that QD can emit specific wavelengths of
light, when supplied with energy, has been exploited to shift incoming light
into a certain part of spectrum that plants can most effortlessly utilize for
photosynthesis (Mission, 2021). QDs technology has demonstrated some
excellent benefits for the lighting sector, including the application area
related to horticulture.

A new procedure has been developed by Song (2016) for the manufacture
of a LED utilizing QDs as phosphor. He constructed the multiwavelength
LED device to show the possibility of its application for the plant factory. It
was indicated that the good use of QD can be made with the multifunction
LED light source.

Zhang et al. (2019) have fabricated some exceptional WLEDs and LEDs
for plant growth with the help of red-emitting CsPb,_Ti,IsQDs@glasses,
showing that a series of Ti-doped CsPbl; QDs were prepared in borosilicate
glass (SiO,—B,03-Zn0) and that the WLED was built with the help of red-
emitting CsPb,_, Ti,[;QDs@glasses and yellow-emitting Ce*":YAG phos-
phor under excitation of InGaN blue chip.

Chung et al. (2020) reported that four kinds of QD lamps (QDLs) that
emit different wavelengths of light were positioned in the perilla greenhouse
in Milayang (Korea) revealing that QDLs considerably increased in the
perilla leaf growth in comparison with control LED lamps and that perilla
leaves exposed by Q2R lamps considerably improved the contents of biologi-
cally functional constituents (chlorophyll, total flavonoid, and phenolic-acid
compounds).

Choi et al. (2019) have studied the consequences of LED and QD-LED
irradiation on seed germination and microbial growth, in the time of the red
radish (Raphanus sativus L.) sprouts cultivation. It was reported that the red
hypocotyl was exceptional in blue light and QD-LED light. It was revealed
that when red radish seeds were germinated in the dark and cultivated for a
period of 7 days as sprouts and then irradiated with QD-LED light for 24 h,
the seeds furnished some superior quality red radish sprout showing a dimin-
ished level of E. coli contamination.

Liu et al. (2021a) investigated the luminescent spectrum of LEDs based
on QD materials, which was projected depending on the photosynthetic
action spectrum (PAS) of plants. For the case of the three-band QD-based
LEDs (QLEDs), it was found that photosynthetic action factor (PAF) has the
maximal value of 8.088 and the induced photosynthetic index (IPI) has the
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maximal value of 4.012. In the case of the four-band QLEDs, the maximal
value of 7.689 was calculated for PAF and the maximal value of 3.818 was
determined for IPI. They showed that in the issue related to the vision fea-
tures, the four-band device exhibited a maximal value of 93 for CRI and a
maximal value of 2053K for the correlated color temperature (CCT). They
observed that the obtained results had consistence with the simulation ones,
certifying the feasibility of manufacturing growing lamps with QD materials.

Jung et al. (2021) demonstrated that the quantity of Rgl and Rg3, the
most abundant ginsenosides, which are found in ginseng sprout, increased
remarkably in the root of ginseng sprouts under the QD-LED method in
comparison with the LED method, indicating that the cultivation of ginseng
seeds using QD-LED method can determine the progress of high-
productivity products.

10.6 Antimicrobial technology

LEDs have been used to obtain air disinfection, water disinfection and purifi-
cation, surface decontamination, and food preservation (Koutchma and
Orlowska, 2012; Kim and Kang, 2018; Ogonowska et al., 2019; Prasad
et al., 2020; Singh et al., 2021b; Kim and Kang, 2021). Ultraviolet (particu-
larly UVC) irradiation has especially attracted tremendous attention as one
of the most successful antiviral procedures (Bhardwaj et al., 2021;
Memarzadeh, 2021). The UV-LEDs have shown the potential for an exten-
sive domain of applications in sterilization, sensing, and detection
(Muramoto et al., 2014; Chen et al., 2017b; Won et al., 2018; Memarzadeh,
2021).

Yang et al. (2014b) showed that high internal efficiency and high temper-
ature stability of UV LEDs at 308 nm were obtained utilizing high density
GaN/AIN QDs grown with the help of metal organic vapor phase epitaxy
(MOVPE). It was observed that the value of the internal quantum efficiency
was 62%.

Chen et al. (2016) communicated the enhanced excitation and directional
fluorescence emission (DFE) of QD by Ag NPs using theoretical calcula-
tions, emphasizing that enhanced DFE is important for biological and medi-
cal detection processes. It has been established that a monolayer Ag NPs
showed a dominant enhancement in DFE for monolayer or low concentration
QDs in LED, highlighting the significance for the design and progress of
high-efficiency QD LEDs.

A new solid-state-based broadband UV light source was developed by
Cho et al. (2020), which could substitute arc-lamp-based uses. Taking into
account that group IlI-nitride UV LEDs did not exhibit a broad UV spectrum
region, which limits their use in areas such as medical therapy and UV spec-
trophotometry, they obtained different emission wavelengths in the UV
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region from the GaN QDs grown on the truncated pyramid structures, which
furnish a high-efficiency broadband UV spectrum.

Elgammal (2020) reported that silicon QD-based LEDs produced with
the help of cyclohexasilane can affect a number of industries but in response
to the COVID-19 crisis, their efficiency recommends them for public areas,
where infected droplets constitute important risks for public health.

Deep ultraviolet (DUV) LEDs furnish some important benefits such as
compact size, low consumption, and long lifetimes. Brault et al. (2021) pre-
sented that Al,Ga; N LEDs emitting in the UVB (230—320 nm) and UVC
(below 280 nm) regions are of significant technological interest for the medi-
cal and environmental applications as alternatives to mercury-based lamps.
Noticing that some improvements of their characteristics are needed, they
examined the potential of Al,Ga;.,N QDs as DUV emitters.

10.7 Recent developments

QDs are useful in LEDs for displays, memristors, smartphones, etc. These
fabricated LEDs can exhibit a variety of colors, apart from WLEDs such as
blue, red, green, orange, etc. These LEDs can also find applications in data
communication, night vision, agriculture, horticulture, etc. Some recent
developments of QDs-based LEDs are summarized in Table 10.1.

TABLE 10.1 Recent advancement on LED application of quantum dots.

Material used Application References
Display and lighting

CsPbBr;,Cl,/PbBr,, (or Blue light-emitting diodes, emission Park et al.

PbCl,) (core/shell) quantum peak at 492—435 nm (2021)

dot

Polyethylene glycol (PEG)- Optical properties used in high- Juang et al.

coated CQD clusters performance sensors as well as (2020)

next—generation energy/biological
devices; fluorescent green (540 nm)
and red (620 nm)

InGaN quantum dots Green light-emitting diode Wang et al.
(550 nm) (2018)
Night vision
Lead-free perovskite-type Photoelectric effect producing a Aleksandrova
material voltage that affects the silicon/IR (2021)

material interface, controlling the
depletion layer

(Continued)
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TABLE 10.1 (Continued)

Material used Application References
Bi**-doped Sr3Y,Ge;01, Night vision signage and optical Zhou et al.
(SYGO) phosphor information storage (2021)
Cr**-doped LiScGeO, Night vision surveillance and short- ~ Miao et al.
wave infrared (SWIR) spectroscopy (2021)
technology
White light GaN-pLEDs Color converters for visible light Liu et al.
employing green/red communication (2022)
perovskite quantum dots
CsPbBr; quantum dots White light-emitting diodes and Li et al.
visible light communication (2021)
Data communication
Micro LED based on InGaN Displays, data communication Liu et al.
tools, photodetectors, and sensors (2021b)
WSe, crystals Photonics, imaging, spectroscopy, Ghods et al.
and data communications (2022)
Single layer quantum dot Blue pLEDs with 4-Gbps QAM- Wei et al.
OFDM (Quadrature Amplitude (2020b)
Modulation Orthogonal Frequency-
Division Multiplexing)
Agriculture and horticulture
Carbon dots@ Mg(OH), Blue, and red LED for horticulture Xie et al.
(2021)
CRISPR/Cas9-mediated Horticulture food crops Wang et al.
(2021a, b)
Indoor LED light Horticulture Appolloni
et al. (2022)
Lactuca sativa L. (Cos Cultivation Jishi et al.
Lettuce) (2022)
Mesoporous silica Light harvesting Huang et al.
nanoparticle (2021a, b)

Luminescent nanoparticles Photosynthetic activity and plant Yanykin et al.
of growth (2022)
Sro.46B20.50Ybo.02Er0.02F2.04

Antimicrobial technology

Polyimine substituted zinc Antimicrobial activity Sen and
phthalocyanine Nyokong
(2021)

(Continued)



Application of quantum dots in light-emitting diodes Chapter | 10 231

TABLE 10.1 (Continued)

Material used Application References
Graphene quantum dots Visible light-activated antibacterial Huang et al.
activity (20214, b)
Carbon dots Antimicrobial photodynamic Romero et al.
(2021)
ZnO QDs Antimicrobial Gangadoo
et al. (2021)
Carbon QDs Antimicrobial Ayad et al.
(2021)
Nitrogen—doped graphene Antimicrobial therapy Kuo et al.
QDs (2021)

10.8 Conclusion

LEDs are presented as an attractive option to standard light sources, being
considered today’s perfect lighting technology due to their high energy effi-
ciency, low cost, and longer lifetime. QDs have produced considerable inter-
est due to their unique properties, and are being presented as one of the
promising candidates for application in LEDs. The recent trends in QDs
applications for LEDs have been reviewed, including those related to the fol-
lowing areas of utilization: displays, lighting, data communication, agricul-
ture, horticulture, and antimicrobial technology. There is great potential for
QDs as a unique material solution that can allow the successful achievement
of a broad range of applications in the field of LEDs.
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11.1 Introduction

Owing to their unique size-dependent features, fluorescent nanoparticles
(NPs) or quantum dots (QDs) have attracted the attention of scientists all
over the globe in the last few decades. There is an increasing concern in
developing environment-friendly procedures to synthesize these NPs because
they enhance biocompatibility and avoid the production of toxic by-products
(Plaza et al., 2016).

Due to the advent of nanobiotechnology, some modern biological synthe-
sis works of nanomaterials (NMs) have succeeded in implementing “Green
chemistry” strategies, which are globally sustainable and economically viable
(Abdel-Salam et al., 2020). The green revolution and scientific developments
in the realm of biological sciences, agricultural biotechnology, food technol-
ogy, and nanotechnology follow the route of a novel scientific perceptiveness
(Palit, 2020).

Some substantial studies have explained the conception or synthesis of
materials with nanoscale accuracy (Ameta and Ameta, 2016a,b) using mate-
rial science, which is nanotechnology (Pandey et al., 2015; Ameta and
Ameta, 2016c). These studies have described the diverse aspects of synthesis
of NPs, characterization, and their crucial applications, focusing on the bio-
genic synthesis of NPs and their use (Ingale and Chaudhari, 2013; Bhatt
et al., 2020a).

QDs have been presented as the central notion of nanoscience and nanotech-
nology since their inception and remain an active and intense domain of explora-
tion in applied nanomaterial research (Damian et al., 2011; Ameta et al., 2014;
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Benjamin et al., 2014; Solanki et al., 2018; Ameta et al., 2019a,b; Armaselu,
2019; Liu et al., 2020a; Ameta et al., 2020). QDs possess numerous distinctive
constitutional, physicochemical, and photochemical characteristics that make
them encouraging candidates in the areas of solar cells, laser, memory, light-
emitting diodes (LEDs) (Armaselu, 2017), photovoltaics, photodetectors, photo-
catalysts (Ameta et al., 2019c; Bhatt et al., 2019a), quantum computers (Ameta
et al., 2019c), wastewater treatment (Bhatt et al., 2019b,c; Jat et al., 2019), and
bioimaging applications (Ardelean et al., 2011; Armaselu et al., 2011a,b; Damian
et al., 2010).

The QDs show unique optical properties, which depend on their size,
shape, and surface chemistry, and in spite of the fact that research on QDs is
at a relatively early phase, their high biocompatibility and reduced cytotoxic-
ity have already been established in vitro and in vivo, increasing the interest
in this type of NM as compared to others (Perini et al., 2020).

QDs and their composites are modern and notable structures, which pres-
ent unique and significant properties. Here, the basic properties of QDs,
some key aspects related to the synthesis techniques of QDs, and the latest
advances in the field of QDs applications in sensing, bioimaging, biolabel-
ing, and targeted drug delivery have been presented. This work also provides
some toxicological characteristics of QDs and their composites.

11.2 Biolabeling and bioimaging

Biolabeling is nothing but tracking individual cells using any material. QDs
have been used for labeling of cells. It is all due to the florescence of QDs.
This can pass to daughter cells upon cell division with florescence labels in
such cases. These have also being used before surgery by labeling lymph
nodes with florescence. Bioimaging refers to any imaging technique in the
field of biomedical and biotechnology. Here, bioluminescence is used in the
diagnosis of some diseases. One can visualize different infections, localizing
cancer growth by creating bioimages of different internal organs and their
functions.

Wolcott et al. (2006) reported a simple aqueous synthesis of silica-capped,
highly fluorescent CdTe QDs. These CdTe QDs are quite useful as the emission
can be tuned to the near-infrared, where tissue absorption is at the minimum.
Leakage of toxic Cd*" can be prevented by a silica shell. These silica shells
help in increasing photostability in tris-borate-ethylenediaminetetraacetate and
phosphate-buffered saline buffers. They used poly(ethylene glycol) and thiol-
terminated biolinkers to functionalize silica-capped QDs to improve their
biocompatibility. Conjugation specificity and bioactivity of as-synthesized thio-
lated QDs was confirmed by streptavidin — maleimide and biotinylated polysty-
rene microbeads. It was reported that these functionalized, silica-capped QDs
are ideal labels, safe, robust, easily synthesized, and readily conjugated to bio-
molecules. They find a number of applications in biolabeling and imaging.
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Li et al. (2007) synthesized aqueous CdS QDs in a direct and environment-
friendly manner at room temperature. They reported the feasibility of aqueous
CdS QDs as an imaging tool with Salmonella typhimurium cells, when
3-mercaptopropionic acid (MPA) was used as the capping molecule. The QDs
exhibited stronger emission at higher pH and MPA/Cd ratio of 2. It was
claimed that aqueous CdS QDs displayed a lifetime of 12 h under UV light
with an excellent stability. An ease of processing and good PL properties of
these aqueous CdS QDs provided a low-cost and practical approach for single-
target imaging application.

Erogbogbo et al. (2008) prepared highly stable aqueous suspensions of Si
QDs. It was found that the optical properties of Si nanocrystals are retained.
These micelle-encapsulated Si QDs can be used for detecting pancreatic can-
cer cells. These silicon QDs may prove to be a significant optical probe in
biomedical diagnostics.

Biologically compatible and water-soluble CdSe QDs were synthesized in
aqueous medium by Liu et al. (2009) using L-cysteine as the capping agent.
It was revealed that molar ratio of Se/Cd and the reaction time are deciding
factors for the size distribution of CdSe/L-cysteine QDs. The fluorescence
intensity of bovine serum albumin (BSA) was largely quenched with the
addition of QDs, but it slightly enhanced initially and then quenched on addi-
tion of BSA to solution of QDs. They suggested that CdSe/L-cysteine QDs
can be used as a probe for labeling bacterial cells and biological molecules.

Allen et al. (2010) reported the synthesis of InAs QDs with a ZnCdS shell.
These can be used for biological imaging as they show stable and bright emis-
sion in the near-infrared (NIR, 700—900 nm) region. They opined that these NIR
QDs can image tumor vasculature in vivo at deeper penetration depths with high-
er contrast than visible emitting CdSe(CdS) QDs. Tan et al. (2013) prepared
nanoscaled light-triggered nitric oxide (NO) delivery consisting of chitosan
(CS)-based  S-nitrosothiols (SNO) and encapsulated silver sulfide QDs
(AgS QDs) and used for vehicles NIR fluorescence imaging. They used ethyle-
nediaminetetraacetic acid (EDTA) to conjugate water-soluble Ag,S QDs with the
CS-SNO. They performed cell imaging. It was demonstrated that Ag,S-CS-SNO
nanospheres could emit observable NIR fluorescence and also release NO in
living cells.

Uniform molybdenum disulfide (MoS,)/tungsten disulfide (WS,) QDs
were prepared by Xu et al. (2015) via a combination of sonication and sol-
vothermal treatment at a mild temperature. It was reported that as-prepared
QDs have monolayer thickness (average size of about 3 nm). A good cell
permeability, strong fluorescence, and low cytotoxicity make these QDs
quite promising and biocompatible probes for in vitro imaging.

Justin et al. (2016) synthesized reduced graphene oxide (GO)—iron oxide
QDs with photoluminescent and superparamagnetic properties. They used a
green, hydrothermal method that reduced and shattered graphene nanosheets
simultaneously to form QDs. A drug could be loaded onto the surface of
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these QDs, with a loading ratio of drug to QD as 0.31:1. These have a poten-
tial to be used in cancer photothermal therapy. A suspension of QDs
(100 pg mL ") can be used for photothermal ablation of HeLa cells in vitro
in presence of near infrared irradiation.

Nitrogen and phosphorus functionalized Ti;C, MXene-based QDs
(N,P-MQDs) were prepared via a top—bottom hydrothermal method by
Guan et al. (2019). It exhibited pH resistance capacities and excellent
photostability. These N,P-MQDs are highly sensitive toward Cu®>* ions and
may be used for label-free fluorescence platform for Cu®* detection. This
is a low cost, sensitive, and environment-friendly method.

Xue et al. (2019) synthesized lignin hybridized CQDs (L-CQDs) via
hydrothermal route. They used different molar ratios of ethanediamine and
citric acid. As-obtained L-CQDs with almost spherical morphology were
found to be <10 nm (diameter). It was reported that L-CQDs exhibited
excitation-dependent photoluminescence (PL) behavior and maximum emis-
sion of L-CQDs exhibited a red-shift (longer wavelength) with a decrease in
intensity on increasing excitation wavelengths. As-prepared L-CQDs have
low good cellular biocompatibility and cytotoxicity indicating that there is a
potential of these L-CQDs for bioimaging applications.

Qu et al. (2020) reported synthesis of bifunctional ibuprofen-based carbon
QDs (ICQDs) via a simple one-step microwave-assisted method. As-prepared
ICQDs exhibited low toxicity, high stability, good biocompatibility, and negligi-
ble cytotoxicity in water. It was reported that as-produced ICQDs had a decent
imaging ability and excellent antiinflammatory effects in vivo, simultaneously.
Shahid et al. (2020) reported hydrothermal synthesis of biocompatible, polyethy-
leneimine (PEI) surface passivated carbon dots (CDP) using mint leaves as a
green source. The biolabeling potentials of nonpassivated C-dots and CDP was
evaluated in the breast cancer (MCF-7) cells, when cytotoxicity was found to be
concentration dependent. It was reported that C-dots synthesized from a herbal
source (mint) can be used for different biolabeling applications as well as anti-
oxidant activity.

11.3 Targeted drug delivery

Nanotechnology has the potential to develop quantitative and sensitive meth-
ods to diagnose and detect cancer. Semiconductor QDs are NPs that have
intense and stable fluorescence, and these could help in the detection of vari-
ous cancer biomarkers in blood assays, cancer tissue biopsies, and also as
contrast agents for medical imaging. QDs are promising materials to expand
to in vitro analysis, which can be extended to cellular, tissue, and whole-
body multiplexed cancer biomarker imaging.

Detecting cancer at an early stage is a current challenge in the treatment
of cancer. This will be supported by targeted drug delivery in and around
tumors at concentrations, which decreases the growth rate of the tumors and
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continues to be the primary challenge in the treatment of cancer. In most of
the cases, the malignancy of tumors is only detected when it has reached an
advanced stage and then chemotherapeutic drugs will be increasingly toxic
to healthy cells. A targeting drug delivery system has a moiety that can rec-
ognize a tumor with a drug-loaded vesicle. Detection systems of malignant
tumors involve tissue biopsy and magnetic resonance imaging (MRI), where
a single system is needed that is capable of targeting drug delivery as well as
imaging the delivery process, simultaneously. Here, the integration of bioma-
terials and semiconductor QDs can be useful for addressing these problems
of cancer therapy.

Misra (2008) used biodegradable chitosan (N-acetyglucosamine) for tar-
geted drug delivery to tumors and QDs noninvasive imaging. It was reported
that drug-loaded chitosan-encapsulated ZnO:Mn?** QDs provided a potential
platform for drug delivery to targeted tumors and this delivery process was
documented, simultaneously. Core—shell structured multifunctional nanocar-
riers (NCs) of ZnO QDs-conjugated gold NPs (Au NPs) were synthesized by
Chen et al. (2013). It was indicated that camptothecin (CPT) release from
these NCs was much higher at pH 7.4 than 5.3. It was reported that both
NCs; and CPT-loaded NCs provided high anticancer activity against Hela
cells.

Wang et al. (2013a) prepared GQDs with strongly green-PL, which were
surface-passivated by polyethylene glycol (GQDs-PEG). It was observed that
the PL quantum yield of as-prepared GQDs-PEG was around 18.8% with
400 nm excitation. They reported that surface-passivated PEG on GQDs can
load the drug by hydrogen bonding apart from enhancing PL intensity. The
GQDs-PEG have high specific surface area, which provide these higher load-
ing capabilities (2.5 mgmg~") to carry the drug. As-fabricated GQDs-PEG
were suitable for cell imaging and as drug carrier.

A novel QDs-based multifunctional nanovehicle (DOX-QD-PEG-FA) was
designed for targeted drug delivery, fluorescent imaging, tracking, and cancer
therapy, in which the GSH—CdTe QDs play a key role in imaging and drug
delivery. The antineoplastic drug doxorubicin hydrochloride (DOX) was loaded
on the GSH—CdTe QDs by Chen et al. (2014) via a condensation reaction. A
PEG shell was introduced to wrap these DOX-QDs. The NPs were then deco-
rated with folic acid (FA) to actively target particularly cancer cells and prevent
the nanovehicles from being used up by normal cells allowing them to target
HeLa cells that express the FA receptor. In vitro studies revealed that this multi-
functional nanovehicle can deliver DOX specifically to the targeted cancer cells,
and on reaching the tumor cells the FA on the DOX-QD-PEG surface increased
the drug concentration so as to achieve higher curative effect. It was reported
that this multifunctional DOX-QD-PEG-FA system exhibited great promise
for tumor imaging, targeting, and therapy.

Wu et al. (2014) prepared dual-functional NMs consisting of QDs and an
anticancer drug methotrexate (MTX). Hydrophilic AgInS,/ZnS QDs were
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obtained by ultrasonication by introducing the amphiphilic polymer, poly
(maleic anhydride-alt-1-octadecene) (PMAO). Then MTX was covalently
coupled to the surface of the AgInS,/ZnS QDs by carbodiimide chemistry. It
was indicated that these hydrophilic PMAO-coated AgInS,/ZnS QDs exhib-
ited negligible cytotoxicity, but AgInS,/ZnS QDs conjugated with MTX
were taken up effectively by human cervical (HeLa) cancer cells. It was sug-
gested that AgInS,/ZnS QDs conjugated with MTX may be a promising can-
didate for cancer therapeutics and diagnosis in future.

Samantara et al. (2016) developed a method to synthesize carbon QDs
from Good’s buffer. As-synthesized CQDs emitted a bright greenish blue
colored fluorescence on exposure to UV irradiation (365 nm). This bright
fluorescence of CQDs makes them useful probes for cellular imaging. More
than 95% survival rate was found when H357 (human oral squamous carci-
noma) and HEK293 (human embryonic kidney) cells were treated with these
CQDs. The low cytotoxicity of Good’s buffer-derived CQDs opens the door
to biomedical applications. They easily loaded an anticancer drug DOX on
as-prepared CQDs. They also explored delivery efficiency to the target cells
via in vitro treatment of cancerous cells. CQDs-supported DOX exhibited a
higher killing rate as compared to only DOX, which may be due to easy
internalization and effective pH-triggered release inside the cells.

Rai et al. (2017) used lignosulfonate lignin as a carbon source for the syn-
thesis of water-soluble reduced fluorescent carbon dots (r-FCDs). Then these
r-FCDs were employed for bioimaging applications and as a curcumin nano-
carrier. As-prepared r-FCDs were obtained under microwave irradiation after
reduction with NaBH,. The average diameter of r-FCDs was found to be
49 nm. These were water dispersible with strong photostability. It was
reported that r-FCDs were efficiently taken up by cancerous cells (SW480 and
A549) and illuminated the whole cell with a clear distinction between cyto-
plasm and nucleus. It was revealed that as-prepared r-FCDs can be used as a
promising probe for diagnosis and treatment of cancer.

A novel drug delivery system was synthesized by Dong et al. (2018),
which was based on arginine—glycine—aspartic acid (RGD)-conjugated
GQDs. Later, it was used to load the antitumor drug, DOX for monitoring
drug delivery even in the absence of external dyes. It was reported that the
release of DOX was strongly pH dependent, which involves hydrogen-
bonding interaction between GQDs and DOX as compared to free DOX. It
was observed that DOX-GQDs-RGD conjugates exhibited substantial cyto-
toxicity to U251 glioma cells within a wide range of DOX concentrations.
This enhancement combined with efficient nuclear delivery improved the
cytotoxicity of the drug DOX on application of GQDs.

A pH responsive nanodrug delivery system was reported by Wang et al.
(2018). It was based on ZnO QDs for controlled release of drugs. They intro-
duced poly(2-(dimethylamino) ethyl methacrylate) (PDMAEMA) and zwit-
terionic poly(carboxybetaine methacrylate) (PCBMA) for modification of
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ZnO QDs. These helped in increasing blood circulation time, water stability, and
also promoted endocytosis. The DOX (anticancer drug) was successfully loaded
on ZnO@P(CBMA-co-DMAEMA) with a 24.6% drug loading. As-prepared
ZnO@P(CBMA-co-DMAEMA) loaded with DOX could achieve lysosomal
acid degradation and release DOX after endocytosis by tumor cells, which
resulted in a synergistic treatment of cancer by an anticancer effect of Zn*" and
DOX, both.

Flak et al. (2018) have studied the preparation of GQDs—mesoporous sil-
ica NPs (MSNs) (GQDs-MSNs) nanocomposite as an efficacious intracellu-
lar drug delivery system and as a fluorescent factor for optical imaging.
GQDs-MSNs nanocomposite NPs composed of GQDs and MSNs were pre-
sented as a proficient DOX delivery agent and nontoxic nanocomposite. It
has been reported that the effectiveness of prepared GQDs-MSMs nanocom-
posite NPs for the drug delivery and release next to the bioimaging was ana-
lyzed for the case of HeLa cancer cells using a confocal laser scanning
microscope and the transmission electron microscopy imaging technique.

Qian et al. (2018) synthesized GQDs hydrothermally and then encapsulated
them with supramolecular 3-cyclodextrin (3-CD) as a drug delivery system. Two
drugs were selected, ranibizumab (Ran) and bevacizumab (Bev), which displayed
an initial burst delivery percentage of 52.2% * 2.6% and 55.7% * 1.6%, respec-
tively, within the first 15 min. This release from the 3-CD encapsulated GQDs
reached in a sustained manner 94.2% (Ran) and 93.1% (Bev) of loaded drug
molecules after an hour. The biocompatibility of these carriers was evaluated
qualitatively as well as quantitatively with the mouse Fibroblast L.929 cell line. It
was revealed that samples are nontoxic and highly compatible to the cells with
>90% cell viability after 5 days of cell culture. The observed results indicate
that developed NCs were suitable for the drug delivery system in the AMD.

The fact that graphene (G) is very hydrophobic, whereas GO is decorated
by oxygen—containing hydrophilic group, permits both physical and chemi-
cal binding of drugs to the surface of G/GO for drug delivery uses (Zhang
et al., 2017; Tadyszak et al., 2018; Wychowaniec et al., 2018). The GQDs,
which are the most proficient carbon-based nanostructures, have a
notable function in biological works (Khosravanian et al., 2021). It has been
observed that owing to their small dimension, GQDs present a better per-
spective in biomedical applications than G or GO and when compared with
graphene sheets, GQDs show improved biocompatibility and low toxicity, as
promising materials used for the delivery of biologically active loads into
living systems (Sangam et al., 2018; Mondal et al., 2019; Fasbender et al.,
2019). In recent years, many researchers have shown that GQDs are very
encouraging substrates for drug delivery systems. (Li et al., 2019a; Liang
et al., 2019; Wang et al., 2019b; Zhao et al., 2020; Jahdaly et al., 2021).

Thovhogi et al. (2018) investigated the use of peptide-functionalized QDs
for the imaging of prohibiting (PHB)-expressing cells in vitro and in diet-
induced obese rats, which could potentially be used as NCs of antiobesity
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drugs, dual targeted drug delivery, and molecular imaging of adipose tissues
in obese patients in real time. Abdelhamid et al. (2019) loaded a natural
cytotoxic agent (sesamol) onto cadmium sulfide QDs modified chitosan
(CTS) to improve its activity. It was found that sesamol-CdS@CTS was
more effective against cancer cells as compared to sesamol alone. It was
revealed that half maximal inhibitory concentration values (ICsy) of
CdS@CTS, sesamol, and sesamol-CdS@CTS were 1730 = 54, 495 = 16.4,
and 117 = 3.2pugmL™", respectively, which indicated that CdS@CTS
exhibited high loading efficiency, and can be used for drug delivery.

Triple negative breast cancer (TNBC) is the most fatal type of breast cancer.
No targeted chemotherapy is available for the treatment of TNBC because of the
absence of progesterone receptor, estrogen receptor, and human epidermal growth
factor receptor-2. Ghosh et al. (2019) developed a targeted nonviral vector, which
can diagnose TNBC and deliver the gene of interest efficiently. They synthesized
carbon QDs from sweet lemon peel and then conjugated it with various genera-
tion of polyamidoamine (PAMAM) dendrimers to obtain CD-PAMAM conju-
gates (CDPs). The RGDS peptide was then further conjugated to CDP to target
avB3 integrin. Cellular cytotoxicity, DNA complexation assay, DNase I assay,
hemolysis assay, cellular uptake, and in vitro transfection supported the fact that
CDP3 is a promising gene carrier system for TNBC gene therapy. The CDP3
also exhibited selective quenching of fluorescence in the presence of Cu(Il) with
high efficiency (93%). The Cu(Il) ion concentration remains upregulated in
TNBC. It was predicted that CDP3 could be a promising theranostic tool for the
treatment of TNBC.

A multifunctional (Fe;04/nGO)@mSiO,/GQDs drug transporter, which
consists of magnetic core Fe;0,4, microwave—absorbing nanographene oxide,
fluorescent GQDs, and intermediate barrier layer (mesoporous silica), used
for loading and microwave-controlled release of an etoposide (VP16) as the
anticancer drug, was developed by Wang et al. (2020). The loading rate of
VP16 was found to be as high as 68%, and the release rate was observed to
be 87% within 280 min.

Alarfaj et al. (2020) synthesized carbon QDs conjugated zinc oxide nano-
composite and used it as highly sensitive fluorescence immunosensing solu-
tion for fast determination of CYFRA 21—1 antigen in human serum. They
used a hydrothermal method to prepare these QDs using Citrus limon peri-
carp. As-prepared carbon QDs were used to synthesize carbon QDs—zinc
oxide nanocomposite by the reduction and stabilization of zinc acetate.
As-fabricated immunosensing system based on this nanocomposite
(CQDs-Zn0O) provided its potential application in rapid diagnoses of lung
cancer by detecting CYFRA 21—1 in human serum.

Large doses of anticancer drugs entering cancer cell nuclei are found to
be effective for killing cancer cells and increasing chemotherapeutic effec-
tiveness. Red-emitting carbon QDs were reported by Su et al. (2020) that
can not only enter into nuclei of cancer cells but also stem cells of cancer.
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The DOX was loaded (30 pg mL™") on the surfaces of carbon QDs. It was
observed that average cell viability of HeLa cells was decreased to only
21%, whereas it was decreased to 50% for free DOX. Thus DOX-loaded car-
bon QDs shows a good therapeutic effect in elimination of cancer stem cells.
This has great potential for carbon quantum-dot-based anticancer drug car-
riers to effectively eradicate cancers.

Nasrollahi et al. (2020) encapsulated GQDs in ferritin protein nanocages
to design multifunctional nanoplatforms for cancer therapy and multimodal
imaging. Encapsulation of ultrasmall GQDs is expected to reduce their quick
excretion from the body and increase their bioimaging efficiency. They
encapsulated GQDs and iron inside the core of AfFtn-AA (it is an engineered
ferritin nanocage derived from the archaeon Archaeoglobus fulgidus). It was
achieved through an iron-mediated, self-assembly of ferritin dimers, which
afforded GQD—iron complex in the ferritin nanocages, (GQDs/Fe)AA. This
(GQDs/Fe)AA showed strong fluorescence at low pH values and high relax-
ivities in MRI. These were used as a drug nanocarrier and imaging agent.
These exhibited negligible cytotoxicity on the MDA-MB-231 cells and a
high loading capacity (35%) of DOX. The (GQDs/Fe)AA can find potential
applications as MRI agent, drug nanocarrier, and cancer diagnosis and
therapy.

Traceable and pH-responsive DDS (MoS,-PEG-DOX) based on MoS, QDs
(MoS, QDs) was fabricated by Liu et al. (2020a) by covalently grafting MoS,
QDs with diamine-terminated oligomeric PEG. Then a fluorescent antineoplastic
anthracycline drug, DOX was loaded onto it. It was found that MoS,-PEG-DOX
nanoassembly can be effectively taken up by U251 cells, and as a result,
enhanced DOX release is then triggered by intracellular acid condition. It reduces
or diminishes the undesired side effects derived by the incorporation of DOX
into healthy cells. It was concluded that MoS,-PEG-DOX has a potential for
high treatment efficacy in future therapy with minimal side effects.

Felix et al. (2021) decorated the GQDs through carbodiimide crosslinking
reaction, where the imatinib molecule, projected to obstruct tyronise kinase,
was used to cure leukemia. It has been shown that the integration of the ima-
tinib on the surface of the GQDs did not modify the morphology and the
properties of the NPs and that this type of the drug nanoplatform could
destroy cancer cells inducing apoptosis. Han et al. (2021) constructed
CQDs-based drug delivery system (Arg-Ag@Cu). They used Il-arginine as
precursor with duplex metal codoping (Cu and Ag) for DOX-loading/releas-
ing and tumor theranostics. It was observed that Ag-doping increased PL
intensity while Cu®>" could act as an anchor resulting in adjustable size of
CQD for increasing the drug loading capacity. It was revealed that the struc-
ture of Arg-Ag@Cu was disrupted due to Cu®" depletion, which supported
in situ DOX-releasing. It was also revealed that there were synergistic
effects, which suppressed tumor progression and migration with relatively no
or minimal side effects.



254 Quantum Dots

Liu et al. (2021) presented some GQDs functionalized with polyethyle-
neimime (PEI) as a new messager RNA (mRNA) delivery system demon-
strating that these modified GQDs can be utilized to provide intact and
functional mRNA to Huh—7 hepatocarcinoma cells at low quantities and that
these functionalized GQDs can be considered as ideal delivery system.
Ruzycka-Ayoush et al. (2021) used Ag—In—Zn—S QDs modified with
L-cysteine, 11-mercaptoundecanoic acid, and lipoic acid decorated with FA.
It was then used as a novel target drug delivery system for targeting DOX to
folate receptors on adenocarcinomic human alveolar basal epithelial cells
(A549).

It has been shown that GQDs are materials capable of responding to physical
stimuli, such as magnetic fields, ultrasound, and light, and this fact permitted
the precise control of drug release (Dai et al., 2017; Gu et al., 2019; Liu et al.,
2021). Some researchers have reported that small molecule-modified GQDs
could be used for simultaneous cellular drug delivery imaging, modifying
GQDs with arginine—glycine—aspartic acid (RGD) (Qiu et al., 2015) and FA
(Wang et al., 2014), explaining that the antitumor drug DOX-loaded RGD- or
FA-modified GQDs could not only transport drugs to target cells, but supervise
the cellular operation uptake of the drug in real time without using external dyes
(Wang et al., 2017).

11.4 Sensing

It has been established that biotechnology, in combination with nanotechnol-
ogy, provides the enhanced evolutionary biological components needed to
create novel smart sensors and advanced characterization and manufacturing
mechanisms to solve environmental and biological problems (Ray et al.,
2009; Choi and Montemagno, 2016).

A selective chemiresistive gas sensor for detection of carbon dioxide at
room temperature (~25°C) was prepared by Rathi and Pal (2020). It contains
ruthenium-decorated tungsten disulfide (Ru@WS,) QDs as the sensing material.
They used a mixed solvent of lithium hydroxide and N-methyl-2-pyrrolidone
(NMP) to prepare Ru-decorated WS, QDs from the exfoliated WS, nanoflakes.
The gas sensors were fabricated by spraying the QDs (WS, QDs and Ru@WS,
QDs) on gold interdigitated electrodes, which were then exposed to different
concentrations of CO, gas in dry air conditions. It was reported that Ru@WS,
QD-based sensor exhibit superior sensitivity and good selectivity to CO, gas as
compared to WS, QD to isopropanol, acetone, ethanol, methanol and benzene
at room temperature. This sensor showed an increase in resistance when it was
exposed to CO, gas ranging from 500 to 5000 ppm.

Bhatt et al. (2020b) performed some excellent approaches, which present all
significant aspects of QDs properties. Such unique properties have been created
for successful applications, which comprise photodetectors, photovoltaic devices,
photocatalysis, biosensors, chemical sensors, displays, photodynamic therapy,
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laser diodes, and so on. Due to their special PL. and electrochemical features,
GQDs are among the most interesting carbon-based NMs used to fabricate bio-
sensors (Xie et al., 2016).

In accordance with the technique that is applied, GQDs-based sensors can
be classified into the following broad groups: PL sensors, chemilumines-
cence (CL) sensors, and electrochemical (ECL) sensors; these QDs-based
sensors and biosensors provide a plethora of opportunities to diagnose an
extensive range of diseases and improve therapeutic actions (Henna and
Pramod, 2020).

Bhakat et al. (2021) developed a facile method to prepare ZnO QDs into
three-dimensional superstructures through surface complexation between
zinc ions and phosphate. It was reported that the addition of phosphate to
ZnO QD dispersion led to growth of such parahopeite structures along with
crystalline assembly of QDs in the colloidal medium. It was revealed that
the as-prepared ZnO QD—phosphate crystalline assembly can be successfully
applied to fabricate a gas (CO,) sensor, which exhibited great selectivity and
sensitivity toward carbon dioxide gas at room temperature.

11.4.1 Photoluminescence sensors

A new, simple and highly sensitive PL evaluation method for the activity of
a protein kinase depending on the selective aggregation of the phosphory-
lated peptide-GQD conjugates triggered by Zr** ion coordination was pro-
posed by Wang et al. (2013b). The developed technique has revealed some
feasible uses in kinase inhibitor screening. The inhibition of CK2 phosphory-
lation activity by four various inhibitors was examined in human serum by
analyzing the signals from samples incubated with and without any inhibi-
tors. It was revealed that PL intensity was enhanced by improving the effi-
ciency of the inhibitor.

Sun et al. (2013) presented various methods and some future prospects
for the progress of the smart sensing platform based on GQDs, showing that
GQDs, which are produced using diverse procedures, can emit PL with dif-
ferent colors and in these GQDs, PL is controlled by numerous parameters,
such as size, shape, excitation wavelength, pH, concentration, surface oxida-
tion degree and surface functionalization.

A precise technique for the preconcentration and the determination of GO
in natural river water samples utilizing fluorescent GQDs was studied by
Benitez-Martinez et al. (2014). The functioning of the presented GQDs sen-
sor is related to the interaction between GO and GQDs via hydrophobic
w—m stacking of the GO with aromatic network at the GQDs surface; this
fact causes a quenching effect of the fluorescence of GQDs, that was used as
an investigative indicator for their quantification. The LOD was calculated to
be 35 pg-L~". It was reported that the precision for a 200 pg-L ™" concen-
tration of GO was found to be 5.16%.
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Benitez-Martinez and Valcarcel (2015) reviewed the principal analytical
uses of GQDs, highlighting more details on the progress of various catego-
ries of sensors, which are used to detect metal ions, small organic molecules
and biomaterials with enhanced sensitivity. They have shown that GQDs are
recent materials for designing and tuning sensors (and biosensors) and they
focused mostly on the presentation of some important analytical applications
in the field of PL-based sensors.

Zor et al. (2015) studied the synthesis and characterization of a new mul-
tifunctional composite material, magnetic silica beads/GQDs/molecularly
imprinted polypyrrole (mSGP), where mSGP is designed to capture and sig-
nal small molecules; thanks to the synergy among chemical, magnetic, and
optical attributes that are connected with the molecular printing of tributyltin.
It was observed that the studied multifunctional material allowed a fast and
highly sensitive scaffold for small molecules detection even in complex
media such as seawater without any sample treatment.

All-inorganic cesium lead halide (CsPbBr3) perovskite QDs, as one kind of
promising material, have attracted considerable attention in optoelectronic appli-
cations. Colloidal CsPbBr; QDs were synthesized by Chen et al. (2017a) by
adjusting the reaction temperatures with tunable PL (493—531 nm). It revealed
narrow emission bandwidths of 25 nm. Average diameters of the QDs were cal-
culated and it was found that this could be adjusted from 7.1 to 12.3 nm on
increasing temperature from 100°C to 180°C. They also fabricated green LEDs
using CsPbBr; QDs cast on blue LED chips, which have a great potential for
applications in the field of lighting technology and display.

Quaternary Zn,AgInSe QDs were synthesized by Ding et al. (2017) with
different Zn/Ag ratios. These were then evaluated as temperature sensors. A
correlation between different temperatures and emission intensity, lumines-
cence energy, and full-width at half-maximum of the emission band was
observed; where only a small deviation was observed from the actual tem-
perature, indicating that Zn,AgInSe QDs can be used as temperature sensors
with high sensitivity.

Duran et al. (2017) presented a modern, rapid, inexpensive, and acid
treatment procedure for the synthesis of copper-modified GQDs. Then this
was used for the quantification of penicillamine (PA) in pharmaceutical sam-
ples using interaction of the drug with Cu-modified GQDs (Cu—GQDs). It
was reported that under the best conditions for interaction, a linear response
was remarked (in the concentration range 0.10—7.50 pmol L' PA) and the
viability of the recommended fluorescent sensor has been demonstrated.

The CsPbBr;@Ag hybrid nanocrystals were synthesized by Ye et al. (2017).
They treated CsPbBr; nanocrystals with silver halides (Cl, Br, or I) powders in
hexane for this purpose. It was indicated that particle size of Ag NPs varied
between 2 and 5 nm and these were nucleated randomly outside these hybrid
CsPbBr; nanocrystals. An enhanced PL intensity of CsPbBr;@Ag hybrid nano-
crystals was observed as compared to CsPbBr; nanocrystals under the light of
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400 nm, to achieve an enhanced PL. They optimized CsPbCl,Br;_,@Ag hybrid
nanocrystals so that the effect of plasmonic resonance enhancement occupied a
significantly advantageous position. It was suggested that as-constructed
CsPbBr; @Ag hybrid nanocrystals can find new opportunities for application in
optoelectronic devices and LEDs.

Sahub et al. (2018) developed a novel real-time biosensor of GQDs-based
enzymatic reaction (GQDs AChE/CHOx) for monitoring the organophosphate
(PO) pesticides. It was observed that H,O, created from the active enzymatic
reaction of acetylcholinesterase (AChE) and choline oxidase (CHOx) allowed to
react with GQDs inducing a “turn-off” PL of GQDs. The limit of detection of
this biosensor was calculated to be 0.172 ppm (0.778 uM). The suggested bio-
sensor was successfully applied for the determination of dichlorvos, utilizing a
reduced price procedure via a connection with green chemistry approach.

Xu et al. (2018) produced a high PL quantum yield for transition metal
carbide (2D) MXene (nitrogen-doped, N-doped TizC,) QDs. They used
Ti3C, and ethylenediamine as a precursor and nitrogen source, respectively.
The average size of hydrothermally treated N-doped Ti;C, QDs was 3.4 nm
and PLQY of up to 18.7% was observed. As-prepared N-doped Tiz;C, QDs
were then used as an ultrasensitive detector probe for iron ion (Fe*™) with a
limit of detection up to 100 pM. It was also reported that as-developed
MXene QDs can find application in biological sensing for detection of H,O,
with high sensitivity. These QDs have a lot of applications such as solar
cells, electronics, biomedical, optical, photocatalysis, biosensors, white light
emission devices, and environmental fields.

Li et al. (2019b) introduced a stoichiometry control over both; core and
shell regions of InP/ZnSe/ZnS QDs. As-obtained QDs exhibited PL. quantum
yield (almost approaching 1), narrow line width, monoexponential decay
dynamics and nonblinking at a single-dot level. These quantum-dot LEDs
(QLEDs) based on InP/ZnSe/ZnS core/shell/shell QDs are good emitters
exhibiting a peak external quantum efficiency (12.2%) and a maximum
brightness (> 10 000 cd m72), which is more than Cd/Pb-free QLEDs. It
was revealed that these Cd/Pb-free QDs can prove to be outstanding optical
and optoelectronic materials.

11.4.2 Chemiluminescence sensors

The L-cysteine capped CdS QDs were prepared by Hassanzadeh et al.
(2017) via a hydrothermal route. It was found that as-prepared CdS QDs
show a significant effect on the CL reaction of the rhodamine B (RhB)-cetyl-
trimethylammonium bromide (CTAB)-KMnOQO, system. It was also found that
CL emission intensities of these QDs exhibited a change in the presence of
methamphetamine (MA) (even in low quantities). It was observed that MA
can remarkably increase the intensity of CL system and this improved CL
intensity was found to be proportional to MA concentration in the range of
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0.25—125ng mL ™" with a limit of detection of 0.086 ng mL ™', which was
more than 20 times higher than the FL. method. The as-developed CL method
was used for accurate determination of MA in real samples (human urine).

The N-(Aminobutyl)-N-(ethylisoluminol)/(ABEI) functionalized GQDs
(ABEI-GQDs) with outstanding CL and FL attributes were synthesized by Gao
et al. (2017). They observed that as-synthesized ABEI-GQDs exhibited excep-
tional CL features, when reacted with HO, and wavelength—tunable FL. emis-
sion with increasing excitation wavelength. They built a pesticide—sensing
array for pesticide differentiation using their CL and FL properties. It was
reported that new CL and FL dual-signal GQDs (ABEI-GQDs) have been
developed, which could find more interesting future uses in bioassays and
bioimaging.

Khataee et al. (2018) developed a modern and high CL system using the
promoting effect of GQDs/bisulfite on rhodamine B(RB)—H,O, CL reaction.
It was reported that the existence of sodium dodecyl sulfonate (SDS) and
sodium bisulfite resulted in a much improved action of GQDs. It was
recalled that the International Agency for Research on Cancer and the
Environmental Protection Agency estimated the cancer risk of formaldehyde
(HCHO) on human and classified this compound as carcinogenic (Lobo
et al., 2015; Khataee et al., 2018). This CL system, which is dependent on
the oxidation of rhodamine B, has been shown to be a successful chemosen-
sor for HCHO, noting that HCHO can decrease the developed CL system. It
was found that a linear change of the CL response was achieved in HCHO
concentration ranges of 0.02—5 and 5—11 pgL~" with a limit of detection
and quantification of 6 and 20 ng L™, respectively.

The captivating contribution of GQDs in introducing sensors is due to the
fact that they can be used as a luminescent donor, energy acceptor, or ampli-
fication (catalyst) pathway for the system of CL resonance energy transfer
(CRET), enhancing the sensitivity of detection (Pang et al., 2018; Chen
et al., 2020). Pang et al. (2018) showed that GQDs could notably improve
the CL reaction of Ce(IV) with NaHSOj; using energy and electron transfer.
It was observed that the CL intensity of the GQDs-Ce(IV)-NaHSO; model
was inhibited by tyrosine (Tyr), which has a significant function in the
metabolism and growth of human and animals. The recommended (CRET)
method can be successfully used for Tyr evaluation in milk samples with a
high precision.

Irani-Nezhad et al. (2019) synthesized WS, QDs through solvothermal
method. As-obtained WS, QDs had a size of 1—1.5 nm with fluorescence emis-
sion depending on excitation wavelength. These WS, QDs show a catalytic
effect in the decomposition of H,O,. As-prepared WS, QDs exhibit a mimetic
effect in the H,O,—rhodamine B CL system. The H,O, is one of the products
in the enzymatic reaction of glucose, which can be easily determined using WS,
QDs. It was reported that H;O, can be detected in the concentration range
(0—1000 nmol L™ ") with a limit of detection as 2.4 nmol L.
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Vahid et al. (2019) developed a method for the sensitive determina-
tion of cyanide ions (CN ) in biological as well as environmental sam-
ples. They used a CRET-induced CL system for this purpose. Hydrogen
peroxide—bicarbonate system was selected for CL reaction. It was
reported that glutathione-stabilized CdSe QDs (CdSe QDs) increase CL
intensity significantly. On the contrary, it was observed the CRET sys-
tem could be prohibited and CL emission turned off by gold nanoclus-
ters (Au NCs). On efficient dissolution of Au NCs, the CRET to CdSe
QDs was restored and CL emission was turned on. It can be used as a
highly sensitive and reliable measurement of cyanide ions in the concen-
tration range of 2—225 nM, with a limit of detection of 0.46 nM.

Hallaj et al. (2020) prepared S,N-doped carbon QDs (S,N-CQDs) via a
hydrothermal method. They observed effect of as-prepared CQDs on the
Iuminol—Mn(IV) CL reaction and it was found that S,N-CQDs increased the
CL intensity of this reaction about 13-fold. It was also revealed that the CL
intensity of this system was drastically reduced in the presence of uric acid.
They designed a probe for the detection of uric acid using the amplified CL
system and it was observed that it was proportional to the logarithm of uric
acid concentration in the range 0.05—1.5pM with a detection limit of
17 nM. Thus they developed a sensitive CL. method for the detection of uric
acid in biological fluids.

Rasoulzadeh and Amjadi (2021) prepared highly luminescent water-soluble
AgInS, QDs (AIS QDs) via a green and hydrothermal method. It was reported
that NalO, in alkaline solution elicits a remarkable CL from as-prepared QDs. It
was also revealed that the addition of glutathione to this NalO4-AIS QDs system
enhanced CL intensity effectively, and therefore it was used as a sensing platform
for the assay of GSH. It was reported that there is a relation between GSH con-
centration and CL intensity, which was linear in the range (1.0 X 10~ mol L™
to 5.0 X 10 ®mol L") with a limit of detection of 2.8 X 10~ '*mol L™". They
also confirmed its usefulness in the analysis of human plasma.

Yahyai et al. (2021) developed a paper-based analytical device integrated with
a potent CL system to find out deltamethrin (DM), using the enhancing effect of
polyphosphate (PP) on GQDs-KMnO, CL reaction. They showed that the realized
multiemission CL structure was investigated for analytical applications. It was
revealed that under the optimized conditions, the generated signal is reduced by
increasing the DM concentration in the range of 0.3—10 pg mL ™" with LOD as
0.15pugmL~". This can be presented as an advanced analytical detection tech-
nique determination for DM in food samples, for on-site screening scopes.

11.4.3 Electroluminescence sensors

A high sensitivity label-free ECL immunosensor has been constructed by
Wu et al. (2016) for the detection of prostate—specific antigen (PSA) based
on GQDs. They used Au/Ag-rGO as electrode material to load the amounts
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of aminated GQDs and carboxyl GQDs to amplify the ECL signal. The
developed methodology shows that the ECL intensity decreased linearly with
the logarithm of PSA concentration and the LOD is 0.29 pgmL~'. The
immunosensor can be successfully utilized in disease and drug analysis.

Shan et al. (2016) proposed CdS QDs as electrochemical sensing materi-
als for determination of ciprofloxacin (CIP). It was reported that CdS
QDs-modified glassy carbon electrode (GCE) exhibited a good anodic strip-
ping response in acidic medium, which was attributed to the release of
Cd(II) ions from CdS QDs. It was observed that anodic stripping current of
Cd(II) on CdS QDs/GCE was found to decrease in solution, when CIP was
added, which may be due to the complexation of CIP with in situ generated
Cd(I) ions. A linear relationship was obtained between the anodic stripping
voltammetric response of CdS QDs/GCE and concentration of CIP in the
range (1.0X1077=1.0X 10 mol L™") with a limit of detection as
22X 10 ¥ mol L™". The use of CdS QDs-modified electrode for determina-
tion of CIP was observed in biological fluids.

The black phosphorus QDs (BPQDs) were synthesized by Ding et al.
(2018) and then added into the solution of ZnO nanorods to obtain BPQDs-
doped ZnO NPs (BPQDs@ZnO). They used a hydrothermal route for this pur-
pose. The doping of BPQDs resulted in the formation of cubic BPQDs@ZnO
NPs. The ECL of BPQDs@ZnO was investigated under neutral conditions.
They obtained a cathodic ECL signal in the presence of K,S,0g that is rela-
tively stronger than for ZnO nanorods. It was observed that cytochrome c
exhibited an inhibiting effect on BPQDs@ZnO ECL, which can be sensitively
detected in the range of 1.0 X 107°—5.0 X 10~ " mol L' with a limit of detec-
tion as 9.6 X 10~ mol L™". Tt was revealed that such ECL characteristic of
BPQDs-based nanocomposite has a potential in biosensing application.

Jie et al. (2019) developed an innovative procedure for amplified ECL
detection of DNA utilizing the magnificent ECL activity of GQDs combined
with a multiple cycling amplification mechanism. They used a novel poly
(diallyldimethylammonium chloride) (PDDA)-GO complex to immobilize
GQDs on the electrode to improve the ECL signal. This method is based on
ECL quenching of Au NPs to GQDs combined with endonuclease aided
cyclic amplification scheme, which has good application perspective in
biosensing research, mainly in clinical diagnoses.

Wang et al. (2019a) reported a novel highly sensitive cloth-based closed
bipolar ECL (C—BP—ECL) sensor with nanostructured electrode surface.
The proposed method is based on the combination of chitosan (CS), poly
(diallyldimethylammonium chloride)-functioned multiwalled carbon nano-
tubes (PDDA-MWCNTs), and GQDs—gold NPs (GQDs—AuNPs/PDDA) on
the wax/carbon ink-screen-printed cloth-based device. The combination of
GQDs—AuNPs-MWCNTSs/CS, C-BP-ECL, and cloth-based microfluids for
the detection of highly sensitive glucose has been established for the first
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time, showing that glucose concentrations in complex human serum samples
can be determined with this technique.

A novel ultrasensitive ECL sensor was studied by Niu et al. (2020) that
can be used to detect a common food additive (sunset yellow). They used
GQDs as the luminescent factor and potassium persulfate as the coreactant,
showing that the ECL signal of the GQDs changed with the inclusion of sun-
set yellow. It has been observed that this method provides fast screening of
possibly harmful food additives and, under optimized conditions, the GQD
sensor exhibits a good linearity in the detection of sunset yellow in the
concentration range of 0.0025—25 pM with a LOD as 7.6 nM.

de Franca et al. (2021) modified graphite working electrode (5 mm diameter)
with CdSe/CdS magic-sized QDs (MSQDs) to increase its sensitivity. This mod-
ified electrode was fully characterized and optimized. It was reported that the
best results were obtained when MSQDs (10 pg) were deposited on the elec-
trode surface. It was revealed that a QDs-based sensor exhibited good stability,
reproducibility, and repeatability. Such an electrochemical sensor was used for
detecting dopamine. The signal showed dependence in the concentration range
0.5—15 pmol L™ with a limit of detection of 96 nmol L™". This was also suc-
cessfully used for sensing of dopamine in real samples (human blood serum)
with recovery rates ranging between 95.2% and 102.6%.

11.5 Others

Shao et al. (2012) linked most the promising suicide genes (herpes simplex virus
thymidine kinase, HSV-TK gene) with CdTe/CdS core/shell QDs using the
EDC/NHS coupling method. It was reported that plasmid TK intracellular traf-
ficking can be distinctly and effectively traced via monitoring QDs’ lumines-
cence for up to 4 days after transfection of QDs-TK conjugates into Hela cells. It
was observed that QDs-TK conjugates have more efficient cytotoxicity on addi-
tion of GCV into Hela cells, and these QDs do not show any detectable adverse
effects on the cellular processes. It was revealed that photonic NMs (QDs) can
be used as a tool for monitoring TK gene delivery and anticancer activity.

Ng et al. (2013) investigated cell-based cytotoxicity of N-acetyl-cysteine
(NAC) QDs and also the effect of QDs on the beta (1—40) amyloid
(ABj_40)-induced cytotoxicity on human neuroblastoma SH-SYS5Y cells by
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and
reactive oxidative species (ROS) assays, respectively. It was reported that
the inhibition of AB3;_49 peptides from fibrillation using NAC—QDs had a
neuroprotection effect on the neural SH-SYSY (neuron) cells.

Shao et al. (2014) also reported a QD-based technique that revealed a
method of herpes simplex virus thymidine kinase (HSV-TK) suicide gene
therapy by forming a covalent linkage between the TK gene and NIR fluo-
rescent QDs. It was interesting to note that stable QD labeling did not affect
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either the biological activity of the TK gene or QDs fluorescence. They
traced the intracellular behavior antitumor effect of the TK gene in vivo and
in vitro. It was revealed that the TK gene was shuttled to the nucleus after
24 h treatment. A single dose of GCV administration at that time exerted a
gradually increasing lethal effect for 72 h. It was proposed that this technique
may be useful for cancer therapy in the future.

Weng et al. (2015) synthesized mannose-modified fluorescent carbon
QDs (Man-CQDs) via a simple one-step dry heating method from solid
ammonium citrate and mannose. It was reported that highly soluble Man-
CQDs had average particle diameter of 3.1 = 1.2 nm. It can be successfully
applied for labeling Escherichia coli. The labeling efficiency of Man-CQDs
can be optimized by controlling the ratio of ammonium citrate/mannose.
They demonstrated that quantitative detection of the bacteria E. coli
(450 CFU) is possible because of specific binding of the mannose units to
E. coli in lab samples, and it can be also applied to real samples (tap water,
human urine, and apple juice).

Magnesium and nitrogen codoped carbon QDs (Mg-N-CQDs) were pre-
pared by Liu et al. (2016) via a hydrothermal method. It can be used as a
fluorescent switch for selective and sensitive sensing of Hg(Il) and cysteine
(Cys). The fluorescence of Mg-N-CQDs aqueous solution was quenched on
addition of Hg(Il) and it has been attributed to the formation of a nonfluores-
cent complex between Mg-N-CQDs and Hg(II). But the fluorescence of these
QDs aqueous solution containing Hg(II) could be recovered back in the pres-
ence of Cys in a gradual manner, as Hg(II) has stronger binding affinity
toward Cys than toward Mg-N-CQDs. They designed a fluorescent probe
and applied it to detect Hg(II) ions in real water samples with satisfactory
results.

A green hydrothermal strategy has been devised by Bao et al. (2018) to
produce water-soluble nitrogen/phosphorus (N/P) codoped CQDs using edi-
ble Eleocharis dulcis. As-prepared CQDs exhibited high quantum yield,
remarkable excitation-dependent emission, long lifetime, and superior fluo-
rescence stability. The N/P codoped CQDs had a wide-range capability to
determine inorganic cations as fluorescence sensor. They showed remarkable
selectivity and sensitivity for Fe** ions.

Kumari et al. (2018) used the residue obtained from the pyrolysis of
waste polyolefins, for preparing highly green-visual fluorescent carbon QDs
via a simple one-step hydrothermal approach, which consists of ultrasonic-
assisted chemical oxidation. The use of as-synthesized CQDs as a fluorescent
sensor for Cu”" ions detection was investigated, where excellent sensitivity
and selectivity were exhibited for detecting Cu®" ions with a limit of detec-
tion of 6.33 nM in the detection range of 1—8.0 uM. It was also revealed
that these CQDs show their use in the analysis of real water samples. Apart
from this, CQDs have the potential for TNBC cells (MDA-MB 468 cells)
imaging.
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Xiang et al. (2018) conjugated FA onto the surface of ZnO QDs (QDs)-NH,
via an amidation reaction. As-prepared titania nanotubes (TNTs) loaded with
vancomycin (Van) are capped by these FA-functionalized ZnO (ZnO-FA) QDs.
This arrangement keeps them stable in normal physiological environments, but
dissolves as Zn>" in the mildly acidic environment after bacterial infections.
The antibacterial ratio of TNTs-Van@ZnO-FA QDs against Staphylococcus
aureus was increased from 60.8% to 98.8%, while it only increased from 85.2%
to 95.1% for TNTs-Van, when the pH of the environment was decreased from
7.4 to 5.5. It was suggested that this surface system has a promising bioplatform
on Ti-based metallic implants as it prevents bacterial infection with a long-
lasting effect. It is suitable for various applications like antifungal, antibacterial,
antiinflammatory, antioxidant, and wound healing.

Murugan et al. (2019) developed facile, rapid and frugal approach for the
synthesis of highly fluorescent carbon QDs by pyrolysis of finger millet ragi
(Eleusine coracana) (carbon source). It was found that the size distribution
was in the range of 3—8 nm. It was indicated that Cu?* strongly quenched
the fluorescent intensity of these CQDs as compared to other metal ions such
as Mg?*, Pb?*, Ni**, Mn**, Hg?" AI**, Ca®", and Cr’". A linear correla-
tion was observed between quenching efficiency concentration of Cu®" ions
in the range from 0 to 100 pM. These CQDs were also applied in sensing of
Cu®" in real water samples and the limit of detection was 10 nM. It was
found that Ni** and Cu?* formed a very strong bonding with CQDs com-
pared to other divalent ions. It was revealed that Cu®" get adsorbed on aro-
matic C=C (mw-bond) of CQDs preferentially while other divalent metals
form o-bond(s) with the CQDs.

An easy and economical synthesis of highly fluorescent nitrogen-rich carbon
QDs (N-CQDs) was reported by Bao et al. (2019). It was observed that as-
prepared N-CQDs can act as a sensor for the “turn-off” detection of Co>" in the
range of 0.5—3 pM with a detection limit of 0.12 pM. The fluorescence of the
quenched N-CQDs was formed to reappear and get “turn-on,” when GSH, AA,
EDTA, and cyst were used. It was claimed that N-CQDs were also successful in
detecting the trace level of Co>* in vitamin B, sample.

Fluorescent QDs with optical properties (such as tunable broad excitation,
robust photostability high quantum output, and restricted emission spectra)
are utilized as a new class of optical probe in biological and biomedical
fields (Jahangir et al., 2019). Lei et al. (2019) proposed an eco-friendly syn-
thetic procedure to prepare emission-tunable carbon QDs. The particle size
of as-synthesized CQDs was found to be 2.4 nm. Significant properties of
controllable emission make these QDs a potential candidate for sensor
applications.

Chandra et al. (2020) developed a fast and eco-friendly one-pot hydrother-
mal technique for synthesizing nitrogen/sulfur-codoped fluorescent carbon
QDs (NS-CQDs). They used simple precursors such as citric acid and thiose-
micarbazide. The as-prepared NS-CQDs were used successfully as a



264 Quantum Dots

nanoprobe for detecting picric acid (PA) in different derivatives. It was also
reported that this system exhibited low cytotoxicity and excellent biocompati-
bility in HeLa cervical cancer cells. It was reported that it can be used for the
detection of PA in environmental, analytical, and pathological applications.

GQDs have low cytotoxicity and higher biocompatibility as compared to
other QDs, The optical properties of QD and have the ability to cross the
blood—brain barrier, and therefore GQDs can be useful in neuroscience diag-
nostics and therapeutics. Their smaller size, surface chemistry and ease of
loading of different drugs make them potential drug delivery systems as they
could travel through the bloodstream up to the brain. Perini et al. (2020) dis-
cussed the applications of GQDs in drug delivery to the central nervous sys-
tem, bioimaging, and photophysical therapies.

Kateshiya et al. (2020) proposed a synthetic route for the preparation of highly
blue fluorescent tyrosine coated molybdenum oxide QDs (Tyr-MoOs; QDs). Here,
tyrosine (Tyr) was used as a surface ligand to functionalize MoO5; QDs. They
obtained color changes in the solution of MoO; NPs, MoO;-OH NPs and Tyr-
MoO; QDs in presence of UV and day light. It was reported that as-prepared
Tyr-MoO; QDs could act as a sensor for rapid and sensitive identification of imi-
dacloprid. It was revealed that emission peak of Tyr-MoOs; QDs at 416 nm exhib-
ited a linear quenching on increasing concentration of imidacloprid in the range
(0.045—1.00 pM). The proposed method was successfully applied for the detec-
tion of imidacloprid in real samples also.

The activities of ions are closely associated with the physiology of brain such
as neural activity, intracranial cell membrane potential, and neuropathology.
Therefore, monitoring the levels of ion in the brain is of utmost importance in
neuroscience. A powerful tool has emerged as nanosensors for monitoring brain
ion levels, cell function, neural activity, and it can also be used in the diagnosis
of diseases. The advances in the design and application of these ion level nano-
sensors at different physiological levels have been reviewed by Wei et al. (2020).

Jlassi et al. (2021) prepared GQDs from graphitic waste. These GQDs were
evaluated as resistive humidity sensors. Such resistive humidity sensors were fab-
ricated on the prepatterned interdigital indium tin oxide electrodes with three dif-
ferent concentrations (2.5, 5.0, and 10 mg) of GQDs in N, N-dimethylformamide
(DMF). It was observed that GQDs (10 mg mL ™ ")-based impedance sensors
exhibited good sensitivity as compared to the other ratios (2.5 and 5 mg). They
reported that the maximum calculated hysteresis of the GQDs-based humidity
sensor was found to be around 2.2% at 30%RH while the minimum was 0.79%
at 60%RH. It was revealed that response and recovery time were 15 s and 55 s,
respectively.

11.6 Toxicity of quantum dots

Yan et al. (2011) investigated the potential vascular endothelial toxicity of
QDs, particularly of mercaptosuccinic acid-capped CdTe QDs in vitro. They
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synthesized pH stable and water-soluble CdTe QDs and their cell viability
were tested. The presence of CdTe QDs (0.1—100 pg mL ") decreased the
cell viability of human umbilical vein endothelial cells (HUVECs), which
indicated that these QDs induced significant endothelial toxicity. It was also
revealed that CdTe QDs (10 pg mL ') exhibited mitochondrial network frag-
mentation, significant oxidative stress, and disruption of mitochondrial mem-
brane potential. It was suggested that these QDs not only impaired
mitochondria but also induced endothelial apoptosis and exerted endothelial
toxicity, providing strong evidence of the direct toxic effects of QDs on
human vascular ECs, and indicating that exposure to QDs is a significant
risk for the development of cardiovascular diseases.

Smith et al. (2012) selected primary human liver (PHL) cells and HepG2
cells as in vitro tissue culture models to observe the possible adverse effects
of copolymer-coated CdSe/ZnS QDs poly(maleic anhydride-alt-1-tetrade-
cene) (TOPO-PMAT copolymer CdSe/ZnS QDs) (when TOPO = tri-n-octyl-
phosphine oxide) and PMAT. However, PHL cells did not take up
TOPO-PMAT CdSe/ZnS QDs, but some nonparenchymal cells did, particu-
larly Kupffer cells. No acute toxicity or morphological change was noted in
these systems up to 40 nM. It was observed that cellular stress markers and
proinflammatory cytokines/chemokines were increased in PHL cell cultures,
which suggests that these QDs are not likely to cause acute cytotoxicity in
the liver but may elicit inflammation or hepatitis.

Liu et al. (2015) evaluated cytotoxicity of four types of QD formulations
(PEGylated phospholipid encapsulated CdSe/CdS/ZnS QDs (CdSe-Phos),
MPA modified CdSe/CdS/ZnS QDs (CdSe-MPA), Pluronic F127 encapsu-
lated CdTe/ZnS QDs (CdTe-F127), and PEGylated phospholipid encapsu-
lated InP/ZnS QDs (InP-Phos)) in two different human cancer cell models
(neuroblastoma (SH-SYS5Y), gastric adenocarcinoma (BGC-823) cell lines).

Wang et al. (2016) reviewed the toxicity of GQDs, including raw GQDs,
chemically doped GQDs, and chemically functionalized GQDs and also pre-
sented some important details related to the uptake process by cells and para-
meters managing the toxicity of GQDs (concentration, synthesis methods,
particle size, and surface chemistry). Various issues related to the toxicity
regulation of GQDs through chemical modification were discussed, exposing
some important aspects about the toxicity mechanism through generation of
ROS by some GQDs.

Xiao et al. (2016) studied the cytotoxicity of two types of QDs on
Chlorella pyrenoidosa at different concentrations:

e carbon QDs (CQDs): Undoped CQDs, N-doped CQDs, N,S-doped-
CQDs; and
e metal QDs (MQDs): CdS QDs, CdTe QDs, CulnS,/ZnS QDs.

The Chla contents were found to be consistent to the number of algae
cells, when C. Pyrenoidosa was treated by different concentrations of QDs.
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It indicates a good dose-response relationship. The ECs, of undoped CQDs,
N-doped CQDs, N,S-doped CQDs, CdS QDs, CdTe QDs, and CulnS,/ZnS
QDs was observed as 232.47, 185.83,38.56, 4.88, 0.015, and 459.5 mgL_l,
respectively at 96 h. They observed toxicity order as follows:

CulnS,/ZnS QDs <Undoped CQDs <N-doped CQDs <N,S-doped CQDs
<CdS QDs <CdTe QDs.

It was concluded that the toxicity of CQDs was relatively less as com-
pared to MQDs, but CulnS,/ZnS QDs exhibited the lowest toxicity.

The toxicity of NMs is one of the crucial challenges facing their use in
biotechnology (Chen et al., 2017b). The growing biomedical domain of
G-based material applications, including GQDs, raises some queries about
their short- and long-term cytotoxicity (Tadyszak et al., 2018).

A comparison of the toxic effects was made by Pramanik et al. (2018)
between CdSeQDs, silicon QDs, and CdSe/ZnS QDs. They selected two
model bacteria: Gram-negative bacterium (Shewanella oneidensis Mr-1) and
a Gram-positive bacterium (Bacillus subtilis SB 491). It was indicated that
the silicon QDs not associated with the cell membranes are benign to these
bacteria. On the other hand, CdSe cores exhibited significant toxicity to these
bacteria while CdSe/ZnS QDs are relatively less toxic.

Deng et al. (2018) have utilized the Illumina high-throughput RNA
sequencing to examine the whole-transcriptome profiling of zebrafish larvae
after exposure to GQDs, identifying 2116 differentially expressed genes
between GQDs exposed groups and control. Zebrafish is a preferred type of
an organism for toxicity testing due to its small dimension, reduced mainte-
nance price, and optical transparency (Grunwald and Eisen, 2002; Hill et al.,
2005; Dai et al., 2014; Sonthanasamy et al., 2016; Chen et al., 2016; Tang
et al., 2017; Deng et al., 2018; Liu et al., 2020b).

Little is known about the developmental disturbance in animals after
GQDs exposure at some concentration values that are higher than the tolera-
ble level (Deng et al., 2018). It has been reported that the acute inflammatory
responses and detoxifying complex represent the principal GQDs-activated
pathways and that GQDs can perturb the blood homeostasis via upregulating
the renin—angiotensin system structure. Some results related to the molecular
processes of possible bleeding risks and detoxifying operations have been
reported as an effect to GQDs exposure.

Nikazar et al. (2020) pointed out that even if the latest classes of new
manufactured QDs exhibit ever-better physical properties, some details
related to their cytotoxicity are some major drawbacks, and in order to
address the challenges of QD research it is vital to examine the type of the
characteristics that make these QDs toxic. They also reviewed changes in
toxicity of GQDs, when they are in association with other metal ions.

Gu et al. (2021) developed highly fluorescent TizC, and Nb,C MXene
QDs for labeling of in vitro models cytotoxicity of the QDs to human umbil-
ical vein endothelial cells HUVECs. It was observed that a significant
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cytotoxicity was induced on exposure by 100 pg ML ™' Ti;C, but Nb,C QDs
could not exhibit it even after 24 h. It was also revealed that Nb,C QDs were
found to be more biocompatible to HUVECs as compared to TisC, QDs at
the same mass concentrations.

The in vitro toxicity of CulnS,/ZnS QDs was investigated by Xue et al.
(2022) on U87 human glioma cell line. It was observed that these QDs enter
the cells and are located mainly in the cytoplasm. It was reported that 1515
genes were downregulated and 220 genes were upregulated, which signifi-
cantly changed gene functions, including chromosome-DNA binding, nucleo-
some, and chromosome assembly.

11.7 Conclusion

This chapter furnishes a complete overview of the most recent emerging
advances in the research domain of QDs and QD—based composites, focus-
ing on their applications in sensing, targeted drug delivery, cancer therapy,
etc. Some size-dependent aspects, as well as the structural, morphological
composition and outstanding properties of QDs are summarized. Considering
that the risk and health hazard of the QDs must be eliminated prior to human
exposure, some new toxicity issues of QDs are also presented. Due to their
unique properties including good biocompatibility and low cytotoxicity, QDs
are of great value in diverse fields and perform a major role in the progress
of research in bioimaging, cancer therapy, tissue engineering, sensors, drug
delivery, etc.
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12.1 Introduction

The limited availability of fossil fuels and global warming are demanding
the use of renewable energy. The potential of solar energy as an alternative
for fossil fuels has been investigated over the past half century and its reli-
ability along with marketability is understood thoroughly. The 4.3 X
10 Jh™" of energy known to reach Earth from the Sun is sufficient to
accomplish the annual energy consumption of Earth, 4.1 X 10*7J (Lewis
and Crabtree, 2005). Highly efficient and low-cost solar cells were intro-
duced to collect solar energy. Here, the photovoltaic cells (PVs) convert the
solar energy into electrical and chemical energies (Kazacos et al., 1980). The
first kind of solar cells were of p-n junction technology and Schottky barrier,
which adopt the PV characteristics of appropriate semiconductor (Badawy
et al.,, 1990). The best example is Si (Badawy and El-Dessouki, 1985;
Decker et al., 1983).

Launching with Si-single crystals, and proceeding to bulk polycrystalline
silica wafers, these cells are considered as first-generation cells. A 12%—
16% conversion efficiency has been achieved for these cells and these are
marketed widely, where the principle of energy storage is lead-acid batteries
(Sharma et al., 2015). The second-generation solar cells evolved with the sci-
ence of thin films. Si-wafers, CdTe, a-Si, CulnSe,, and CdS are the key can-
didates for thin-film solar cells. In comparison with the first-generation solar
cells, these thin-film solar cells presented a cost-efficient engineering process
in association with integrated lower temperature progressions for the insula-
tion of cells. Besides the use of flexible substrates helped to spread their
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accessibility for a wide spectra of applications. A conversion efficiency of
nearly 20% was achieved for combination PVs such as CIGS (Cu/In/Ga/Se)
(Schock and Noufi, 2000; Wada et al., 2001; Kaelin et al., 2004). However,
due to the lesser stability, the thin-film solar cells shared a lower market and
the efforts of researchers into improved versions of PVs were anticipated. A
combination of polymers and semiconductors came into existence, where
polymers were doped to form Schottky barriers (Amani-Ghadim et al., 2022;
Gamboa et al., 1998). Nonetheless, the lower conversion efficiency restricted
their practice.

An association of nanoscience, nanotechnology, and surface science
resulted in sustainable energy conversions and consideration for third genera-
tion solar cells. Nanocrystals and nanoporous materials are employed to
increase the efficiency as well as stability of solar cells. Attention to cata-
lysts and light harvesting materials such as TiO,, quantum dots, and many
other nanocomposites has been increased to work on the nanostructured solar
cells to bring out the breakthrough potentials. This chapter deals with the
exercise on fabrication and advancements in one of such nanostructured
materials, QDs involved solar cells.

QDs are the semiconductor clusters of nanoscale and are known for their
extraordinary optoelectronic properties. The size-dependent quantum physi-
cal features of QDs present tunable optoelectronic properties attributed to the
production of electron—hole pairs, which extend their use in solar cells. The
cells also offer a tunable bandgap to match with the wavelength of illuminat-
ing light to generate more electricity (Badawy, 1993). QDs pose a simple
method of synthesis and are economically feasible. The remarkable excita-
tion coefficients and wide adsorption spectra depending on their size are
attractive features for PV applications. The carrier multiplication phenome-
non in QDs demonstrating the generation of more than one electron for an
adsorption of one electron at broader wavelength spectra results in higher
quantum efficiencies of QDs sensitized solar cells (QDSSCs) (Nozik, 2002;
Sambur et al., 2010). This phenomenon is known as multiple exciton genera-
tion (MEG).

12.1.1 Basic structure of quantum dot sensitized solar cells

An elementary structure of QDSSCs is given in Fig. 12.1.
The key structure involves four major portions:

photoanode;

sensitizer, which is QD;
electrolyte; and

counter electrode (CE).

A photoanode is generally a semiconducting material deposited on trans-
parent substrate and is usually a fluorine-doped tin oxide (FTO) and or
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FIGURE 12.1 Primary structure of QDSSCs. ODSSCs, QD-sensitized solar cells.

indium tin oxide (ITO). FTO usually maintains the semiconducting layer and
employs current collection. An ideal FTO should have higher transparency
and lower electrical resistance, which allows the maximum transmittance of
sunlight to facilitate an efficient charge transfer phenomena (Shin et al.,
2019). The importance of a photoanode in QDSSCs is attributed to the con-
tribution of a matrix for adsorption of QDs and it also acts as a charge trans-
port medium, which could transport electrons from the sensitizer to the
conducting oxide substrate. Photoanodes must have higher electron mobility
and surface area and must not react with redox electrolytes. These ideal char-
acteristics allow the maximum loading of QDs and reduce unwanted photon
adsorption. TiO2 is considered as the best material as a photoanode due to
its wider and tunable bandgap, low cost, stability, and nontoxicity, as well as
its mesoporous features, higher surface area, conduction band edge, and
greater electron affinity (Ahmad et al., 2017).

The second portion is a sensitizer. In QDSSCs it is QDs. QDs such as
InP (Crisp et al., 2018), CdS (Vazquez et al., 2016), CdSe (Lee and Lo,
2009), Si (Hao et al., 2009), PbS (Park et al., 2019), PbSe (Zhang et al.,
2014), CdTe (Badawi et al., 2013), graphene (Guo et al., 2010), CulnS, (Li
et al., 2012), Bi,S; (Zumeta-Dube et al., 2014), and many others have been
used in QDSSCs. The QDs, which are stable upon visible light irradiation,
with high adsorption efficiency and suitable bandgap energy, are the most
preferred ones. These QDs are fabricated to act as sensitizers by two differ-
ent methods. The first one is a successive ionic layer adsorption reaction
(SILAR) method, and it is an example for in situ fabrication (Yang et al.,
2015a,b). The other is a linker-assisted assembly method and it is an exam-
ple for ex situ fabrication (Li and Zhong, 2015). However, in situ methods
have shown improved performance (Bhambhani, 2018).

The third major part is a redox electrolyte, which transfers the charges
between photoanodes and CEs and aids the restoration of oxidized QDs (Wu
et al., 2015). These are also called hole conductors. As Cd chalcogenides
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QDs are not stable in an iodide/triiodide electrolyte system, this system is
most commonly practiced with an addition of suitable organic solvents
(Yella et al., 2011). Several efforts have been tried out to stabilize the poly-
sulfide electrolyte systems to avoid the leaching of QDs and the protective
films have been coated (Shalom et al., 2009). Yet, the overall performance
of the cell remained insignificant with just 3% of power conversion effi-
ciency. However, polysulfide redox system (S»/Sn®") is used instead with
greater challenges like high redox potential (Hod and Zaban, 2014). To over-
come this challenge, scientist have tried to control the concentration of poly-
sulfide (Liao et al., 2015), varied solvent systems (Li et al., 2011), coupling
with additives such as poly(vinyl pyrrolidone) (PVP) (Jiang et al., 2016),
Si0, (Wei et al., 2016a), guanidine thiocyanate (Chou et al., 2011), etc. The
research has been also concentrated on using a material that possesses lower
redox potential like Mn poly(pyrazolyl) borate (Haring et al., 2014). Besides,
the toxicity of liquid electrolytes vapor is another challenge, which arises
due to leakage of solvents due to their lower boiling points. This aids to deg-
radation of solvents and reduces the durability of the solar system. Hence
solid-state electrolytes and/or quasisolid-state electrolytes are used as a sub-
stitute for liquid ones (Yu et al., 2010; Huo et al., 2015; Feng et al., 2016).
Poly(ethylene oxide)/poly(vinylidene fluoride) (Yang and Wang, 2015), PVP
(Jiang et al., 2016), and P3HT (poly-3-hexylthiophene) (Shaw et al., 2008)
are the accomplished solid electrolytes. Some hydrogels (Zhang et al., 2017),
ionic liquids (Jovanovski et al., 2011), and gels (Kim et al., 2014) are used
as quasisolid-state electrolytes.

The last major portion is the CE, which allows the movement of electrons
from therexternal circuit to electrolytes and also acts as a catalyst in reducing
the oxidized electrolyte. The reduction reaction takes place at the interface
of electrolyte and CE. For an ideal CE, the material must be highly electrical
conductive with great electrocatalytic activity and also stability. Platinum is
the widely used CE for QDSSCs with an electrolyte system of iodide/triio-
dide. But for a polysulfide system, the conversion efficiency decreased as
the sulfur atoms are likely to adsorb on Pt. To overcome this, metal chalco-
genides (Meng et al., 2015), many composite materials (Yang et al., 2012;
Gopi et al., 2018), and also carbon-based materials (Zhang et al., 2010; Du
et al., 2016) are emerging as new CEs for QDSSCs.

12.1.2  Working principle of quantum dot sensitized solar cells

QDSSCs work in a similar fashion to DSSCs. The schematic representation
of the working principle of QDSSC is provided in Fig. 12.2. The photoexci-
tation of the sensitizer takes place with an irradiation of light. The excited
electrons from QDs are transferred to the TiO, conduction band. These
injected electrons breach through the TiO, nanocrystal film and reach the
conducting substrate. These electrons then flow through the external circuit
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FIGURE 12.2 Working principle of QDSSCs. ODSSCs, QD-sensitized solar cells (Tian et al.,
2012). Adapted from Tian, J., Gao, R., Zhang, Q., Zhang, S., Li, Y., Lan, J., et al, 2012.
Enhanced performance of CdS/CdSe quantum dot cosensitized solar cells via homogeneous dis-
tribution of quantum dots in TiO, film. J. Phys. Chem. C. 116 (35), 18655—18662. With
permission.

and reach the CE. Proceeding further, the reduction of oxidized compound
of the electrolyte takes place at CE and hence the regeneration of sensitizer,
that is, QDs are there for the continuing process.

12.2 Properties of quantum dots

12.2.1 Energy gap tuning

The bandgap of QDs plays a major role in QDSSCs, because an appropriate
bandgap can enhance/control the photon absorption in the solar spectrum.
QDs possess tunable bandgap energy, which can be tuned by varying the
size of QDs because of the quantum confinement effect, which occurs in the
particles having a smaller size than the exciton. QDs solution displays a dif-
ferent color that corresponds to the change in the particle size, which exhi-
bits a different absorption band of light. This effect increases the bandgap
along with a blueshift in photoluminescence (PL). Therefore, the selection of
an appropriate absorber for designing an efficient solar cell is very important.
Anttu (2015) have found that the balance limit for photon conversion effi-
ciency in a single junction solar cell depends strongly on the bandgap of
absorbing material. Literature reports that the driving force of 0.25 eV is suf-
ficient for the electron injection into photoanode (Weller, 1991). Therefore
for better electron transport, the conduction band (CB) of QDs absorber
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should be 0.25 eV above the CB of the photoanode for efficient exciton dis-
sociation and the valence band level of QDs should be lower than the redox
level of the hole transporting material.

A decrease in size of CdSe QDs increases the bandgap (Fig. 12.3) and
hence the emission of PL shifts from red to blue. A decrease in particle size
of CdSe increases the photocurrent, attributed to the shift of the CB towards
a more negative potential, which enhances the driving force for charge injec-
tion. However, the higher particle size materials shows better absorption in
the visible region but the disadvantage of these materials is lower electron
injection into TiO,, unlike with small-sized QDs. Vogel et al. (1994)
reported that the charge separation can be optimized through tuning the size
of QDs and Kongkanand et al. (2008) demonstrated that the photoelectro-
chemical response and photoconversion efficiency (PCE) can be enhanced
by varying the size of QDs.

The sufficiently small QD particles represent wider bandgap energy; con-
sequently, the optical absorption and emission with regard to excitation
across the bandgap shift to higher energy. Gorer and Hodes (1994) have
investigated the quantum size effect in CdSe films and observed blueshift of
the absorption spectra with the decrease in crystal size. This phenomenon is
also reported in CdS QDs by Thambidurai et al. (2011). Jun et al. (2013)
have suggested that the use of a combination of different sizes of QDs hav-
ing a range of bandgaps in a solar cell may show better efficiency due to a
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FIGURE 12.3 (A) Schematic illustration of energy band structure of different sized CdSe QDs
and TiO,. (B) Band energy of TiO,, CdS, CdSe and cosensitized CdS/CdSe. Adapted from
Kongkanand, A., Tvrdy, K., Takechi, K., Kuno, M., Kamat, P. V., 2008. Quantum dot solar cells.
Tuning photoresponse through size and shape control of CdSe — TiO, architecture. J. Am.
Chem. Soc. 130 (12), 4007—4015; (B) Esparza, D., Zarazua, I., Lopez-Luke, T., Cerddn-
Pasardn, A., Sdnchez-Solis, A., Torres-Castro, A., et al., 2015. Effect of different sensitization
technique on the photoconversion efficiency of CdS quantum dot and CdSe quantum rod sensi-
tized TiO, solar cells. J. Phys. Chem. C. 119 (24), 13394—13403. With permission.
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wider absorption of light. Esparza et al. (2015) have sensitized two different
QDs with a varied range of light absorption on TiO, and demonstrated that
the PCE for CdS/CdSe (PCE=4.7%) is higher than CdS alone
(PCE =2.5%), which are prepared by SILAR (CdS), electrophoretic deposi-
tion (CdSe), and pipetting (CdSe) methods, respectively. The use of different
kinds of QDs sensitizers is a promising technique to enhance the light
absorption wavelength region, increase electron injection, and also enhance
the charge transport, which improves the photon conversion efficiency.

12.2.2 Multiple exciton generation

The effectual formation of more than one photoinduced electron—hole
(e~ —h™) pair upon absorption of a single photon is potentially important for
the development of optoelectronic devices (photovoltaic and photoelectro-
chemical cells), which convert solar radiation (energy) into electricity. In
some cases, stored chemical potential is there in solar-derived fuels like
hydrogen, alcohols, and hydrocarbons. Several workers explain the dynamics
of such a conversion process (Hanna and Nozik, 2006; Klimov, 2006). The
conversion process increases because of the excess kinetic energy of the
electrons and holes that are produced by the absorption of photons in a cell,
with the energies above the bandgap energy for absorption, and can create
additional e~ /h"* pairs with at least the twice the bandgap energy (Nozik,
2008). The additional e~ /h™ pair is created by the bandgap in a semiconduc-
tor and HOMO—LUMO energy difference in molecular systems. These extra
e /h" pair can be separated, transported, and collected to yield higher pho-
tocurrent in the cells. In such a process, the excess kinetic energy is con-
verted to heat and can become unavailable for conversion into electrical free
energy, thus limiting the cell to achieve the maximum thermodynamic con-
version efficiency. The hot carrier and relaxation of electrons in semiconduc-
tor is shown in Fig. 12.4. The creation of the (e” - h+) pair, which absorbs
the proton, has been studied for over 50 years in bulk semiconductors. It has
also been observed in photocurrent of bulk p-n junctions in Si, PbS, PbSe,
PbTe, and InSb, and in these systems, they are termed as impact ionization
(Tauc, 1959; Vavilov, 1959; Beattie, 1962; Christensen, 1976; Kolodinski
et al., 1993). Nevertheless, the impact of ionization is not an effective pro-
cess in bulk semiconductors and may require more multiples of photoenergy
for threshold absorption of energy. For an Si-based semiconductor PV, which
is dominant in the present-day photovoltaic market, impact ionization does
not become significant until the incident photons energy exceeds 3.5 eV.
This energy is an ultraviolet energy threshold, which is beyond the photon
energies present in the solar spectrum. Even with absorption of 5eV
photons, impact ionization only generates a quantum yield (QY) of 1.3.
Hence it is not a meaningful approach to increase the efficiency of conven-
tional bulk Si PV with impact ionization.
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FIGURE 12.4 (I) Hot carrier relaxation/cooling in semiconductors. (II) (A) Exciton population
decay dynamics obtained by probing intraband (intraexciton) transitions in the mid-IR at 5.0 pm
for a sample of 5.7 nm diameter PbSe QDs, and (B) QY for exciton formation from a single pho-
ton versus photon energy expressed as the ratio of the photon energy to the QD bandgap
(HOMO—-LUMO energy) for three PbSe QD sizes and one PbS (dia. =3.9, 4.7, 5.4, and 5.5 nm,
respectively, and Eg = 0.91, 0.82, 0.73, and 0.85 eV, respectively). Solid symbols indicate data
acquired using mid-infrared probe; open symbols indicate band edge probe energy. Quantum
yield results were independent of the probe energy utilized (Beard et al., 2015). Adapted (I) from
Beard, M. C., Johnson, J. C., Luther, J. M., Nozik, A. J., 2015. Multiple exciton generation in
quantum dots vs singlet fission in molecular chromophores for solar photon conversion. Phil.
Trans. R. Soc. A: Maths, Phys. Eng. Sci. 373 (2044), doi: 10.1098/rsta.2014.0412.; (II)
Ellingson, R. J., Beard, M. C., Johnson, J. C., Yu, P., Micic, O. L, Nozik, A. J., et al., 2005.
Highly efficient multiple exciton generation in colloidal PbSe and PbS quantum dots. Nano Lett.
5(5), 865—871. With permission.

On the other side, the semiconductor nanocrystals (QDs) generating the
multiple (e~ /h™) pairs from a single photon are more efficient. The thresh-
old photons required to generate become more efficient and such photon
energy for the same process generates two (e~ /h™) pairs per photon
absorbed, which can approach values as low as twice the threshold energy
for the absorption. In QDs, the rate of Auger recombination including the
inverse Auger process of MEG can be increased. The enhancement is due to
the carrier confinement and this correspondingly increases the (¢~ /h™) cou-
lomb interaction with a time scale reported to be more than 100 fs (Ellingson
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et al.,, 2005; Shabaev et al., 2006). The rate of velocity of generation of
MEG is much faster than the hot exciton cooling rate produced during the
process of recombination and thus MEG can be become more efficient.
However, Nozik (2001) noted that crystal momentum is not a good quantum
number and momentum need not to be conserved. This allows the threshold
photon energy to generate two (e~ /h™) pairs per photon absorbed. Lowering
the threshold to absorb more photons would lower the kinetic energy lost
due to heat and reflection. This allows the solar spectrum to contribute more
photons with a particular ideal or particular bandgap of the material, which
could possibly enhance the MEG.

MEG has been detected by several spectroscopic techniques and is con-
sistent (Schaller and Klimov, 2004; Ellingson et al., 2005; Schaller et al.,
2005). The first method is by using transient absorption spectroscopy, which
measures with respect to time (can measure from femto to microsecond tran-
sition). It can measure the data from delays as low as 5 ps, by which in some
material, the carrier multiplication and cooling are complete and probe pulse
is catechizing the exciton population at their lowest possible state (band
edges) (Schaller et al., 2006). It also monitors the interband bleach dynamics
with excitation across the QD bandgap. In the other set of experiments,
probe pulse is in mid-IR and monitors the interband transitions of the new
excitons that are created. The peak magnitude of the initial time induced
photon absorption change is created by the pump pulse and the Auger decay
dynamics of the generated excitons and it is equal to the number of excitons
generated. The dynamics of the mid IR interband absorptions are monitored
after the pump pulse. Fig. 12.4B gives the excitation decay probing interband
transition of PbSe QDs.

The exciton multiplication was first reported and presented by Schaller
and Klimov (2004) for PbSe QDs. They showed that an excitation energy
threshold for the efficient formation of two excitons per photon at 3 Eg,
where Eg is the absorption energy gap of the QDs (HOMO-LUMO transition
energy) commonly called bandgap in QDs. They also reported that the QY
of 218% (118% Impact Ionization (I.I.) efficiency) at 3.8 Eg, and value of
QYs above 200% indicates the formation of more than two excitons per pho-
ton absorbed. The research group from NREL (Ellingson et al., 2005)
reported QY of 300% for 3.9 nm QDs at a photon energy of 4 Eg. This indi-
cated that there is formation of three excitons per photon absorbed for every
photoexcited QDs in the sample. They have also shown that the threshold Eg
of MEG by optical excitation is 2 Eg. It was also revealed that efficient
MEG occurs in PbS (Ellingson et al., 2005) and PbTe QDs (Murphy et al.,
2006). MEG is also seen in other types QDs such as CdS, CdSe, CdTe, ZnS,
ZnSe, CdSe/CdS, CdSe/CdTe, and CdTe/ZnS but it is not limited to these
only. These core—shell type of QDs mentioned not only gives the stability to
the core but also stabilizes the generation of MEG.
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12.3 Synthesis of quantum dots
12.3.1 Chalcogenide quantum dots

The synthesis of QDs took a rapid phase of development from its discovery
by Alexy Emikov (Ekimov and Onushchenko, 1981) in a glass matrix. It
took almost a decade to synthesize these in a stable colloidal form by
Murray et al. (1993). There are mainly two ways to synthesize the QDs and
these are: (1) solution phase synthesis (colloidal route) and (2) vapor phase
synthesis. The solution phase synthesis involves the hot injection method,
where the precursor is injected into the hot solution of another precursor.
This development in technique led to improved QD photophysical properties
such as quantum confinement, reproducibility, and size-tunable PL. The
main advantage of the colloidal method is that it uses injection and growth
temperature to control the QD particle size. It is well known that nucleation
and growth of the QDs depends on the time and temperature of the colloidal
precursor solution, which can be controlled (Chandan and Geetha, 2013;
Chandan et al., 2014). This led to the development of QDs such as CdSe,
CdS, CdTe, ZnSe, and ZnS. This enhancement of photophysical properties
with stability of QDs marked their presence and importance in photovoltaics,
energy, biosensors, and bioimaging (D’Souza et al., 2015; Venkataramana
et al., 2016; Kusuma et al., 2019; Ravikumar et al., 2019, 2020). Apart from
these QDs, near infrared emitting QDs are InP, InAs, and other lead and cop-
per chalcogenides (Micic et al., 1994, 1995; Allen and Bawendi, 2008; Tan
et al., 2017).

The stable CdSe colloidal QDs were first synthesized and reported by
Murray et al. (1993). They were the first to report the use of TOPO/TOP
(Trioctyl phosphine oxide/Trioctyl phosphine) as a coordinating and stabiliz-
ing agent. They were successfully able to synthesize group II—-VI QDs with
PL. But this technique was plagued by Ostwald’s ripening. To overcome
this, Katari et al. (1994) replaced TOP with tributylphosphine, which allowed
spontaneous nucleation with a relatively slow rate of growth; incidentally
increasing the stability of the QDs with TOPO as capping agent. CdMe, was
used previously as the precursor for the synthesis of QDs and needed to be
replaced due to their pyrophoric and toxic nature. Peng and Peng (2001)
solved this problem with use of less toxic CdO (cadmium oxide) along with
a long-chain fatty acid, oleic acid. This reduced the use of the toxic phos-
phine derivative, paving the way for much greener solvents for the synthesis.
Chandan et al. (2014) reported the use of more environment-friendly ligands
such as oleic acid and octadecyl amine as growth and nucleating ligands for
CdSe synthesis. They investigated the effect of these ligands on the nucle-
ation and growth of CdSe QDs and found these were stable over months.
Such QDs with increased stability are better suited for photovoltaic applica-
tion, keeping in the mind that it has to be exposed to an outdoor
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environment. QDs were also synthesized in an aqueous solution of respective
salts. Even though, there are several research reports on such synthesis, they
lack stability and better confinement is not possible due to an elongated reac-
tion time. Some reactions can be as long as 6 days, which can lead to poly-
dispersed QDs.

Electron—hole pair recombination and leaching is the main concern in
QDs, which affects the performance and stability of the device. This can be
mitigated by forming the shell structure or inserting the dopant on the sur-
face of the core QDs structure. Such an introduction can reduce recombina-
tion and increase the stability. Thus plain core QDs (CdSe, CdS, ZnS and
CdTe) have countered comparatively less attention than core—shell structures
such as CdSe/CdS, CdSe/ZnS, CdTe/CdS, etc. but it is not limited to these
only. The thickness of the shell can be monitored and controlled by varying
the same ligand used by monitoring the injection time, concentration of the
shell precursor, and capping material used (Zhu et al., 2010a,b). CdSe/
CdZnS QDs were reported by Schrier et al. (2012) and the maximum QY
was 100%, which is the highest reported QY for the chalcogenide series of
QDs. If the shell coating on the core is smaller, then it can lead to complete
transmittance of electromagnetic radiation (light) through the shell to reach
the core. Such a process can increase the QY of the material and reduce the
electron—hole pair recombination. Another strategy to increase the PL QY is
to incorporate the dopant into the energy level of the QDs. Dopants such as
Mn, Cu and Ag can significantly increase PL QY over 50% (Chen et al.,
2009). Doped QDs can emit significantly in the visible region with large
Stokes shifts and decay time ranging from micro- to milliseconds timescales
(Wood et al., 2009). Fig. 12.5 shows the schematic representation of surface
passivation and related surface chemistry.

Vapor phase synthesis of QDs is a rather less known technique than the
hot injection method due to its complexity. It can be formed via deposition
from vapor onto the appropriate substrates in molecular beam epitaxy (MBE)
or metal organic chemical vapor deposition. There are two approaches to
form the QDs. The first is Stranski—Krastinov (SK) growth, where nanosized
islands are formed with several monolayers deposited upon one another. This
leads to the large lattice mismatch between the two semiconductor materials.
This was observed in Ge/Si, InP/AlGaAs, and InP/GalnP. For such highly
strained system, growth initiates with the addition of layer by layer and thus
minimizes the strain energy. Such islands then grow articulately on the sub-
strate without any misfit until a critical strain density with corresponding to
its critical size is exceeded. Incidentally, coherent SK islands can be over-
grown with a suitable passivating and carrier confining epitaxial layer to pro-
duce QDs with better PL efficiency—typically colloidal QDs—which
depend on the capping layer. The second method is to produce the near sur-
face quantum well (QW) and then deposit coherent SK islands on to those
wells. Such deposition has a large lattice mismatch with the barrier to
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FIGURE 12.5 (A) PL; (B) UV—uvisible spectra of CdTe QDs; and (C) possible schemes for
surface modification of QDs using ligand exchange and polymer coatings (Chandan et al.,
2018). Adapted from Chandan, H. R., Schiffman, J. D., Balakrishna, R. G., 2018. Quantum dots
as fluorescent probes: synthesis, surface chemistry, energy transfer mechanisms, and applica-
tions. Sens. Actuator, B 258, 1191—1214. With permission.

produce strain in the island formed. The strain created by the island can be
extended to the QW and thus it can penetrate through its outer barrier and
well region. Such a strain field can expand the lattice of the QW and lowers
the bandgap below the SK island formed and thus produces the quantum
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dots by confining its electrons three dimensionally. Such SK islands are
referred to as stress islands. Stress-induced InGaAs and GaAs have been
reported for InP stress islands on GaAs/InGaAs/GaAs QW and for InP
stressor islands on an AlGaAs/GaAs/AlGaAs QW (Petroff and DenBaars,
1994; Willardson et al., 1999).

12.3.2 Perovskite quantum dots

Hybrid organic—inorganic perovskite quantum dots is the new entry to the
QDs family with enhanced fluorescence intensity and QY. The metal halide
perovskite has the simple ABXj3 structure. “A” is occupied by organic or
inorganic materials such CH;NH; (MA), CH(NH,) (FA), or Cs™. “B” by a
divalent metal cation such as lead, strontium, and germanium. “X” usually is
halide ions. The octahedral BX¢ structure is the basis of the perovskite and
“A” is occupied by the cation, which fills the voids between these structures.
Synthesis of such a structure can be also achieved through the hot injection
method. During the initial stage of the development, organic—inorganic
halide perovskite, such as methyl ammonium lead halide (MAPbI3) and for-
mammonium lead halide (FAPbI3), gained more attention (Choi et al., 2017;
Lee et al., 2019). However, these PQDs are less stable due to the organic
content and soon the focus was shifted toward inorganic halide perovskites
(Xiang and Tress, 2019). But the toxicity of the lead limited their use in
practical applications. Until recently, most of the studies shifted their focus
from CsPbX3 to lead-free structures (Han et al., 2019). Hot injection method
is the most common method used for the synthesis of the PQDs, with OA
and ODE being the predominant ligand system for the synthesis of the PQDs
(Zhang et al., 2015; Sun et al., 2018). The temperature was adjusted ranging
from 150 to 200°C depending on the type of the material. Typically, the Cs
oleate precursor was injected into the degassed PX; (X = Cl, Br, I) solution.
This hot injection leads to nucleation and growth of the particle. The reaction
is arrested by reducing the reaction temperature using ice cold water
(immersing the round bottom flask). The synthesis of lead-free perovskite
gained more interest.

Zhou et al. (2018) demonstrated the synthesis of Cs,AgBiBrg perovskite
QDs. Typically, the Cs-oleate was injected into the mixture of BiBrs,
AgNO;3;, ODE, OA, and HBr at 200°C under inert condition or N, atmo-
sphere. This led to the formation of Cs,AgBiBrs PQDs with a time span of
5 s. In fact, the morphology of the PQDs synthesized by hot injection method
is monitored by three factors influencing it (Wang et al., 2016; Dolzhnikov
et al., 2017; Zhou et al., 2018; Xu et al., 2019). This includes the reaction
time of the two precursors, the temperature and the ratio of the ligands.
Wang et al. (2015) reported the synthesis of Cs,Snlg PQDs. They demon-
strated that reaction time is very important in the hot injection method.
Usually the reaction is short with less than a minute, and it results in cubic
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structured PQDs. However, when the reaction time is progressed, a different
morphology of the PQDs was formed. The formation of nanorods, nano-
wires, nanobelts, and nanoplatelets was reported with a time scan of 5, 10,
30, and 60 min, respectively (Zhou et al., 2018). Similarly, the effect on the
morphology of PQDs by variation of temperature and ligand ration was also
reported by Dolzhnikov et al. (2017) and Xu et al. (2019), respectively.
Fig. 12.6 gives schematic presentation for hot injection method and effect of
reaction time over morphology.
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FIGURE 12.6 (I) Schematic illustration of the hot-injection method for the synthesis of
Cs,AgBiBrg QDs. (II) (a) Absorption and emission spectra of CsPbBr; IPQDs in solution. Inset:
Cubic perovskite structure of CsPbBr; IPQDs: medium spheres in the centers of the cubic faces:
Br; small sphere in the center of the cubic: Pb; large spheres in the cubic corners: Cs. (b) TEM
image of CsPbBr; IPQDs. (IIT) Synthesis of Cs,Snlg nanocrystals: (A) Schematic of procedures
for the controlled synthesis of perovskite Cs,Snlg nanocrystals (left panel) and photograph of the
as-prepared Cs,Snlg samples under UV light (right panel); (B—F) TEM images of
Cs,Snlg nanocrystals with different shapes (the inset of B gives an HRTEM image of
Cs,Snlg spherical quantum dots). Adapted (I) from Zhou, L., Xu, Y. F., Chen, B. X., Kuang, D.
B., Su, C. Y. 2018. Synthesis and photocatalytic application of stable lead-free Cs2AgBiBr6
perovskite nanocrystals. Small 14 (11) doi: 10.1002/smil.201703762. (1I) from Wang, Y., Li, X.,
Song, J., Xiao, L., Zeng, H., Sun, H., 2015. All-inorganic colloidal perovskite quantum dots: a
new class of lasing materials with favorable characteristics. Adv. Mater. 27 (44), 7101—7108.
(Ill) from Wang, A., Yan, X., Zhang, M., Sun, S., Yang, M., Shen, W., et al., 2016. Controlled
synthesis of lead-free and stable perovskite derivative Cs2Snl6 nanocrystals via a facile hot-
injection process. Chem. Mater. 28 (22), 8132—8140. With permission.
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Another method of synthesizing PQDs is ligand-assisted synthesis. To
solve some of the challenges associated with the hot injection method (high
reaction temperature and low reproducibility for large-scale synthesis), this
method came to existence. It is a simple synthetic process, which involves
the principle of supersaturation in the presence of ligands. PQDs were syn-
thesized by dropwise addition of precursor solution in polar solvent into a
solvent containing ligands. The difference in the polarity of the solvent sys-
tem influences the miscibility of solvents. Thus it resulted in two solvent sys-
tems, which cannot mix, and the precursor present encounters a
nonequilibrium state. Due to this supersaturation, nucleation and growth
occurs immediately even at room temperature and the product can be pro-
duced at gram scale with reproducibility.

Gram-scale synthesis of lead-based PQDs was reported using this method
(Liang et al., 2016; Wei et al., 2016b). Yang et al. (2017) reported the syn-
thesis of Cs;Bi,Brg PQDs by a one-step reaction without ligands. CsBr and
BiBr; were dissolved in dimethylsulfoxide (DMSO) to form a precursor solu-
tion. As DMSO is a polar solvent, therefore when such a precursor solution
was added to the less polar solvent such as isopropanol (which can act as
antisolvent), a yellow-green colloidal solution was formed. This indicates the
nucleation and growth of Cs3Bi,Brg PQDs formation even without the pres-
ence of ligands. Nevertheless, the low QY of 0.2% indicates the requirement
of ligands.

Leng et al. (2018), synthesized Cs;Bi,Brg by this method using OA and
oleylamine (OLA) as ligands. This protocol for the synthesis is similar to
Yang et al. (2017) except for two reaction conditions. The first one is that
actone was used as the antisolvent and second is that precursor solution was
prepared using OLA and antisolvent OA. It resulted in PQDs Cs3;Bi,Brg hav-
ing an average diameter of 3.88 nm and QY of 19.4%. Even though the
ligand-assisted method is advantageous in terms of reaction temperature,
there are some issues that need to be addressed. Typical to chalcogenide
QDs synthesis using hot injection method, the nucleation occurs at early
stage of the reaction, which is followed by the growth. This allows one to
arrest the reaction depending on time or temperature. But in ligand-assisted
synthesis, the nucleation and growth stages cannot be separated, indicating
the difficulties in controlling the size and morphology of the PQDs (Lignos
et al., 2016). Another problem associated with halide PQDs is that the polar
solvents are used in ligand-assisted reaction. The halide PQDs are vulnerable
to the polar solvents with the possibility that PQDs may undergo degradation
or aggregation losing their properties. Other than this method, one-step syn-
thesis using an ultrasonication method has also been reported, where all the
precursors have been dissolved in appropriate solvent and sonicated. The
PQDs can be synthesized with the use of the same ligand system (Tong
et al., 2016; Jang et al., 2016). Nevertheless, there is always scope to
improve the synthetic route for better quality products.
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12.4 Quantum dot sensitized solar cells

Several QDs are used in QDSSCs as sensitizers, which include CsPbXj,
CdS, CdSe, CdTe, ZnS, Ag,Se, PbSeS, AgInSe,, PbS, CulnS,, and MAPbX;
(Lin et al., 2020). Among all these QDs sensitizers, CdS and CdSe QDs are
considered significant choice as stable materials in QDSSCs. The enhance-
ment in PCE observed in QDSSCs are mainly contributed by the increase in
size of QD, enhanced light harvesting, reduced defects, improved charge car-
rier migration and higher surface area covered by the QDs on the photoelec-
trode. Lee and Lo (2009) have used CdS/CdSe cosensitized photoelectrode
for QDSSC application and reported that CdS and CdSe QDs exhibits com-
plementary effect in light harvesting due to stepwise arrangement of band
edge levels, which is beneficial for the injection of electron and recovery of
hole between CdS and CdSe (Fig. 12.7) resulting in a PCE of 4.22% using a
Ti0,/CdS/CdSe/ZnS electrode. Introduction of ZnS layer acted as a passiv-
ation layer to protect QD materials from photocorrosion and improves the
photovoltaic effect of QDSSCs.

Archana et al. (2020) have studied the cosensitization effect of CdS and
InSb QDs and reported an improved PCE for TiO,/CdS/InSb QDSSC that is
0.8% (InSb) and 3.52% (CdS QDs) to 4.94% (InSb QDs and CdS QDs). The
cosensitization of InSb improves the light absorption range along with
reduced spectral overlap leading to better light harvesting and decreased
defects causing suppressed recombination of charge carriers. Liu et al.
(2019) have used zinc titanium mixed metal oxides as photoanodes with
CdS/CdSe QDs for QDSSCs and reported PCE of 3.95%. Yu et al. (2012)
have prepared CdSe/CdS core/shell nanocrystals and showed an improved
Jsc, Voc, and m compared to single CdSe QDSSCs, due to higher light
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FIGURE 12.7 (A—B) Band edge structure for TiO,, CdS and CdSe electrodes and (C) I-V
curves for QDs sensitized solar cells. Adapted from Esparza, D., Zarazua, 1., Lopez-Luke, T.,
Cerddn-Pasardn, A., Sdnchez-Solis, A., Torres-Castro, A., et al., 2015. Effect of different sensiti-
zation technique on the photoconversion efficiency of CdS quantum dot and CdSe quantum rod
sensitized TiO, solar cells. J. Phys. Chem. C. 119 (24), 13394—13403. With permission.
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harvesting ability. In addition, CdSe/CdS prevents recombination of charges
inside QDs by decreasing surface states and by accelerating charge separa-
tion, suggesting that cosensitized QDs are better than single QDs. Another
approach to improve QDSSCs performance is by incorporating passivation
layer like ZnS between TiO, (photoanode) and electrolyte in CdS QDs solar
cell. The decreased recombination of charge carriers from TiO, to electrolyte
was observed in the presence of passivation layer, leading to enhanced
charge collection efficiency (Jung et al., 2012).

Li et al. (2020) have introduced TiO, as a passivation layer between ZnO
hollow microspheres photoanode and CdS/CdSe/ZnS, which showed an
improved PCE of 3.16% as compared to bare ZnO of 1.54%. This enhance-
ment was attributed to improved light absorption and electron transport
resulting from TiO, incorporation. Yu et al. (2012) studied effect of different
annealing temperatures (100°C, 150°C, 200°C and 250°C). QDSSC perfor-
mance in CdSe/CdS QDs, exhibited an increased IPCE from 0.46% to
2.83%. A significant enhancement in efficiency of 4.21% was observed with
300°C annealing temperature as compared to the photoanode, which was not
treated with heat, which exhibited only 3.2%. In addition, CE and electrolyte
can also be modified to enhance the properties of QDSSC. CoS (Yang et al.,
2010) and Cu,S are used as CE in ZnS/CdSe/CdS multilayer QDSSCs and
they showed an increased efficiency of 2.7% and 1.9%, respectively in com-
parison to Pt CE with an efficiency of 1.6%. Furthermore, recently Cu,S and
rGO composites have open up new path for CE material choice for QDSSCs
(Kusuma et al., 2018).

Huang et al. (2011) reported a flexible photoelectrode for CdS/CdSe
quantum dot-QDSSCs with a PCE of 3.47% under AM 1.5G illumination
using Cu,S CE and polysulfide electrolyte between the electrodes. The con-
ventional flexible transparent conductive oxides substrates like
ITOs—polyethylene terephthalate (ITO-PET) cannot tolerate high tempera-
ture and hence they have also investigated a new technique of depositing the
TiO, and FTO layer first, followed by PET substrate at lower temperature in
order to avoid temperature issues for CdS/CdSe QDSSCs photoelectrodes.
Yu et al. (2011) have used electrodeposition method to fabricate CdS/CdSe
QDs with TiO, as a photoanode and reported an improved electron transport
and electron collection efficiency with a PCE of 4.81%.

Li et al. (2011) have used modified polysulfide [(CH3) 4N],S/[(CH3) 4N]
»S;, in organic solvent (3-methoxypropionitrile) to improve the QDSSCs per-
formance. They observed an increased PCE of 3.2% under AM 1.5G irradia-
tion by employing CdS QDSSCs. The modified polysulfide contributes in
linking QDs with nanoporous TiO, through covalent bonds using thioglyco-
lic acid resulting in high wettability and superior penetration capability of
TiO, with an improved fill factor of 0.89. Pan et al. (2012) prepared CdS/
CdSe inverted type-I core/shell structure deposited on TiO, photoanode with
a bifunctional linker mercaptopropionic acid (MPA), which showed an
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improved PCE of 5.32%. It was attributed to modified deposition technique
using linker MPA.

Zhu et al. (2010a,b) have used Zn-doped TiO, screen printed on FTO as
a photoanode for CdS QDSSCs and reported an improved PCE by 24% and
it was attributed to reduced electron recombination and enhanced electron
transport by Zn doping. Santra and Kamat (2012) have reported that
QDSSCs exhibited a significant enhancement in PCE (5.4%) on doping
Mn?* to CdS. Mn-doped ZnS, ZnSe and CdS depicted emission at 585 nm
resulting from d-d transition, but these transitions are both; spin and orbitally
forbidden, leading to a very long lifetime in the range of several hundreds of
micro seconds (Fig. 12.8). Hence it is advantageous to utilize long lived
charge carriers to enhance the PCE in QDSSCs using Mn-doped QDs
(Santra and Kamat, 2012). Some parameters of CdQDs-based solar cells are
tabulated in Table 12.1.

12.4.1 Perovskite quantum dots-based quantum dot
sensitized solar cells

Organometallic halide perovskites having the formula ABX; (where A is an
organic cation, B is commonly Pb®", and X is a halide) have inspired photo-
voltaics field due to their unique photophysical properties like high emission
efficiencies, long carrier diffusion lengths and low production cost. It makes
them as potential candidate for photovoltaics and optoelectronics applica-
tions. The research in this field is highly focused on organic—inorganic
hybrid perovskites, for example, CH;CH;Pbl;, CH3;NH;PbI;, etc. and later
the volatile organic part is substituted by inorganic materials such as
CsPbX;, X=Cl, Br, and I with cubic perovskite structure. The
organic—inorganic CH;CH;3Pbl; perovskites will dissociate into Pbl, and
CH;NH;I under environmental stress; the latter is volatile, and therefore,
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FIGURE 12.8 Band alignment for (A) Inverted type-I CdS/CdSe core/shell structure and (B)
Mn-doped CdS QDSSC solar cells. Adapted (A) from Pan, Z., Zhang, H., Cheng, K., Hou, Y.,
Hua, J., Zhong, X., 2012. Highly efficient inverted type-I CdS/CdSe core/shell structure QD-
sensitized solar cells. ACS Nano 6(5), 3982—3991.; (B) Santra, P. K., Kamat, P. V., 2012. Mn-
doped quantum dot sensitized solar cells: a strategy to boost efficiency over 5%. J. Am. Chem.
Soc. 134 (5), 2508—2511. With permission.
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TABLE 12.1 Cd QDs-based solar cell parameter.

QDs material Voc Jsc Fill m References
V) (mA factor (%)
cm?) (%)
TiO,/CdS3/CdSe4/ZnS, Au 0.513 16.8 0.49 4.22 Lee et al.
(2012)
TiO,/CdS/InSb/CuS 0.533 18.58 49.88 4.94 Archana
et al. (2020)
Zn—Ti/CdS/CdSe/ZnS 0.57 13.36 0.52 3.95 Liu et al.
(2019)
TiO,/CdSg/ZnS 0.49 7.813 44.83 1.72 Jung et al.
(2012)
ZnS/CdSe/CdS/TiO,@ZnO 0.45 14.57 0.46 2.99 Li et al.
(2020)
TiO,/TGA/CdS-3 1.2 3 0.89 3.2 Li et al.
(2011)
TiO,/CdS/CdSe core shell 0.527 18.02 0.56 5.32 Pan et al.
structure-inverted Type-I (2012)
Mn-doped-CdS/CdSe 0.558  20.7 0.47 5.42  Santra and
Kamat
(2012)
TiO,/ZnSe/QDs/ZnSe 0.61 21.49 0.55 7.24  Huang et al.
(CdS/CdSe) (2016)

replaced with inorganic material. The first perovskite-based solar cells was
reported by Kojima et al. (2009) with PCE of 3.8% using MAPbI; and
MAPDBBr; as a liquid sensitizer in DSSC-based structure. Im et al. (2011)
have used quantum dots of nanocrystalline material and enhanced the PCE
to 6.54%. The incorporation of solid hole transporting layer (HTL) spiro-
OMeTAD instead of liquid HTL has boosted the PCE in recent years.
Presently, perovskites cells have reached an efficiency of 25.5% to convert
sunlight into electricity and perovskite silicon tandem solar cells reached
PCE of 29.5% as depicted in NREL chart (Fig. 12.9), which is at par with
the best thin-film chalcogenide and silicon devices.

Swarnkar et al. (2016) have prepared phase stabilized CsPbl; QDs at
lower temperature for photovoltaic applications. CsPbl; undergoes immedi-
ate transformation to orthorhombic phase, when exposed to ambient condi-
tions. The phase stabilized CsPbl; QDs stable for months at ambient
conditions are developed by modifying the purification process, which
includes washing with methyl acetate, an antisolvent, which eliminates
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FIGURE 12.9 NREL cell efficiency chart.

unreacted precursor material without inducing agglomeration. Lee et al.
(2012) have modified structure of device by replacing m- (mesoporous)-TiO,
with insulating m-Al,O3, which is fabricated above the thin compact layer of
TiO,. It resulted in ten times faster charge collection with an enhanced pho-
tocurrent. Here, they concluded that mesoporous structure acts as a scaffold
for perovskite structure.

Chen et al. (2017) reported that efficient vacuum deposited CsPbl; and
CsPbl,Br enhances the PCE in solar cells to 11.8%. Sanehira et al. (2017)
have reported that A-site cation halide salt treatment (formamidinium FA™)
enhances charge carriers mobility, resulting in increased photocurrent con-
tributing to higher PCE of 13.43%. Here, the interaction of QDs and FA™
might be a surface reaction or partial cation exchange resulting
Cs,FA;_,Pbl; QD core or a core shell structure formed by FAPbI; matrix
around CsPbl; QDs, suggesting that individual QDs are no longer present.
Frolova et al. (2017) have used coevaporation by thermal annealing of CsI
and Pbl, to fabricate CsPbl; perovskite solar cells, which delivered an
enhanced power conversion efficiency of 10.5%. Thermal annealing contri-
butes to phase changes in crystal structure and morphology in order to
enhance the device performance by producing a well crystalline, uniform
and highly pure perovskite film compared to solution-based process, where
the film is affected by solvent, wetting, evaporation and deposition process
(Fig. 12.10).

Lv et al. (2015) have used colloidal surface modified CulnS, QDs with
improved carrier transport ability as hole transporting agent in TiO,/
CH;NH;PbI;/HTM/Au solar cell, which showed an enhanced PCE of 8.38%
along with ZnS as shell layer. The improved PCE is contributed by decreased
charge recombination between TiO, and hole transporting material HTM.
Stolterfoht et al. (2018) have visualized nonradiative recombination pathways in
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FIGURE 12.10 (A) Schematic of the PQDs solar cell, (B) current-voltage curve of device and
(C) EQE spectrum. Adapted from Frolova, L. A., Anokhin, D. V., Piryazev, A. A., Luchkin, S. Y.,
Dremova, N. N., Stevenson, K. J., et al., 2017. Highly efficient all-inorganic planar heterojunc-
tion perovskite solar cells produced by thermal coevaporation of Csl and Pbl,. J. Phys. Chem.
Lett. 8 (1), 67—72. With permission.

perovskite solar cells (CsPbls)g os[(FAPbI3)o80(MAPbBr3)g 11]0.05 Using transient
and absolute PL. They found quasi-Fermi-level splitting losses and interfacial
recombination resulting in 135 and 80 meV, free energy loss. Incorporation of
thin interlayers of PFN-P2—a conjugated polyelectrolyte and LiF between
perovskite and transport layer contributes to a considerable decrease of these
interfacial losses at both p and n contacts, by 65 and 35 meV respectively. The
PCE has improved to 19.83% with a record fill factor of 81%. Zheng et al.
(2020) have reported that introduction of long-chain surface anchoring alkyla-
mine ligands into precursor solution suppressing the nonradiative recombination,
which improves the optoelectronic properties of mixed-cation mixed-halide
perovskite films. The resulting modified film shows (100) orientation, low trap
state density in addition to improved charge carrier mobility and diffusion
lengths leading to a highly enhanced efficiency of 22.3%. Some perovskite-
based solar cell parameter are summarized in Table 12.2.

12.4.2 Other quantum dots-based quantum dot sensitized
solar cells

QDSSCs are potential photovoltaic device systems, attributed to their low
material requirements and simplicity. However, in order to achieve high effi-
ciencies, complicated and expensive processes or toxic materials are used,
which limit their large-scale application. By overcoming these limits, the
QDSSCs can be used for commercial applications. Pan et al. (2014) have
prepared green QDs that are free of Cd or Pb. They have applied surface pas-
sivation to the ternary CulnS, (CIS) QDs using ZnS and reported a high effi-
ciency of 7.04% as compared to other green QDs-based QDSSCs, suggesting
the possibility of better or comparable performance with green CIS QDs
(Fig. 12.11). This enhanced efficiency was attributed to a high absorption
range, more QDs loading, and reduced recombination with type-I core/shell
structure.



TABLE 12.2 Perovskite-based solar cells characteristics.

QDs material

Phase stable CsPbl;

CH3NH3Pbl,Cl

CsPbl,Br

CsPbls

TiO,/CH3NH;Pbl;/CulnS,/ZnS/Au
(CsPbl3)o.05[(FAPbI3)0.89(MAPbBr3)0.1110.95
Cs0.05(FA0.92MA0.08)0.95Pb(l0.92Br0.08)3

Voc (V)
1.23
0.98
1.15
1.06
0.924
1.05
1.14

Jsc (mA cm™?)
13.47

17.8

15.2

13.8

18.6

25.1

239

Fill factor (%)
0.65
0.63
0.67
71.6
48.7
0.75
0.82

M (%)
10.77
10.9
11.8
10.5
8.38
19.83
22.34

References

Swarnkar et al. (2016)
Singh and Nagarjuna (2014)
Chen et al. (2017)

Frolova et al. (2017)

Lv et al. (2015)

Stolterfoht et al. (2018)
Zheng et al. (2020)
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FIGURE 12.11 (A) Schematic of band structure of TiO, and CulnS, (CIS) QDs passivated by
ZnS (B) I-V curves of CIS QDs solar cells and (C) Schematic of PbS QDs solar cell along with
1-V curves. Adapted from Tao, L., Xiong, Y., Liu, H., Shen, W. 2014. High performance PbS
quantum dot sensitized solar cells via electric field assisted in situ chemical deposition on modu-
lated TiO, nanotube arrays. Nanoscale. 6 (2), 931—938. With permission. Adapted from Pan, Z.,
Mora-Sero, L., Shen, Q., Zhang, H., Li, Y., Zhao, K., et al., 2014. High-efficiency “green” quan-
tum dot solar cells. J. Am. Chem. Soc. 136 (25), 9203—9210. With permission.

Tao et al. (2014) have prepared PbS QDs-based TiO, nanotube arrays
(NTAs) through an in situ chemical bath deposition method controlled by
low electric field. They could achieve an efficiency of 3.41%. These methods
enhance QDs loading on the NTAs with high Voc and fill factor (FF) con-
tributed by shorter electron path, less structural and electronic defects, opti-
mal film thickness (~4 pm), and reduced recombination in the ordered TiO,
NTAs produced by oscillating anodic voltage. Bi et al. (2018) could harvest
the short-wave infrared range of the solar spectrum using PbS colloidal quan-
tum dots for solar cells using hybrid inorganic—organic ligand treatment by
combining Znl, with 3-mercaptapropionic acid for surface passivation of
PbS QDs. The modified PbS solar cell has delivered an efficiency of 7.9%
and an additional 3.3% enhancement by placing this cell at the back of the
MAPbDI; perovskite film due to enhanced light absorption up to 750 nm. It
suggests that the modification of a passivation layer can boost the PCE.

Inorganic nanostructured materials and hybrid carbon materials have
attracted a potential interest and open an exciting field in the design and fab-
rication of efficient catalysts. Guo et al. (2014) have prepared a novel CE
consisting of CogSg nanotube arrays grown on carbon fiber (CF) (CogSg/CF)
for fiber-shaped flexible QDSSCs and achieved high PCE of 3.79% as com-
pared to CE and Pt. The redox mediator plays an important role in determin-
ing photovoltage and photocurrent in QDSSCs. As per kinetics, reduction of
oxidized QDs by the redox mediator should happen faster than the back
transfer of electron between TiO, and oxidized QDs to sustain the photocur-
rent. Thermodynamically, the redox mediator should possess effectively
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positive reduction potential to provide high photovoltage. Haring et al.
(2014) have investigated Mn(I/III) complexes as potential redox mediator
for CdS/CdSe/ZnS QDSSCs. Mn poly(pyrazolyl)borates showed high photo-
voltages ~1V with reduction potential of ~0.51V versus Ag/AgCl.
Reduction rates were slower compared to Co(bpy)s, where bpy = 2,2'-bipyri-
dine, which was confirmed by enhanced electron lifetimes up to four orders
of magnitude longer as the low solubility prevents the sustaining of high cur-
rent. The Mn(II/III) complexes redox mediator exhibited higher fill factor
(~0.6) and photovoltage than Co(bpy)s and it can be ascribed to more posi-
tive reduction potential and reduced recombination.

Interface engineering is an important path to enhance the photovoltaic
performance in QDSSCs. Zhang et al. (2019) have studied the interface mod-
ification between TiO, and QDs using ZnS and ZnSSe semiconductors.
Here, the main limitations are the passivation effect and the matching of lat-
tice with TiO, and QDs. Though, ZnS has a large energy bandgap due to
higher CB edge, its lattice mismatch with TiO, and QDs largely leads to the
formation of defect states. In contrast, ZnSe alloy exhibited a small lattice
mismatch with TiO, and QDs with a lower CB edge. They have prepared
ZnS,Se;_, alloy material as a passivation layer on the Zn—Cu—In—Se
(ZC1Se) QD-sensitized TiO, photoanode and reported that alloy material is
more constructive for the inhibition of charge recombination between photo-
anode/electrolyte interfaces, and it also improves extraction of photogener-
ated electron leading to the photon efficiency improvement from 12.17% to
13.08%.

12.5 Recent developments

Solar cell parameters of some quantum dots-based solar cells are summa-
rized in Table 12.3.

12.6 Conclusion

QDSSCs are a promising alternative for dye-sensitized solar cells due to
unique properties of QDs. Numerous factors limit the PCE of QDSSCs,
which include narrow absorption of solar spectrum, recombination at inter-
faces, lower QD deposition on semiconductor film, poor charge carrier trans-
portation, photocorrosion of electrode, and low fill factor, because of the low
performance of CE. The research work in QDSSCs has mainly focused on
the improvement of PCE in recent years. Among all QDs sensitizers, Cd
chalcogenide-based sensitizers, especially CdS and CdSe, are the preferred
choice for solar cell devices. The researchers have investigated various modi-
fications to improve the PCE of Cd-based QDSSCs and reported on the
cosensitization of CdS/CdSe, introduction of passivation layer (ZnS), anneal-
ing temperature, CE modification (Cu,S, CoS, and composites of Cu,S/
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TABLE 12.3 Some quantum dots-based solar cell parameters.

QDs material

CulnS,
PbS
CdS/CdSe
CdS/CdSe

Zn—Cu—In—Se
(ZClISe) QD

Ag,S (scattering
layer)

CdSe/ZnS
CulnSe,S,—

CsPbBrs/CdS

Mn/CdS
CulnSe, S,

CdTe/CdSe core/
shell QD

ZnTe/CdSe
AglnSe,/CdS/ZnS

CulnS,—Mn-
doped CdS

Cd] _inxTe/Cds
core/shell

PbSe

N and S
codoped carbon

QDs

Gd-doped
CdS@CdSe

Mn-doped
Cds@CdSe

VOC
(\%

0.586
0.63
0.37
0.9

0.733

0.33

0.44
0.55

0.77

0.6

0.54

0.6

0.64
0.654

0.581

0.6

0.61

0.43

0.71

0.558

Jsc (MA
cm?)
20.65
8.48
17.95
0.12

26.49
7.3

2.29
10.5

9.88
10.27
17.565
19.59

19.65
18.27

19.29
10.05
25.39
0.61

16.34

20.7

Fill

factor (%)
58.1

64

57

55

68.52

40.8

27
60.4

40

49

54.1

56.9

57
52.5

48

54

67

52

65.2

47

n
(%)

7.04
3.41
3.79
0.33

13.08

0.98

0.27
3.54

3.59

3.29

5.13

6.76

717
6.27

3.27

10.38
1.36

5.42
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TABLE 12.3 (Continued)

QDs material Voc Jsc (MA Fill m References
v) cm?) factor (%) (%)
Ni-doped CdS 0.643  8.91 54.3 3.11 Gopi et al.
(2016)
Sn:InP 0.59 10.58 56.7 3.54 Yang et al.
(2015a,b)

rGO), polysulfide electrolyte modification and doping of QDs (e.g., Mn),
and wide bandgap semiconductor (TiO,/Zn0O). Apart from Cd chalcogenide
QDs, other QDs also have promising properties as sensitizers, such as
CulnS,, PbS, and Zn-Cu-In-Se. Recently, PQDs and tandem silicon solar
cells (PQDs and silicon) have gained significant importance due to the low
production cost and high PCE (reported up to 29.5%). To further enhance
PCE and to achieve breakthroughs in QDs solar cell device, the focus of
investigation should be channeled to research on materials such as doping/
composite/different tandem structure of wide bandgap material, QDs, surface
treatment of electron transport layer, electrolytes, and CE modification.
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13.1 Introduction

Any change in biological or chemical environment is likely to affect the life of
human beings, plants, animals, and aquatic plants and organisms. Similarly,
humidity and temperature may also affect some physical or chemical phenom-
ena. Therefore sometimes it becomes very much necessary to know the changes
in these parameters. The slight variation in chemical environment can affect the
health of living beings as some chemicals available in the atmosphere are toxic
in nature if present even in very low concentrations. Sometimes, the presence of
these chemicals can be fatal also and thus these should be detected in time other-
wise any reaction may be totally undesirable. There are some limits on their con-
centrations, above which these are harmful and they may create disease or harm.
Development of any disease or deformation in the body can be detected in
advance if a proper sensing system is available. Then, such diseases can be diag-
nosed in a timely manner and treatment can be started at an early stage.
Therefore, such chemical or biological changes should be monitored so as the
protect the society from their adverse effects.

The variation of temperature and/or the presence of high humidity also
affect some physical or chemical entities adversely, that is, corrosion of
metals, stability of hygroscopic compounds, etc., depending on the circum-
stances. Hence, the correct measurement of humidity and temperature
becomes necessary to safeguard certain materials or reactions from high
humidity or temperature. Although various sensing systems are commercially
available for sensing the presence of some chemical changes such as lique-
fied petroleum gas, ammonia, alcohol, carbon monoxide, etc., these have
some other limits or demerits. Quantum dots (QDs) have some interesting
properties like smaller size, large surface area-to-volume ratio, and
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fluorescence/photoluminescence, and as a result these QDs can find potential
applications in fabricating effective, sensitive, and selective sensors. In this
chapter, the development of chemical, biological, temperature, and humidity
sensors has been discussed.

13.2 Sensors

QDs can find numerous applications in fabricating sensors such as tempera-
ture, humidity, alcohol, hydrogen sulfide, ammonia, carbon dioxide, nitrogen
dioxide, pesticides, biosensors, etc.

13.2.1 Chemical sensors

Various chemicals are hazardous in nature and their presence in the atmo-
sphere can affect the lives of human beings, animals, plants, aquatic organ-
isms, etc. They can create a number of dreadful diseases including cancer.
Therefore, it is very important to know their presence, even if they are pres-
ent in very low concentrations. Here, QDs can help us in sensing their pres-
ence as their florescence or photoluminescence can be quenched by their
presence. Very good and effective sensors are now available involving
mainly QDs.

13.2.1.1 Alcohol sensors

A high-performance ethanol sensor based on iron (Fe)-doped titanium diox-
ide (TiO,)/molybdenum disulfide (MoS,) nanocomposite was demonstrated.
Wu et al. (2018) synthesized flower-like MoS, and Fe-TiO, QDs by a facile
hydrothermal route. Then they prepared Fe-TiO,/MoS, composite via a
layer-by-layer (LbL) self-assembly technique. As-fabricated Fe-TiO,/MoS,
film sensor was used to determine different concentrations of ethanol (gas)
at room temperature. It was indicated that this sensor has a short response/
recovery time, high response, excellent selectivity, stable repeatability, long-
term stability, along with detection low limit (ppb level).

Abbasi and Alizadeh (2020) prepared a hybrid of ZnS:Mn®" QDs and
soluble N-methylpolypyrrole (NMPPy). It was reported that the determina-
tion of methanol can be carried out using as-prepared ZnS:Mn>" QDs/
NMPPy hybrid with high selectivity, sensitivity, and a limit of detection of
I mM in the concentration range of 25—230 mM. As-fabricated hybrid was
successfully used to determine the amount of methanol in real samples of
alcoholic beverages.

Masemola et al. (2021) synthesized NGQDs via a microwave-assisted
hydrothermal method. They used urea and citric acid as nitrogen and carbon
sources, respectively. It was reported that uniformly distributed NGQDs
(spherical) were obtained in 4 min. Then these dots were further loaded onto
PANI/PAN to fabricate NGQDs/PANI/PAN composite. It was observed that
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optimized electrospun composite fibers can be used for sensing of alcohol
vapors.

13.2.1.2 Liquid petroleum gas sensor

Liquid petroleum gas-sensing behavior of graphene/SrO QDs composites
was also investigated by Nemade and Waghuley (2013a). They evaluated
gas-sensing properties of composites by the change in resistance as a func-
tion of gas concentration of LPG.

They also synthesized graphene/Bi,O; QDs composites (Nemade and
Waghuley 2013b). It was reported that as-prepared composites exhibited bet-
ter performance toward the sensing of LPG. The graphene/CeO, QDs com-
posite was synthesized by Nemade and Waghuley (2013c). They used this
composite for sensing of liquid petroleum gas at room temperature. This
composite of graphene/CeO, QDs was prepared on mixing 20 wt.% of gra-
phene in CeO, (1 g). This composite shows excellent stability and sensing
response.

Mishra et al. (2015) synthesized rGO/SnO, QDs and investigated its LPG
gas sensing behavior. It was reported that this sensor exhibited a high
response of ~92.4% to LPG (500 ppm) at 250°C. As-fabricated rGO/SnO,
QDs-based sensor also has a good selectivity for LPG even in the presence
of other chemicals such as chloroform, ammonia, benzene, toluene, acetone,
formic acid, acetic acid, and n-butylacetate. It was observed that the gas
response to LPG was about 17.8 times higher compared to formic acid. An
excellent reproducibility was also observed in this sensor. Zhang et al.
(2018b) prepared zinc oxide/polypyrrole/lead sulfide QDs (ZnO/PPy/PbS
QDs) nanocomposite film and used it as a liquefied petroleum gas sensor. It
was reported that it can detect LPG and the response at 1000 ppm LPG could
reach 45.47%. It was also revealed that it showed excellent repeatability and
good selectivity.

13.2.1.3 Ammonia (NH3) sensors

Liu et al. (2016) prepared PbS QDs/TiO, nanotubes arrays (PbS QDs/TiO,
NTARs) via ionic-layer adsorption. Then they fabricated a gas sensor for
ammonia based on these. It was observed that PbS QDs/TiO, NTARs had a
good response toward ammonia gas and could detect 17.49—100 ppm ammo-
nia with a limit of detection of 2 ppm. It was also revealed that as-fabricated
PbS QDs/TiO, NTARs show good selectivity toward ammonia as compared
with methanol, ethanol, acetone, and toluene.

Hollow indium trioxide nanofibers were fabricated by Hong et al. (2021)
via a combination of electrospinning and high-temperature calcinations.
Then these were coated with nitrogen-doped graphene QDs (N-GQDs). As-
prepared N-GQD-coated hollow In,O; nanofibers served as a core for syn-
thesizing polyaniline (PANI)/N-GQD/hollow In,O; nanofiber ternary
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composites using in situ chemical oxidative polymerization. It was observed
that the response value of the PANI/20%N-GQD/hollow In,O; nanofiber
sensor was 15.2 on exposure to 1 ppm ammonia. This was almost 4.4 times
more than the PANI sensor. It was revealed that this composite sensor
proved to be very sensitive in the detection of NHj in the concentration
range of 0.6—2.0 ppm at room temperature. This sensor also exhibited higher
selectivity and repeatability in the range of 1.0—2.0 ppm NHj;. Hence, it was
suggested that it will prove to be a good gas-sensing material in the case of
human breath for detecting hepatic or kidney disease.

Kumar et al. (2018) fabricated poly(3, 3-dialkylquaterthiophene) (PQT-
12) and CdSe QDs composite. It was based on back-gated organic thin-film
transistors (OTFTs) SiO,-coated heavily doped p-Si substrates. It was
reported that an estimated gas response of ~51% was obtained for sensing
ammonia gas using a PQT-12/CdSe QDs composite, which was higher than
an OTFT pristine PQT-12 OTFT-based sensor (41%). Liu et al. (2018) self-
assembled 3-D cocoon-like architectures of PbS QDs—reduced graphene
oxide composites. It was observed that 3-D PbS QDs/rGO nanococoons
exhibited a good detection limit of 750 ppb toward sensing ammonia gas at
room temperature, which was higher than rGO and pure PbS QDs. It was
also revealed that these 3-D PbS QDs/rGO nanococoons show a good selec-
tivity toward ammonia gas compared to ethanol, acetone, etc. with excellent
sensing stability in the long term.

Ouyang et al. (2018) prepared monolayer WS, NSs modified with Pt
QDs. It was reported that the response of nanocomposite to NH3 (250 ppm)
was almost ten times that of WS, NSs. Liu et al. (2019) self-assembled
CuSbS, QDs/reduced graphene oxide composites via a hot-injection method.
It was reported that a gas sensor based on CuSbS, QDs/rfGO composites
exhibited a good response toward ammonia with a limit of detection of 500
ppb with an average response time of 50 s at room temperature. It was
revealed that the sensing performance of the composites was improved in the
presence of visible light.

Wongrat et al. (2021) prepared ZnO nanostructures combined with
GQDs. It was reported that GQDs have an average size distribution of
2.6 nm. It was revealed that as-prepared ZnO:GQD heterojunctions exhibited
a selective response (high) to the vapor of ammonia. As-fabricated ZnO:
GQDs sensors have the optimum sensor response at an ammonia concentra-
tion of 1000 ppm. This sensor was found to be highly responsive and gave a
selective performance for sensing ammonia at room temperature. Bai et al.
(2022) prepared flower-like MoS, decorated with SnO, QDs via a solvother-
mal method. It was reported that SnO, QDs have a uniform particle size of
2—4 nm and these were uniformly distributed on the ultrathin nanosheets of
MoS, hierarchical architectures. It was found that as-prepared SnO,
QDs@MoS, composites-based gas sensor exhibited a good response of 8.6
with short response and recovery times of 6 s/121 s, respectively to 100 ppm
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ammonia with good selectivity, excellent repeatability, and outstanding long-
term stability.

13.2.1.4 Hydrogen sulfide (H,S) sensors

Keshtkar et al. (2018) synthesized SnO, QDs—fullerene (SnO, QDs-Cg)
nanohybrid via a hydrothermal method. It was observed that the as-prepared
hybrid could detect H,S (70 ppm). This sensor exhibited a good selectivity
toward H,S gas in the range 5.4—70 ppm. Dun et al. (2019) prepared CdS
QDs supported by ultrathin porous nanosheets and further assembled into
hollowed-out Co3z0,4 microspheres (CdS QD/Co;04 HMSs). It was observed
that CdS QDs of ~4.5 nm size were well dispersed on Co3;04 HMSs (ultra-
thin porous nanosheet). It was reported that this sensor exhibited a high
response (12.7) for 100 ppm H,S as well as fast response and recovery rates
of 0.6—1.0 s, respectively.

Yang et al. (2019) prepared In,O; colloidal QDs and then they deposited
In,O5 QDs followed by surface ligand exchange treatment via Cu inorganic
salts to fabricate H,S sensor devices. It was reported that the as-prepared
sensor exhibited a high response up to 90 for H,S (5 ppm) with response and
recovery time of 72 and 200 s, respectively. Xu et al. (2021) prepared carbon
dots passivated with polyethylene glycol. These were then used for detection
of H,S. This proposed sensor can detect Na,S with a concentration limit of
detection approximately 7.0 nM. It was proposed that this probe can also be
used successfully for the detection of H,S in live cells.

13.2.1.5 Carbon dioxide (CO,) sensors

Chu and Hsieh (2019) designed an optical fiber carbon dioxide sensor, which
was based on the emission wavelength shift of CulnS,/ZnS QDs. It was all
due to changes in the absorption of a-naphtholphthalein (a pH indicator).
With a change in concentration of CO,. It allowed the detection of CO, con-
centration over the range of 0% —100%. Bhakat et al. (2021) assembled ZnO
QDs. It was reported that as-prepared ZnO QD—phosphate was successfully
used for designing a gas sensor that showed great sensitivity and selectivity
toward CO, gas at room temperature. Hajikhanloo et al. (2021) created a val-
ley in the core of the ring and then PbSe QDs were deposited in this valley.
This sensor was used to detect CO, gas. It was reported that the refractive
index of PbSe QDs was found to increase with the increase in the concentra-
tion of gas flow. It was revealed that the as-prepared sensor operated in a
wide range of concentrations for CO, gas with a detection limit of 0.001%.

13.2.1.6  Nitrogen dioxide (NO,) sensors

Wang et al. (2013) functionalized silica aerogels branched polyethylenimine-
capped QDs. The fluorescence quantum yield of CQD-aerogel hybrid mate-
rial yield was more than 40%. Its fluorescence was sensitively and
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selectively quenched by NO, gas. Dong et al. (2018) synthesized germanium
QDs (GeQDs)/graphene hybrids. They fabricated a NO, gas sensor by intro-
ducing GeQDs on graphene and the gas sensor sensitivity to NO, was
improved substantially. With the optimization of the growth time of GeQDs
(600 s), the response sensitivity to 10 ppm NO, can be as high as 3.88,
which is 20 times higher than that of the graphene sensor without GeQDs
decoration. The 600 s GeQDs/graphene hybrid sensor exhibited fast response
and recovery rates as well as excellent stability.

Lv et al. (2021) prepared SnO, hierarchical hollow cubes (ultrathin meso-
porous nanosheets) and then N-GQDs were decorated on the surface of
SnO,. It was reported that as-prepared N-GQDs modified SnO, (NG/Sn,)
exhibited an improved response toward 1 ppm NO,, which was almost 2.2
times that of pure SnO,. Thus sensing material exhibited long-term stability,
fast response, recovery repeatability, and good selectivity. This NG/Sn; 5
sensor can even detect lower concentrations of NO, at the level of 100 ppb.

Zhang et al. (2021) modified ZnO composite with N-GQDs. The sample
G-Z-2 (N-GQDg doping amount of 2 mL) exhibited excellent sensing perfor-
mance for NO, compared with pure ZnO. It was found to be sensitive to 5
ppm NO,, which was 11.6 times more than others. The detection limit of
NO, was found to be 0.1 ppm. It was also revealed that there is selectivity,
excellent reproducibility, and stability in this sensor for the detection of
NO,. Luo et al. (2022) modified MoS, with SnO,. The MoS, nanoflowers
were prepared via a hydrothermal method with a high surface/volume ratio
and SnO, was fabricated using a solvothermal method. It was revealed that
its response was increased by 1.5 times on modification, supported by fast
response and recovery time for sensing of NO, gas.

13.2.1.7 Pesticide sensors

Liang et al. (2021) developed a fluorescence/colorimetric sensor, which was
based on a nanocomposite of carbon QDs and gold nanoparticles (CQDs-
GNPs). It was observed that fluorescence intensity increased, but absorption
decreased with the addition of malathion, a pesticide. Finally, the approxi-
mate concentrations of malathion in cabbage samples were estimated by the
standard arrays and the naked eye. It was revealed that malathion can be
accurately detected in cabbage samples with two methods with recoveries of
89.9%—103.4% (fluorescence) and 88.7%—107.6% (colorimetric).

Nair et al. (2020) prepared a fluorescent sulfur-doped GQDs (S-GQDs)-
based sensor. It was reported that the particle size distribution was uniform
in the order of ~5nm with high crystallinity. It was revealed that green
fluorescent S-GQDs exhibited a detection limit of 0.45 and 1.6 ppb for car-
bofuran and thiram, respectively. A sensor was developed by Liang et al.
(2021) that was based on CQDs-GNPs. It was observed that fluorescence
intensity was increased on the addition of malathion in the range of 1 X 10™°
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to 1 X 1072 M. It was reported that concentrations of malathion in cabbage
samples can also be determined. Alvandi et al. (2021) prepared multicolor
fluorescent carbon dots via a hydrothermal method using greengage plums.
These carbon dots were used to detect pesticides (duplosan, confidor, and
dialen super). It was also revealed that the as-prepared nanosensor did not
detect other pesticides such as diazinon, bromoxynil, malathion, glyphosate,
and deltamethrin, confirming that it is sensitive and specific toward the three
intended pesticides.

Ghiasi et al. (2021) fabricated a selective and sensitive electrochemical
sensor based on the modification of activated glassy carbon electrode with
nickel molybdate GQDs, and chitosan nanocomposites. It was reported that
the as-fabricated sensor can be used in a concentration range between 0.1
and 330 puM with a limit of detection of 30 nM. The function of the sensor
was also evaluated for the recovery analysis of diazinon in real samples of
tomato and cucumber.

Yellowish-green emitting CQDs were prepared by Huo et al. (2021) via
hydrothermal treatment. They used p-phenylenediamine and citric acid as
precursors. It was observed that phoxim can quench the fluorescence emis-
sion of CQDs by an inner filter effect. As-prepared CQDs showed a good
selectivity and sensitivity for detection of phoxim in the concentration ranges
of 1-10 and 10—98 uM with a detection limit of 0.09 uM. It was revealed
that phoxim can also be detected in real samples with satisfactory recoveries
ranging between 93% and 105.9%. The low cytotoxicity and excellent
biocompatibility of these CQDs was suitable for cell imaging also.

Yang et al. (2021b) synthesized cadmium telluride QDs. As-prepared
CdTeQDs exhibited good water dispersion bright emission, and long emis-
sion wavelength as well as a unique response inhibition of organophosphorus
pesticides (OPs) on acetylcholinesterase (AChE) activity. It was reported that
the detection of OPs can be done with sensitivity, with the limit of detection
of 0.027 ng mL™". It was observed that a CdTe-QD-based sensor can moni-
tor methidathion in cultivated soil as well as Chinese cabbage.

Yi et al. (2021) first modified molybdenum disulfide QDs (MoS, QDs)
with 3-aminophenyl boronic acid, and then it was functionalized with hydro-
propyl-3-cyclodextrin (3-CD), (3-CD functionalized MoS, QDs 3-CD-MoS,
QDs). It was used for fluorescent detection of parathion-methyl (MP), hydro-
lyzed to p-nitrophenol which can enter into the 3-CD cavity; thus resulting
in fluorescence quenching. It was reported that as-prepared 3-CD-MoS, QDs
nanoprobe exhibited a wide detection range of 0.01—18.0 ppm and a low
detection limit of 3.3 ppb for the detection of parathion-methyl. An excellent
selectivity was also reported for detection of MP, and it can be applied in
real samples. Fluorescent CQDs (J-CQDs) were prepared by Chandra et al.
(2022) using jatropha fruit via a hydrothermal route. The catalytic activity of
AChE was inhibited in the presence of OPs, and a fluorescence signal was
recovered. A sensitive and selective nanoprobe was designed as a sensor,
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which can detect chlorpyrifos with a limit of detection (2.7 ng mL™"). It was
also revealed that this can be applied for pesticide detection in environmental
and agricultural samples successfully with acceptable recovery.

13.2.1.8 Others

Lu et al. (2019) prepared a carbon dot-decorated hybrid nanocomposite
(CD@RCC3) (chiral porous organic cage) and used it to fabricate a fluores-
cent sensor. It was reported that the as-fabricated sensor was used for the
determination of isomers of nitrophenol. It could also differentiate pheny-
lethanol and phenylalaninol enantiomers.

Yang et al. (2021c) prepared CdTeS QDs-coated silica shell (CdTeS
QDs@8Si0,). Then ZnCdS QDs were encapsulated in a 3D network
imprinted polymer (ZnCdS QDs@MIP) to give a response signal. It was
observed that the fluorescence emission of ZnCdS QDs@MIP was quenched
in the presence of ascorbic acid (1—-500 uM) with a detection limit of
0.78 pM. It was reported that satisfactory results were obtained in the detec-
tion of ascorbic acid in vitamin C tablets.

Liu et al. (2021) designed an ECL sensor based on a dual-emission lumi-
nophore (NSGQDs-PEI-luminol-Pt). It was composed of nitrogen and sulfur
codoped GQDs (NSGQDs) (main luminophore), luminol (auxiliary lumino-
phore), platinum nanoparticles (coreaction accelerator), and polyetherimide
linker of NSGQDs and luminal, respectively. This ECL senor can detect
ascorbic acid in the concentration range of 10—360 nM with a limit of detec-
tion of 3.3 nM. It was also used for monitoring ascorbic acid in human
serum.

Yanyan et al. (2021) fabricated a sensor based on N-GQDs. This sensor
was used for the detection of H,O, and glucose in the concentration range of
0.3—100.0 and 0.7—90.0 pM with a limit of detection of 63 nM. The sensi-
tive detection of glucose is also realized in the concentration range
(0.7-90.0 uM) with LOD of 96 nM, because the oxidation of glucose by
glucose oxidase (GOx) produces H,O,.

A fluorescence sensor with dual-emission was developed by Gan et al.
(2021) based on CQDs and Eu’*t complexes. It was observed that dual-
emission fluorescence intensity was increased in the presence of Hg*" ions.
It was reported that the as-developed sensor exhibited an excellent sensitivity
and selectivity in the concentration range of 1—20 nM with a detection limit
of 0.2 nM. It was revealed that this sensor gave satisfactory recovery from
97.6% to 105.4% for the detection of Hg>" ions in drinking water and milk
samples.

A single-step synthesis of positively charged Pd NPs and green synthesis
of GQDs from graphite was reported by Ahmed et al. (2021). An aptamer-
induced fluorescence fluctuation of GQDs and palladium nanoparticles for
the detection of tetracycline has been observed with a limit of detection of
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45ngmL~". CQDs were synthesized via a facile one-step hydrothermal
treatment of purslane leaves by Amer et al. (2021). It was reported that a
CQDs-based sensor could detect formaldehyde. It was revealed that the as-
fabricated sensor exhibited a good reversibility and reproducibility.

Carneiro et al. (2021) synthesized CQDs via a hydrothermal route using
the seed of Caelsalpinia pulcherrima. They could detect five food addi-
tives—lactic acid, citric acid, ascorbic acid, potassium sorbate, and sodium
benzoate—with a detection limit of 252 ng mL™'. They also successfully
identified all these additives in a sample of a pickled olives with 100% of
the combinations correctly identified.

Huangfu and Feng (2021) synthesized CsPbBr; QDs and used them to
sense various solvents with different polarities. A good linear relationships
was found between the fluorescence intensity of CsPbBr; QDs and the vol-
ume of different polar solvents, ethanol, methanol, and acetone. It is all due
to the fast change of polarity, which makes perovskite QDs useful as polarity
sensors. They used as-fabricated CsPbBr; QDs for total polar materials
detection in edible oils. The quenching effect of fluorescence intensity was
observed for soybean oil, olive oil, and sunflower oil, in the range of 17%—
31.5%, 25%—31.5%, and 21.5%—33%, respectively.

Khose et al. (2021) synthesized novel red-fluorescent GQDs (G-GQD)
using therapeutic guava (Psidium guajava) leaf. It was reported that the
emission property of as-fabricated G-GQD can be used as a fluorescence
turn-off probe for the determination of Hg>" ions with a detection limit of
82 uM. It was also reported that other ions such as Co®", Cu®", AI’*, and
Fe?*, are also known fluorescence quenchers, but they did not show any
interference with the selectivity of Hg?* ions. The G-GQD can be used as a
sensor for Hg>" ions even in polluted water sources.

Kongsanan et al. (2021) synthesized GQDs by pyrolyzing solid citric
acid. The as-prepared sample can be used for the simultaneous detection of
ferricyanide [Fe(CN)¢]*~ and cyanide (CN ) in wastewater samples
(Fig. 13.1). It was reported that the fluorescence intensity of GQDs decorated
with Hg?* could be turned on in the presence of CN~ and back to turn-off
mode by [Fe(CN)g]>~. These can be detected simultaneously in the range of
5.0—15.0 and 10.0—50.0 uM, with detection limits of 3.10 and 9.48 pM for
CN  ion and [Fe(CN)ﬁ]3 —, respectively. This sensor was successfully used
for CN~ and [Fe(CN)g]®~ detection (simultaneous and selective) in waste-
water samples of municipal water reservoirs.

Lu et al. (2021) fabricated functionalized carbon nitride QDs (CNQDs)
using a microwave-assisted solvothermal method. It was reported that these
CNQDs were monodispersed with a narrow size distribution of particles with
an average size of 3.5 nm. They exhibited excellent sensitivity and selectiv-
ity of fluorescence quenching for 2,4,6-trinitrophenol (TNP) in the range of
0.1—15 pM with a limit of detection of 87 nM. They also obtained satisfac-
tory results with this probe for detecting TNP in spiked water samples.
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FIGURE 13.1 Use of GQDs for detection of ferricyanide and cyanide ions. Adapted from
Kongsanan, N., Pimsin, N., Keawprom, C., Sricharoen, P., Areerob, Y., Nuengmatcha, P., et al.,
2021. A fluorescence switching sensor for sensitive and selective detections of cyanide and ferri-
cyanide using mercuric cation-graphene quantum dots. ACS Omega 6(22), 14379—14393, with
permission.

Mehata and Biswas (2021) prepared GQDs—silver nanoparticles
(GQDs@AgNPs) hybrid structure using GOD as a reducing and stabilizing
agent. As-prepared composite exhibited strong surface plasmon resonance
along with the absorption of GQDs. It was also reported in the sensing of
hydrogen peroxide in an aqueous medium and therefore as-prepared
GQDs@AgNPs nanohybrids can be used as a sensing probe.

The mannitol capped boron-doped CQDs (B-CQDs) were synthesized by
Ali et al. (2021) and used for detection of sparfloxacin and orbifloxacin. As-
prepared samples exhibited an increase of fluorescence intensity in the range
of 1.5X107°=13%x1077 and 12X 107°—=1.1 X107’ M with limits of
detection of 5.0 X 107'° and 4.0 X 10~ '°M for sparfloxacin and orbifloxa-
cin, respectively. This probe gave satisfactory results determination for these
antibiotics in milk and natural water samples. Zhang and Fan (2021) synthe-
sized cerium—nitrogen codoped CQDs (Ce—N—CDs) via a hydrothermal
method. They used cerium nitrate with citric acid, and ethylenediamine.
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It was observed that as-prepared Ce—N—CDs exhibited excellent detection
selectivity for tetracyclines (TCs). It was reported that this probe detected
doxycycline (DC) in a concentration range of 0.4—35 pM with a limit of
detection of 0.25 pM. This method was also used successfully for the deter-
mination of DC and total TCs in pork and milk. It was revealed that as-
prepared Ce—N—CDs had low cytotoxicity and did not affect cell viability.
It was proposed that as-prepared Ce—N—CDs can be used in cell imaging.

A dual-signal fluorescent sensor was developed for the detection of tetra-
cycline in milk with excellent reproducibility and stability. Molybdenum
disulfide QDs (blue fluorescence) and cadmium telluride QDs with yellow
fluorescence were synthesized by (Liang et al., 2022). They prepared MoS,/
CdTe-based sensor with two fluorescence emission peaks at 433 and
573 nm. It was observed that the fluorescence of MoS,/CdTe was quenched
by photoinduced electron transfer. As-prepared CdTe QDs composite can be
used for the determination of tetracyline in the concentration range of
0.1—1 pM. This sensor was also applied for the detection of tetracyline in
milk samples with recovery of 95.53%—104.22%.

Sen et al. (2022) synthesized fluorescent polyethylenimine capped CQDs
(PEI-C-dots) via microwave irradiation. They used polyethylenimine and
citric acid as precursors for this purpose. It was observed that fluorescence
quantum yield of as-synthesized PEI-C-dots was found to be 54% and the
detection limit for 2,4,6-trinitrotoluene was 93 ug L™'. It was interesting to
note that that neither the HMX or RDX explosives interfered with this deter-
mination. Xu et al. (2022) prepared molecularly imprinted polymers based
on Si QDs (Si QDs@Si0, @MIPs) via a sol—gel method. It was observed
that as-prepared Si QDs@SiO, @MIPs exhibited a strong fluorescent emis-
sion at 447 nm, which was quenched in the presence of catechol. This sensor
can be used to determine concentrations of catechol in the range of
0.018—100 pM with a limit of detection of 0.018 pM. This method was also
applied by detecting catechol in real river water samples with satisfactory
results.

Afshary et al. (2022) fabricated an electrochemiluminescence sensor
based on nitrogen-doped CQDs (N-CQDs). It was reported that the as-
prepared N-CQD-based sensor can be used for the determination of ceftazi-
dime in the concentration range of 1 X 1077 to 5X 10 *mol L™ with a
limit of detection of 2.3 X 10~ ® mol L™". It was suggested that this ECL sen-
sor is also applicable for the analysis of ceftazidime in some real samples
(milk powder, bovine milk, and human serum).

Jiang et al. (2022) decorated O0D/2D heterostructure of ZnO QDs on
nitrogen-doped TisC, MXene (ZnO/N-TizC,). The size of ZnO QDs
was found to be in the range of 2—5 nm. It was reported that the as-prepared
sensor could be used for selective and sensitive detection of chloramphenicol
in the concentration range of linear range (0.1—100ngmL™') with a
detection limit of 0.019 ngmL™'. Praoboon et al. (2022) developed an
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electrochemiluminescence sensor using tris(2,2'-bipyridyl)ruthenium(Il) com-
plex coupled with water-soluble thioglycolic acid-capped CdSe QDs. It was
revealed that the trimethylamine can be determined using this sensor in the
concentration range of 1 X 1072 to 1 X 10”7 M with a limit of detection of
2.09 X 10" M. A rapid estimation of concentration of trimethylamine can
be done in fish tissue using the as-prepared sensor.

13.2.2 Biosensors

Any disease has its origin in changes in biological environment and organs
of the body, and therefore detecting such changes at an early stage can safe-
guard our health because one can plan the treatment of any disease in a
timely manner. It is possible to sense these changes with the help of QDs,
which are very sensitive to any variation in the biological environment.

Hwang et al. (2021) reported the synthesis of reduced graphene oxide
QDs (rGOQDs) in perfluorotributylamine solution. It was observed that the
as-prepared sample exhibited good photostability without any loss in inten-
sity even after a month and it can be used for an optical device (Fig. 13.2). It
was revealed that PL spectra from the rGOQDs-solution changed color from
blue to green when mixed with GOx for glucose concentration of 0—2 mM.
Thus rGOQDs can be used as colorimetric biosensors with the help of
smartphone.

Mostafa et al. (2021) synthesized highly photoluminescent Mn*",Zn,_.S
(0O = x = 0.1)-doped QDs. These QDs were capped with 3-
mercaptopropionic acid. It was reported that ZnS and Mn? " 04Zn; 96S QDs
were of average particle size 13 and 16 nm, respectively. As-prepared Mn-
doped ZnS QDs were used as an optical sensor for determination of bovine
serum albumin with limit of detection of 1.56 X 10~ M.

Pothipor et al. (2021) constructed an electrochemical biosensor based on
gold nanoparticles/GQDs/graphene oxide (AuNPs/GQDs/GO) modified
three-screen-printed carbon electrode to detect miRNA-21, miRNA-155, and
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FIGURE 13.2 Use of reduced graphene oxide quantum dots in detection of glucose. Adapted
from Hwang, J., Le, A.D.D., Trinh, C.T., Le, Q.T., Lee, K.G., Kim, J., 2021. Green synthesis of
reduced-graphene oxide quantum dots and application for colorimetric biosensor. Sens.
Actuators A: Phys. 318. https://doi.org/10.1016/j.sna.2020.112495, with permission.
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miRNA-210 biomarkers. They used different redox species (polydopamine,
anthraquinone, and methylene blue) as redox indicators for anchoring to cap-
ture miRNA probes, which are hybridized with the miRNA-21, miRNA-155,
and miRNA-210. It was reported that the as-developed AuNPs/GQDs/GO-
based biosensor exhibited an excellent performance for miRNA sensing
simultaneously, in a wide concentration range (0.001—1000 pM) with a
lower detection limit of 0.04, 0.33, and 0.28 fM for the detection of miRNA-
21, miRNA-155, and miRNA-210, respectively. It was revealed that this
method can be used with selectivity for the detection of miRNAs in human
serum samples and such a multiplex label-free miRNA biosensor has a great
potential for the diagnosis of breast cancer.

Van Tam et al. (2021) synthesized aniline functionalized GQDs (a-
GQDs) via microwave-assisted pyrolysis of fructose. Then these GQDs were
modulated with phenylboric acid (PBA). It was reported that the as-prepared
fluorescent sensor using a-GQDs/PBA exhibited high selectivity and sensitiv-
ity toward glucose. Furthermore, a-GQD/PBA system exhibited excellent
biocompatibility and can be satisfactorily applied to detect glucose in HeLa
cells with a limit of detection of 2.1 uM. A highly compatible graphene
nanofilm decorated with Prussian blue (PB) (electroactive) and photoelectric
responsive QDs was prepared by Ma et al. (2022). An impressive biosensing
performance could be obtained by as-prepared enzyme-modified PB-rGO-
QDs film, which exhibited high sensitivity for H,O,. It was reported that
wearable devices of PB-rGO-QDs films on textile showed flexible bending
lifetime over several thousands of cycles, with photoelectronic properties and
as a stable sensor.

A sensitive photoelectrochemical biosensor was fabricated by Tu et al.
(2022) with ZnSe QDs (QDs)/Au nanoparticles. It was reported that ZnSe
QDs were enhanced in the presence of light irradiation as a result of surface
plasmon resonance of AuNPs. The photocurrent intensity of AuNPs/ZnSe
QDs was also increased by six times that of ZnSe QDs only. This biosensor
was able to detect target DNA in the range from 1 fM to 10 nM with a very
low limit of detection of 0.33 fM. Acrylamide (AM) is a potential carcinogen
produced during food thermal processing. Wei et al. (2021) developed a sim-
ple fluorescent biosensor that was based on single-stranded DNA (ssDNA).
CQDs and ssDNA were preferentially bound to AM by hydrogen bonding. It
was observed that the degree of reduction of fluorescence was smaller com-
pared to in the absence of AM. This sensor could detect AM in the concen-
tration range of 5X107° to 1X107’M with a detection limit of
241X 107° M.

Deng et al. (2022) fabricated CQD functionalized solution-gated gra-
phene transistors and used them for highly sensitive label-free detection of
DNA. These CQDs were immobilized on the surface of the gate electrode
using mercaptoacetic acid using its thiol group. The ssDNA probe can
hybridize with the ssDNA target and form double-stranded DNA. It was
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revealed that the detection limit was as low as 1 aM. The proposed sensor
exhibited a good linear range (1 aM to 0.1 nM). It was interesting to note
that it can effectively distinguish one-base mismatched target DNA and
response time was only 326 s for 1 aM target DNA molecules. Mao et al.
(2022) coated colloidal gold nanoparticles with polydopamines (PDA) to
obtain Au@PDA nanoparticles. It was reported that Au@PDA nanoparticles
mediated ZnCdSe/ZnS QDs fluorescence quenching and recovery, and it
could assist in the detection, resulting in a reverse fluorescence enhancement
detection format of carbendazim (CBD). It was observed that the sensitivity
of lateral flow immunoassay (LFIA) of the fluorescence was 32 times higher
compared to the colorimetry mode. A negligible cross reactivity was there
for the determination of thiabendazole, benomyl, thiophanate-methyl, and
thiophanate-ethyl on using LFIA. They could achieve satisfactory results in
testing spiked strawberry and cucumber samples, which indicated that the as-
prepared probe Au@PDAs-QDs-LFIA was more reliable.

The 3-mercaptopropionic acid capped CdSe QDs graphene nanocompo-
site (rGO-CdSe QDs/ITO) was fabricated by Khandelwal et al. (2022) and
used as an electrochemical biosensor for the detection of low-density lipo-
protein (LDL). It was reported that as-prepared immunoelectrodes could
detect LDL in a wide concentration range (2—125mgdL™"). Zhu et al.
(2022) prepared CdTe QDs (CA-CdTe QDs) (cysteamine stabilized) and
gold nanoparticles (sodium citrate stabilized). These CA-CdTe and Au NPs
were self-assembled to from large clusters. The fluorescence of CA-CdTe
was quenched as a result of fluorescence resonance energy transfer (FRET).
It was reported that positive glutathione (GSH) could assemble with negative
Au NPs through electrostatic interaction at pH 5.5 and it could destroy the
FRET system of CA-CdTe and Au NPs. The recovered fluorescence effi-
ciency of CA-CdTe shows a linear relationship with GSH concentrations in
the range of 6.7 nM to 0.40 uM, with a limit of detection of 3.3 nM. It was
revealed that this sensing system can be applied in the detection of GSH in
real human blood plasma samples with good recovery (99.5%—102.3%).

13.2.3 Humidity sensors

Humidity of an area is a necessary parameter for knowing the moisture con-
tent, which can sometime adversely affect some materials. Therefore it is
important to know about humidity. Various sensors are available for deter-
mining humidity in a particular area, but QDs can measure humidity more
selectively as these are very sensitive toward any change in humidity.
Chaloeipote et al. (2021) synthesized GQDs and silver nanoparticles via
a hydrothermal method and a green reducing agent route, respectively. They
confirmed the successful formation of a core/shell-like AgNPs/GQDs struc-
ture. It was reported that a ratio of 1:1 of GQDs/AgNPs in nanocomposite
exhibited the best humidity response of about 98.14%. Chaudhary et al. (2021)
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synthesized CQDs of two types: (1) C-1 and (2) C-2, depending on carboniza-
tion temperatures. It was revealed that average particle size was 5.5 and 2 nm
for samples C-1 and C-2, respectively. It was reported that C-2 gave an
enhanced sensing performance with an average sensitivity of 254.861 pF/%RH
with a fast response and recovery times of 7.3 and 4.7s, respectively.
Holemadlu et al. (2022) synthesized GQDs via carbonization of citric acid
monohydrate. This process is low cost and has scalability. They fabricated a
humidity sensor using GQD solution as the sensing material, which showed a
rapid and high sensitivity to changes in humidity.

13.2.4 Temperature sensors

Temperature variation is a quite common feature but it is likely to affect
some chemical and biochemical reactions, and therefore the correct measure-
ment of temperature becomes necessary. Although various techniques are
available for temperature measurement, QDs are very sensitive to such tem-
perature changes and these are used in different devices for determining tem-
perature at a particular site.

Zhang et al. (2018a) prepared lead sulfide QDs decorated zinc oxide
nanorods. Then PbS QDs/ZnO film was fabricated by tuning deposition of
PbS QDs on ZnO nanorods via a successive ionic-layer adsorption and reac-
tion (SILAR) method. The sensor based on PbS QDs/ZnO nanorods can be
used for sensing of room temperature.

Glass stabilized Mn-doped CsPb(Cl/Br); QDs have been synthesized by
Zhuang et al. (2019). They used a glass composition design and in situ glass
crystallization for this purpose. It was reported that Mn-doped CsPb(Cl/Br);
QDs exhibited superior thermal stability and water resistance (about 100%).
It is interesting to know that complete luminescence could be retained even
after immersing this composite in water for a month or so. It was revealed
that rapid thermal quenching for exciton recombination relative to Mn*"
d—d transition at lower temperatures (cryogenic) may provide it a promising
position as a ratiometric temperature sensing medium.

Li et al. (2020) developed an optical thermometer with high sensitivity
by using exciton recombination of CsPbBr; QDs for detecting a signal for
temperature. It was reported that the fluorescence intensity ratio of exciton
recombination and Eu’* emission in nanocomposite exhibited a good tem-
perature sensing property in as-prepared temperature ranging between 93K
and 383K. It was observed that maximum absolute and relative temperature
sensitivity could reach 0.0224% and 2.25%K ', respectively. It provides an
effective pathway for developing a noncontact optical thermometric
materials.

A simple one-pot strategy was reported by Lei et al. (2021) for preparing
polyvinyl alcohol (PVA)-capped SQDs. They used low cost sulfur and PVA
as a ligand. It was observed that as-prepared SQDs had sizes in the range of
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1.5—5 nm. They also exhibited good water dispersibility and stability, good
optical stability, bright fluorescence, and low cytotoxicity. As-prepared
SQDs show selective and sensitive fluorescence quenching behavior toward
Fe’" jons with a detection limit of 9.2X10"°M. SQDs also show
temperature-dependent fluorescence. It was revealed that SQDs can be used
for monitoring Fe** ions and also as a nanothermometer for temperature in
the interior of cells.

Han et al. (2021) fabricated a highly sensitive ratiometric thermal sensor.
This sensor was based on colloidal C-dots as these C-dots exhibited a
temperature-dependent  photoluminescence response. It was reported that
C-dots@OH exhibited an absolute thermal sensitivity of —0.082 °C ™', which
makes it a very promising candidate for high-sensitivity, and a self-calibrated
nanoscale thermometer. These as-prepared C-dots@OH were used to monitor the
intracellular temperature in the range of 32°C—42°C, with a clear trend for tem-
perature variation in a single cell. It was reported that as-prepared thermal sen-
sors can find potential application in nanoelectronic and optoelectronic devices.

Lee et al. (2021) developed nanothermometers based on luminescence of
GQDs to probe temperature-sensitive processes at the nanoscale,. These QDs
were synthesized via top-down (RGQDs) or bottom-up (N-GQDs)
approaches using reduced graphene oxide and glucosamine as precursors,
respectively. The average particle size of QDs was found to be 3—6 nm. It
was reported that both GQDs exhibited temperature-sensitive fluorescence,
which was photostable. A linear as well as reversible fluorescence quenching
was observed up to 19.3% for the visible and near-infrared GQD emission in
the temperature range 25°C—49°C. It was revealed that these GQD
nanothermometers can give more than 40% quenching response in the range
of 25°C—45°C, when internalized into the cytoplasm of HeLa cells. It was
suggested that as-prepared sensors can be used for temperature sensing in
microscopic subcellular biological environments.

Kumbhakar et al. (2021) synthesized Mn2+-d0ped ZnS QDs (MZQDs)
and used its reversible temperature-dependent PL. emission quenching prop-
erties in the development of a smartphone-based optical thermometer. It was
observed that temperature-dependent variations are present in PL intensity
on using MZQDs in different forms, like powder form, aqueous dispersion,
and polymer-encapsulated thin film. They have demonstrated a smartphone-
based colorimetric imaging method for the measurement of temperature.

Yang et al. (2021a) synthesized N-GQDs with high blue fluorescence via
a hydrothermal method using benzimidazoles as the precursor. It was
reported that as-fabricated N-GQDs had a particle size of 3.8 nm with good
water solubility, crystallinity, and photostability. It was observed that fluo-
rescence of N-GQDs was quenched by tetracycline at elevated temperature
and fluorescence intensity exhibited a linear reduction with temperature
between 25°C and 100°C. They reported reversible and stable abilities of
temperature sensing of as-prepared N-GQDs.
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Sharma and Mehata (2022a) synthesized undoped as well as manganese-
doped zinc selenide QDs in the temperature range of 77-300K. It was
observed that intense blue and orange PL were exhibited by these as-
prepared ZnSe and Mn@ZnSe QDs, respectively. It was found that PL inten-
sity is dependent on temperature, decreasing with increasing temperature,
and the maximum sensitivity values were 0.58% (225K) and 0.44%K !
(250K) for ZnSe and Mn@ZnSe QDs, respectively.

13.3 Recent developments

Some recent developments in the use of QDs in fabricating different sensors
have been summarized in Table 13.1.

TABLE 13.1 Recent advances in use of quantum dots in sensors.

Material

Carbon quantum dots

Nitrogen-doped graphene
quantum dots (N-GQDs)
polyaniline (PANI)

SnO, QDs

Titanium dioxide
quantum dots

Graphene quantum dots

N-type nitrogen-doped
carbon oxide quantum
dots

Nitrogen-doped carbon
quantum dots and red-
emitting copper
nanoclusters (CuNCs)
complex

Gold nanoparticles
decorated quantum dots

MIP/CsPbBr; QDs

CdSe@CdS quantum dots

Application

Detection of
ammonia

Detection of
ammonia

Detection of
ammonia

Detection of
hydrogen sulfide

Detection of
carbon dioxide

Detection of
humidity

Detection of
pesticide

Pesticide detection

Detection of
pesticide

Detection of
ochratoxin A

Limit of detection

10 nM

1500 ppm

500 ppb

10—20 nm

20%—90%

7.49 and 3.03 nM

Response range of

0.01—20 pM and
limit of detection
(LOD) of 7 nM

0.10—-500.0 pg L~

0.89 ng mL™"

References

Ganesan
et al. (2022)

Hakimi et al.
(2018)

Sahu et al.
(2019)

Wu et al.
(2022)

Raeyani et al.
(2020)

Kondee et al.
(2022)

Chen et al.
(2022)

Jin et al.
(2021)

Zhang et al.
(2022)

Jia et al.
(2022)
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TABLE 13.1 (Continued)

Material

ZnS/PbS core-shell
quantum dots

Films of CdSe/ZnS core-
shell type quantum dots

PbS CQDs

Aptamer-modified
quantum dots

CdSe/CdS/ZnS quantum
dots

Tungsten trioxide
quantum dots

Carbon quantum dots

Fe;O,4 nanoparticles and
CdTe quantum dots

S,N-CQDs

MoS, QDs and GQDs
mixture (3:2)

3-Mercaptoproponic acid
protected Mn@ZnSe QDs

CdTe quantum dots

CdZnTeS alloyed QDs

Application

Detection of
hydrogen sulfide

Detection of
nitrogen dioxide

Detection of
nitrogen dioxide

Detection of
Staphylococcus

aureus in food and

serum samples

Detection of
Escherichia coli

and P. Aeruginosa

Detection of
Listeria
monocytogenes

Detection of
E. coli O157: H7
(E. coli)

Detection of
human serum
albumin (HSA)

Detection of
bendiocarb

Detection of
cholesterol

Detection of Hg?*

and Pb?tions

Thimerosal (TM),
an organic
mercury
compound

Detection of Pb>*
or Hg** ions

Limit of detection

300 ppm

1-100 ppm

2 CFU mL™!

58 and 97 CFU
mL~"

1.3—1.3 X 10” CFU

mL~"

487 CFU mL™"

12 ngmL™"

0.02 pg mL™"

35 nmol L™

Hg?* and Pb*"
(0—100 pL)

26.6 pg L!
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13.4 Conclusion

QDs are very sensitive toward any changes in chemical and biological envi-
ronment, temperature, humidity, etc. Hence, these are successfully used for
sensing the presence of certain chemicals. such as alcohol, liquefied petro-
leum gas, pesticides, drugs, hydrogen sulfide, ammonia. and many more,
even if these are present in very low concentrations (ppm or even ppb level).
The timely detection of any abnormality in body will help us in its immedi-
ate treatment. The leakage of toxic material can also be traced in time to
have a safeguard. The list of sensors is not complete and it will continue
increasing day by day.
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14.1 Introduction

The whole world is facing scarcity of energy resources as presently available
conventional fuels such as coal, kerosene, petrol, diesel, etc. will be reaching
a point of complete exhaustion in the coming few decades. On the other
hand, the demand for energy is increasing regularly, which cannot be ful-
filled by the available resources, and therefore there is an urgent demand to
find some alternate sources of energy, that are inexhaustible and/or renew-
able. Solar energy enters the scene here as it can fulfill the energy demands
of society for many more centuries to come because it is abundantly avail-
able and free of cost. Hydrogen has a higher storage capacity than many
other conventional fuels. There is a need for clean and eco-friendly energy
sources as fossil fuel energy sources show adverse impacts on the environ-
ment also, whereas hydrogen is a clean energy source.

Hydrogen on combustion will produce water, which is a benign com-
pound, and therefore it does not pollute our environment any more.
Hydrogen has been very truly advocated as the fuel of the future and there is
no doubt that it can fulfill the ever increasing requirement of energy and will
replace the existing conventional fuels in the future. The use of hydrogen as
a fuel for transportation and generation of electricity through fuel cells has
been already established. Water covers almost three fourth of the Earth and
if a method is developed to generate hydrogen gas from photosplitting of
water, then it is welcome. Hydrogen produced from electrolysis of water is
costly and does not help much because electricity is being used to decom-
pose water. On the other hand, water is broken into hydrogen and oxygen by
using solar energy as the source, which is freely and abundantly available.
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There are still some existing challenges in this direction, which should be
overcome in order to improve efficiency, durability, and lower the cost.
These are:

e Enhance absorption of sunlight and better catalysis on surface.

e Developing highly active and eco-friendly photocatalyst.

e Stability and durability for a longer time may be improved using protec-
tive surface coatings.

e Photocatalyst may be modified so that the higher recombination rate of
photogeneration electron—hole pairs is lowered or completely checked.

e The costs of production of hydrogen should be lowered by using low-cost
photocatalysts through lowering their processing costs.

e Quantum dots (QDs) have come to our rescue at this stage as these QDs
have certain unique properties, such as larger surface area (high surface
to volume ratio), quantum confinement effect, and shifting absorption
wavelength in visible and near infrared regions.

14.2 Hydrogen production

Hydrogen has the potential to be a dependable renewable source of energy
that can replace fossil fuels in the current energy crisis, because of its
zero emissions and its enhanced energy content (Dahiya et al., 2020). In
the few last years, the interest in producers of hydrogen gas production
has increased with the growing human activity, because it is considered
as a main fuel of the future, which is clean energy as it does not liberate
any carbon dioxide during its combustion. It is also economic and very
flexible in various applications compared to traditional energy sources
such as fossil fuel or nuclear plant (Nemzer et al., 2003; Bic¢akova and
Straka, 2010; Melo and Silva, 2011). Hydrogen gas is regarded as one of
the common forms of renewable energy resources. It is produced in vari-
ous ways with different sources like hydrocarbons, alcohol, or water, such
as photodehydrogenation of methanol (Ahmed et al., 2016), electrochemi-
cal photolysis of water (Carey and Oliver, 1976), photolysis, sonolysis,
and sonophotolysis of water (Penconi et al., 2015), and electrolysis of dif-
ferent materials that contain water, and it is used in photovoltaic solar
energy (Slama, 2013).

The hydrogen gas was first liberated from the splitting of the water mole-
cule by Fujishima and Honda (1972). They used an electrochemical cell and
observed the hydrogen gas evaluation at the TiO, electrode, when the TiO,
electrode surface was irradiated by light, generating an exciton, that is, a
photoelectron (e~ )—photohole (h™) pair. There is a key role played by this
photoelectron (e ~)—photohole (h™) pair in the redox reaction. This reaction
occurs on the TiO, electrode surface and the photoelectron produces a proton
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from water. This electron also reduced a proton at the Pt electrode surface to
afford hydrogen gas (Eqgs. 14.1—14.4):

TiO, +2hv—2e” +2h" (14.1)
2e” +H20—>%02 +2H* (14.2)
2e” +2H"-H, (14.3)
Therefore, the overall reaction is:
2hv +H,O— %02 +H, (14.4)

Wrighton et al. (1976) evolved hydrogen gas using an electrochemical
cell that contains a Pt electrode and a Sb-SnO, single-crystal electrode,
which was irradiated with ultraviolet light in an alkaline solution. Bockris
et al. (1985) reported the possible routes of hydrogen production from the
decomposition of water, such as electrolysis, plasmolysis, magnetolysis, bio-
catalysis, thermal method, use of light photolysis or photocatalyst, radiolysis,
etc. However, the maximum purity for hydrogen produced was found to be
99.99% using the electrolysis method because it is one of the best methods
and it is also regarded as a green method. The normal electrolysis of water
uses direct current in two steps (Eqs. 14.5—14.6):

1
2H0- 70, +2H' +2¢” at B =1.229 (1.23) V (14.5)

2e¢ +2H">H,at E°=0.00 V (14.6)

14.2.1 Basic principle of overall water splitting

Over the years, there have been several proposals for water splitting. In the
late 1970s, major attempts were made at photocatalytic water splitting
(Fujishima and Honda, 1972; Bard, 1979; Van Damme and Hall, 1979;
Domen et al., 1980; Kudo et al., 1988). The powdered semiconductor photo-
catalyst will be useful for the large-scale use of solar water splitting due to
its simplicity (Jia et al., 2014). TiO, has been one of the most extensively
researched photocatalysts for water splitting (Ma et al., 2014). Through water
splitting, photon energy is transformed to chemical energy, with a largely
positive change in Gibbs free energy (AG°=237kJ™' mol) (Han et al.,
2017). When a light is incident on a photocatalyst with energy larger than
the bandgap, then electrons in the valance band (VB) are excited into the
conductive band (CB) leaving holes in the valence band (Cao et al., 2017).
As the first step in the photocatalytic process, both excited electrons and
holes are generated; which subsequently diffuse to the surface of the
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semiconductor particles independently (Vaiano et al., 2018). Protons play a
major role in hydrogen generation. Photogenerated electrons and holes pro-
mote redox processes that are comparable to electrolysis. Total water split-
ting into H, (reduced by the electrons) and O, (oxidized by the holes) on the
photocatalyst surface can be achieved (Eqs. 14.7 and 14.8 and Fig. 14.1)
(Liu et al., 2015; Qiao et al., 2020; Marschall, 2021).

1
H,O0+2ht52H" + 502 (14.7)

2H"+2e¢ —»H, (14.8)
Overall water splits into H, and O, (Eq. 14.9).

1
H,0~ 20, + H, (14.9)

The bandgap width and potentials of the conduction and valence bands of a
semiconductor photocatalyst material are important. The bottom level of the CB
must be located at a more negative potential than H*/H, (0 V at pH 0), whereas
the VB must be more positive than the O,/H,O energy level (1.23 V vs NHE).
This indicates that the minimum photon energy thermodynamically necessary to
cause photocatalytic water splitting is 1.23 eV (Strataki et al., 2007; Kudo and
Miseki, 2009; Hisatomi et al., 2014; Peng et al., 2019; Niu et al., 2021).

A photocatalyst must fulfill these three requirements (Maeda et al., 2005;
Hisatomi et al., 2014):

e it should have a bandgap smaller than 3 eV;
e it has stability during the photocatalytic process, and
e its band edge potentials are adequate for overall water splitting.

cB —
H,
HZO? —mh) v
0,

FIGURE 14.1 Schematic illustration of solar water splitting by using the photocatalyst.
Adapted from Marschall, R., 2021. 50 years of materials research for photocatalytic water split-
ting. Eur. J. Inorg. Chem. 2021(25), 2435—2441, with permission.
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The pure water splitting process exhibits a low efficiency because direct
water splitting is still a difficult problem due to the inherent process draw-
backs (H, + O, = H,O) and it is a multistep process, in which four electrons
are transferred. In addition, hydrogen is mostly created from fossil fuels such
as natural gas, oil, and coal and only 2% is produced by water splitting
(Miyoshi et al., 2018; Wang et al., 2018a; Fang et al., 2020; Dinda et al.,
2020). Sacrificial reagents (as electron donors) are commonly used in water,
such as alcohols (methanol, ethanol, and glycerol) to produce hydrogen effi-
ciently by successfully scavenging photogenerated holes by suppressing back
reaction, because O, is not evolved, and permitting a two-electron-transfer
mechanism (Yang et al., 2013; Schneider and Bahnemann, 2013; Hisatomi
et al., 2014).

Methanol is commonly employed as a sacrificial agent in photocatalysis
for the evolution of H, from water under inert gas atmosphere, due to its
strong reactivity, structural simplicity, and lack of C—C bonds (Cargnello
et al., 2011). The water splitting reaction is a large uphill reaction with a
AG?® change. It is not an easy process compared to a reaction using a sacrifi-
cial agent (such as methanol), which is still an uphill reaction but less than
that of water splitting. The energy change of sacrificial H, production is
smaller than the energy change of water splitting. The use of sacrificial
reagents leads to a significant decrease in AG® as it avoids the four-electron
process of molecular oxygen formation. (Yasuda et al., 2018; Corredor et al.,
2019) (Fig. 14.2).

Kawai and Sakata (1980) reported direct photocatalytic production of
hydrogen from methanol and water over TiO,-based catalysts, which pro-
duced H, and CO, from a mixture of H,O/methanol (50:50 v/v %) after

3H,+CO,
H,0 CH,0H+H,0

AG ° = + 237.1kJ.mol’ AG °= + 9.3 kJ.mol"
(A) (B)

FIGURE 14.2 Comparison between H, production reaction: (A) from water splitting; and (B)
from methanol. Adapted from Yasuda, M., Matsumoto, T., Yamashita, T., 2018. Sacrificial hydro-
gen production over TiOy-based photocatalysts: polyols, carboxylic acids, and saccharides.
Renew. Sustain. Energy Rev. 81, 1627—1635, with permission.
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prolonged illumination. The absorption of photons from a light source with
energy larger than the bandgap of the semiconductor photocatalyst promotes
an electron from the VB of the semiconductor to the CB, generating an elec-
tron—hole pair. In this case, the photogenerated electrons are used to com-
bine with protons in water to generate hydrogen (water reduction). The
photogenerated holes are captured by sacrificial agents with a series of reac-
tions (methanol oxidation) (Egs. 14.10—14.14 and Fig. 14.3) (Wang et al.,
2004; Puga, 2016; Huang et al., 2020; Zhao et al., 2020).

Photocatalyst N +ht (14.10)

CH;0H +h* - -CH,OH + H" - HCHO + H (14.11)
HCHO + H,0 + h* - HCOOH + H, (14.12)
HCOOH +h* - CO, + H, (14.13)

Overall process can be presented as Eq. (14.14).

CH;0H + H,0 ™ CO, + 3H, (14.14)

The reductive alkoxy radicals (éCH,-OH) are further oxidized to formal-
dehyde, formic acid, and carbon dioxide. The reductive alkoxy radicals
oCH,OH and ¢CO,  cannot react only with holes or hydroxyl radicals but
also donate electrons to promote proton reduction to hydrogen, which is
called the “doubling” effect. The same mechanisms are used for any other
alcohol that carries a hydrogen atom on the carbon atom at the a-position of
its OH group (Hainer et al., 2018). The by-products produced from methanol
and other alcohols, such as formaldehyde, formic acid, and carbon dioxide,
are also used as sacrificial agents for water splitting for hydrogen production

H,O/H"

CH;OH +H,O

FIGURE 14.3 The photocatalytic hydrogen evolution process from aqueous methanol solution
in the presence of inert gas (Kamat and Jin, 2018). Adapted from Kamat, P.V., Jin, S., 2018.
Semiconductor photocatalysis: tell us the complete story! ACS Energy Lett. 3, 622 — 623, with
permission.
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(Bahruji et al., 2011; Coronado, 2013; Belhadj et al., 2017). The photocata-
lyst valence band potential has to be more positive than the sacrificial agent
oxidation potential to oxidize such sacrificial agents (Luo et al., 2021).

Kumar et al. (2016) compared the activity for photocatalytic H, evolution
under solar light irradiation in the presence of different scavengers. It was
observed that hydrogen production was enhanced by using several organics
such as ethylene glycol, because of the position of its oxidation potential
with respect to the valence band potential of titania, and the generation of
hydrogen was also found to be increased on increasing the polarity of alco-
hol. The photooxidation route of methanol depends on the molecular species
adsorbed on the photocatalytic surface (Crampton et al., 2017). The carrier
recombination rate was decreased after the traps of the hole by methanol on
the catalytic surface; thus promoting the separation of electron—hole pairs
(Chen et al., 2018).

Jitputti et al. (2008) have reported the photocatalytic evolution of H,
from the water-splitting process using methanol as a sacrificial reagent in the
presence of TiO, nanowires. The photogenerated holes or photogenerated
oxygen are swiftly removed in an irreversible fashion, inhibiting mutual elec-
tron—hole recombination. Here, sacrificial reagents might compete with
water in the reduction reaction. Fang et al. (2020) found that water was not
the major source of hydrogen production in the photocatalytic process at Rh-
loaded TiO, in the presence of sacrificial methanol at room temperature. It
was found that the contribution of methanol decomposition (~60%) contrib-
uted even more than water splitting (~40%) because protons produced from
both oxidation of methanol and ionization of water may be converted into
hydrogen. In contrast, hydrogen generation was predominantly from water
based on the combination of thermal and light energy over Rh-loading TiO,.

Camacho et al. (2018) concluded that hydrogen production via water
splitting is practically null compared to when methanol was added. It was
revealed that the quantity of hydrogen produced increases with the increasing
concentration of methanol. They could achieve the highest quantum effi-
ciency under solar radiation of 7.7%. Gultom et al. (2017) reported that the
highest activity could be achieved in 50% ethanol solution in the presence of
Zn0S-10 with a hydrogen production rate of 14,800 pmol g ' h™' and an
apparent quantum yield (QY) of 31.5%. The QY and apparent quantum yield
(AQY) are calculated by Egs. (14.15 and 14.16), respectively, which define
the stability and process efficiency of the photocatalytic system (Fukuzumi
et al., 2018; Meng et al., 2020).

Number of reacted electrons

Y (%) = X 100 14.15
QY () Number of absorbed photons ( )

AQY (%) = (Number of photoh.ydr.ogen molecules) X 2 X100 (14.16)
Number of incident photons
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14.2.2 Photoelectrochemical cells

Photoelectrochemical (PEC) cells are one of the most efficient methods for
converting solar energy into hydrogen (Landman et al., 2020). It was discov-
ered that clean H, energy can be obtained by splitting water through a PEC
cell using a TiO, photoanode. A typical PEC system consists of three
electrodes:

e working electrode (photoanode);
e counter electrode (photocathode), for example, Pt or semiconductor, and
e reference electrode.

The typical PEC systems use photocatalysts [nanoparticles (NPs)] as
photoelectrodes (such as TiO,, ZnO, CdSe, CdS) (Gunasekaran et al., 2021).
The electrodes are immersed in an aqueous electrolyte (Crespo-Quesada and
Reisner, 2017). When a photoanode (semiconductor) comes in contact with
an electrolyte, the Fermi energy level rises above the potential of electrocata-
lytic water splitting, which results in an upward band bending contact of a
photocathode semiconductor with electrolyte. On the other hand, a down-
ward band bending is present (Kibria et al., 2014; Guijarro et al., 2015). The
difference in the electrochemical potential between the semiconductor elec-
trode and the electrolyte causes a charge transfer process at the solid/liquid
interface, resulting in an electric current flowing through the junction until
an electronic equilibrium is reached (Jiang et al., 2017; Xiao and Liu, 2018).

The QDs having unique confined optical and electronic properties are
applied to sensitize large bandgap photoanode materials (Zamiri and
Bagheri, 2018). On irradiating the photoanode in the PEC cell, hydrogen is
generated (Fig. 14.4) (Chen et al., 2016a).

They found that when photons are absorbed with an energy larger than
their bandgap, the photoelectrons are excited and migrate into the unoccu-
pied conduction band (CB) and holes are left in the valence band (VB) (exci-
ton, i.e., electron—hole pairs generation). The exciton is separated by the
built-in electric field, when photoexcited charge carriers have a longer life-
time and larger diffusion distance (Molaei, 2020), which leads to the higher
process efficiencies due to easy separation and transport of the carriers (Xiao
et al., 2019). Photoexcited electrons are swept toward the counter electrode
through the back contact and an outside circuit, while the remaining holes
participate in the oxidation reaction. In a PEC cell, electron—hole pairs pro-
duced by incident photons drive reduction—oxidation (redox) processes
(Phang and Tan, 2019), in which holes oxidize the water/hole scavenger
(HS) at the anode surface, while electrons travel to the counter electrode to
reduce water and produce H, gas (Sahai et al., 2017).

The properties of the photoelectrode strongly influence the PEC efficiency of
water splitting. An ideal photoelectrode should fulfill the following conditions:

e small bandgap for visible light absorption;
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FIGURE 14.4 The basic principles of water splitting for a photoelectrochemical cell. Eg, Fermi
level.

e photoelectrodes must be corrosion-resistant and chemically stable in
aqueous solutions; under both conditions; dark and illumination;

e photogenerated charge separation (e~ —h™) should be efficient; and

e the CB position of the semiconductor should be more negative than
the (H*/H,) potential, and the VB should be more positive than the
(O,/H,0) potential (1.23 V vs NHE) (Tamirat et al., 2016; Batubara and
Zulys, 2019). It is shown in Fig. 14.5.

Semiconductor types, charge separation, transfer efficiency, crystal phases,
and morphologies determine the efficiency for hydrogen production.

14.3 Metal-based quantum dots
14.3.1 Metals

Ye et al. (2012) prepared vertically oriented TiO, nanotube arrays (TNTAs)
by a three-step electrochemical anodization technique. Then Pd QDs were
prepared with uniform size and narrow size distribution on TiO, nanotubes
by a modified hydrothermal method. It was reported that a high photocataly-
tic hydrogen production rate (592 pmol h™' cm™?) could be achieved with
Pd@TNTAS. Chen et al. (2016b) prepared Ag QDs/g-C3N, (Ag QDs/g-
C5Ny) photocatalysts via a novel one-step method using AgNO; and urea as
precursors. As-composed Ag QDs with an average diameter of about 5 nm
were found to be uniformly dispersed on the surface of g-C3;N,4 nanosheets.



348 Quantum Dots

OR Type
) L O Type R Type
-20 7
5
0, ——
-10 o —T cds Cise
z T Si
SeTi,
= __—_T"_' MOS, I
= 00 R (= = H*/H,
3 - - - - o - . f» ':
=] o e n o et ] % K3 - T |
z 1 — « L I @ o i 2
p i H,0/ 0
“ 20 —

30 —

) i,

FIGURE 14.5 The band edge position and bandgaps for different semiconductors (OR, O, and
R types). OR, oxidation and reduction; O, oxidation; R, reduction.

They used methanol as a sacrificial reagent. It was reported that as-prepared
Ag QDs/g-C3Ny photocatalysts (0.5%) exhibited almost 4.6 times higher
photoactivity for hydrogen production.

Kuang et al. (2016) embedded Au QDs in rimous cadmium sulfide nano-
spheres to synthesize hybrid photocatalyst via a simple hydrothermal process,
which was followed by photoreduction. As rimous cadmium sulfide nano-
spheres had a rough surface and irregular fissures, these will strengthen their
interaction and adhesion with Au QDs. It was revealed that the highest photo-
catalytic activity obtained for hydrogen generation was 601.2 pumol h™' g~ ' by
adjusting the Au loading. The synthesis of bimetallic (NiFe) quantum dot
based electrocatalysts has been reported by Cirone et al. (2021). They opti-
mized Ni:Fe ratio to tune QDs for increased electrochemical catalytic activity.
The optimal compositions of these bimetallic QD based electrocatalysts was
found to be 25.3% and 54.9% towards the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER), respectively.

14.3.2 Okxides

Yang et al. (2009) have made use of N-doped ZnO concentrating on its PEC
performance. The nitrogen has been commonly employed as a dopant to
modify the electronic structures of metal oxide semiconductors as it resem-
bles oxygen in size and low formation energy is required to replace oxygen
(Zong et al., 2013). ZnO QDs dispersed in HS matrix were prepared by Xu
et al. (2016). The HS contains S~ and SOs>~ groups. It was reported that
as-synthesized ZnO QDs were hybridized with HS groups forming a
stable ZnO QDs/HS hybrid hydrosol. This composite could produce H, with
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a high rate of 260 pmolh™ ' g™

pure ZnO QDs.

Xie et al. (2017) decorated BiVO, QDs on the surface of screw-like
SnO, nanostructures. They used the ionic layer absorption method for this
purpose. It was revealed that the bandgap of BiVO, increases from 2.4 to
2.6 eV, when the particle size was decreased to about 5 nm. It was revealed
that incident photon to current conversion efficiency was also increased up
to 13.47%. It was reported that the rate of H, generation from splitting of
water was 1.16 pmolh™' cm ™2 over BiVO, quantum dot/screw-like SnO,
nanostructures in the presence of visible light. Liu et al. (2018) reported the
synthesis of Co3;0, QDs TiO, nanobelts (NBs) hybrids via a facile hydro-
thermal method. They could obtain simultaneous production of H, and O,
from pure water in the presence of light with high evolution rates of 22.0
and 41.8 pmol h™' g™, respectively. It was observed that these production
rates were higher compared to Co3;04 and TiO, NBs. The size of Co304
QDs was found to be ~3 nm, which not only improved the light sensitivity
but also promoted the transfer of electrons from TiO, to Co;04 QDs and as
a result, H, generation was also enhanced.

Qian et al. (2018) reported the synthesis of p-type CuO/n-type CeO, het-
erojunction in situ grown on graphene. It was revealed that the H, evolution
rate of the CeO,—CuO QDs/graphene could reach 2481 pmolh™' g~ ' and
remained unaffected for four consecutive hydrogen production cycles. The
protonated graphitic carbon nitride (p-C;Ny4) loaded with IrO, QDs was fab-
ricated by Wang and Li (2018) via a hydrothermal approach. It was found
that IrO, QDs had an average diameter of approx 2 nm and these were
highly dispersed and anchored on surfaces of p-C;N4. It was reported that
as-prepared IrO,/C3N4—0.6 wt.% photocatalyst could produce hydrogen and
oxygen at a rate of 45 and 20 pmol h™', respectively.

Zhang et al. (2018a) constructed novel SnO, QDs modified TiO, nanorod
arrays (NAs) by calcining SnCl,-adsorbed on TiO, NAs. It was reported that
photocurrent density of SnO, QDs/TiO, NAs was five times higher than that
obtained with only TiO, NAs. It was also revealed that SnO, QDs/TiO, NAs
exhibited a high photoelectrocatalytic activity for overall water splitting
affording O, and H, at the rate of 11.87 and 27.85 pmol cm % h ™!, respec-
tively. Such an excellent performance of water splitting may be due to its
Z-scheme heterostructure. They also developed an effective strategy by dis-
tributing BiVO, QDs on nano tin oxide (Zhang et al., 2018a,b). They also
used carbon QDs (CQDs) to enhance charge transfer and electrocatalytic
properties at the BiVO,4-SnO, interface. It was observed that this composite
afforded a hydrogen generation rate of 0.54 umol h™' without using any
bias.

The dodecahedral nitrogen-doped carbon-coated CuO-In,O; p—n hetero-
junction (DNCPH) was fabricated by Sun et al. (2019). As-prepared compos-
ite exhibited an excellent photocatalytic production efficiency of H,. It was

, which is almost 48-fold higher than for
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revealed that improved separation efficiency of excitons (photogenerated
electron/hole pairs) and coated N-doped C layer with CuO-In,O3 p—n het-
erojunction was responsible for enhanced photocatalytic hydrogen production
efficiency of DNCPH. Reddy et al. (2020) prepared functionalized carbon
nanotubes—titania QDs (FCNT-TQDs) and used them as photocatalysts in
the presence of sunlight for hydrogen production. It was reported that the
photocatalyst synthesized may be tuned by the addition of copper to achieve
a highest hydrogen production rate up to 54.4 mmol h™'g™', which was
about 5.4 and 25 times higher than that obtained on using FCNT-TQDs com-
posite and pristine TiO, QDs, respectively.

14.3.3 Metal sulfides

Although bulk CdSe produces H, from water under visible light irradiation,
CdSe-nanoribbons were able to generate hydrogen from aqueous sodium sul-
fite/sulfide solution with a quantum efficiency (9.2%) at 440 nm (Frame and
Osterloh, 2010). It was observed that ultrasonication and exfoliation of bulk
MoS,; can produce MoS, nanoplates. When the CdSe nanoribbons are chemi-
cally linked to these nanoplates, the activity was found to increase about
four times. CdS quantum dot coupled graphitic carbon nitride photocatalysts
were synthesized by Ge et al. (2012) through chemical impregnation. The
effect of CdS content was observed on the rate of photocatalytic hydrogen
evolution under visible light irradiation using platinum as a cocatalyst in
aqueous solutions of methanol. It was revealed that the optimal CdS QD con-
tent was 30 wt.%, where H, evolution rate could reach 17.27 pmol h™! in the
presence of visible light, and it was about nine times more than that with
pure g-C3Ny.

The oil refineries are venting off almost 15%—20% H,S and hardly 5%
of it is utilized to produce sulfur and water. Apte et al. (2012) investigated a
novel Q-CdS (highly monodispersed) germanate glass nanocomposite. The
size of CdS QDs varied between 4—14 nm. A high rate of evolution of H,
(3780 pmol h™") was obtained. It was also observed that as-prepared catalyst
was stable and it can be also regenerated easily as compared to other cata-
lysts. This glass nanocomposite also exhibited rapid methylene blue degrada-
tion in the presence of visible light. It was suggested that such orthorhombic
QD—CdS—glass nanocomposites can find potential applications in LED,
solar cells, and other optoelectronic devices.

Cao et al. (2013) grew well dispersed CdS QDs on g-C3;N,4 nanosheets via
a solvothermal method. They used dimethyl sulfoxide. It was observed that as-
prepared CdS—C5;N, nanocomposites exhibited an excellent efficiency for
photocatalytic hydrogen evolution in the presence of visible light as compared
to pure g-C3N4. It was revealed that composite with 2 wt.% CdS showed a
higher hydrogen evolution rate (4.494 mmolh™'g™"), which is about 115
times more than that obtained with pure g-C3N4. Schweinberger et al. (2013)
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synthesized Pt clusters of various sizes and embedded these on CdS quantum
rods. They reported that the size of the Pt cluster had a significant impact on
photocatalytic effectiveness. The highest efficiency could be achieved by a Pt
cluster comprising Ptys.

Li et al. (2014) decorated ZnIn,S, microspheres (ZIS MSs) with CQDs
as well as platinum NPs (dual cocatalysts). It was observed that ZIS MSs
coloaded with Pt and CQDs exhibited a high photocatalytic production rate
of H, of 1032.2umolh™ ' g™' in triethanolamine aqueous solution in the
presence of visible light, which was much higher compared to pure ZIS,
CQDs-decorated ZIS, and Pt-loaded ZIS. The CdS QDs supported on two
oxides (Ga,O3 and In,O5;) were prepared by Pan et al. (2014) and used for
the evolution of H, from aqueous solutions containing lactic acid under visi-
ble light. It was observed that H, evolution rates on CdS/Pt/In,O5; and CdS/
Pt/Ga,05 were 1032.2 and 995.8 pmol h™ ', respectively. These rates of H,
evaluation were much higher compared to Pt/CdS (108.09 pmol h™'),
Pt/In,O3 (0.05 pmol hfl), and Pt/Ga,O5 (0.12 pmol hfl). It was suggested
that the surface properties of the metal oxides played two important roles:

e anchoring of CdS QDs and Pt NPs; and
e cfficient trapping of photogenerated electrons.

Wang et al. (2014) reported a photocatalyst, nickel-hybrid CdS QDs
(Ni,-CdS QDs), which was prepared in situ from nickel salts and CdS QDs.
They used 3-mercaptopropionic acid as a stabilizer. It was found that
403.2 pmol of H, was obtained with a high evolution rate of
74.6 pmol h ™' mg~ ! under visible light irradiation for 20 h as compared to
MPA-CdS QDs (mercaptopropionic-acid-stabilized CdS QDs). Cu,S QDs
coupled three-dimensional flower-like hierarchical BiOBr (Cu,S QDs/
BiOBr) were prepared by Wang et al. (2015) via a precipitation method. It
was observed that Cu,S QDs had an average diameter of 10 nm and these
were uniformly attached on the surface of BiOBr. It was reported that as-
prepared Cu,SQDs/BiOBr composite exhibited higher water splitting and
they could obtain 717 pmol g~ of H, with 3 wt.% Cu,SQDs/BiOBr contain-
ing 1 wt.% Pt. This rate was about 3.1 times higher as compared to only
CU.QS NPs.

Yue et al. (2016) synthesized CdTe/CdS QDs using sulfur tolerant
[Mo5S15]°~ nanoclusters, which exhibited much better photocorrosion resis-
tance than regular CdTe QDs for photocatalytic hydrogen generation. The
sulfur compound covered CdTe/CdS QDs. It was observed that as-prepared
composite exhibited higher visible light photocatalytic H, generation com-
pared to CdTe QDs with cocatalyst Pt. A novel CdS/ZnO heterojunction was
fabricated by Ma et al. (2017), which is composed of zero-dimensional CdS
QDs and two-dimensional ZnO nanosheets (NSs). It was reported that as-
obtained CdS/ZnO 0D/2D heterostructures exhibited excellent photocatalytic
activity for the evolution of hydrogen from water splitting in comparison
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with other CdS/ZnO heterostructures with different combinations (0D/3D, 2D/
2D, and 3D/0D). It was observed that out of these, CdS/ZnO-12 (12 deposition
cycles of CdS QDs) exhibited the highest evolution rate of hydrogen of
22.12 mmol g~ ' h™', which was about 13 and 138 times higher than produced
with single CdS (1.68 mmol g~ ' h™") and ZnO (0.16 mmol g~ ' h™ "), respec-
tively. It was revealed that as-prepared CdS/ZnO-12 exhibited excellent stabil-
ity without any significant loss for five cycles in 25 h.

A vertical self-assembly of ultrathin CdIn,S,; nanosheet arrays on the
reduced graphene oxide (rGO) has been prepared by Xue et al. (2017) via a
facile hydrothermal method. Here, ZnS QDs were in situ deposited on
CdIn,S, nanosheet arrays. It was reported that as-prepared 3D nanosheet
arrays architecture with GO (13 wt.%) exhibited the optimum, highest hydro-
gen generation of 6.82 mmol g ' h™! corresponding to the photocurrent tran-
sient response (107.4 pA cm ?). An inverse structure of CdgysZngsS QDs
was reported by Zhou et al. (2017) loaded onto the onion-like carbon (OLC)
matrix. It was observed that as-prepared Cdy sZngsS QDs with average diam-
eter of 6.9 nm were uniformly distributed on an OLC (30 nm) matrix. An
optimum rate of H, generation, 58.6 and 2018 pmolh™'g™' could be
achieved on irradiation of visible light and 58.6 pumol h™' g~ under the
irradiation of (550—900 nm), respectively using Cdg sZnysS/OLC composite
samples. Such a reverse construction using hydrogen has a great potential for
noble metal-free solar production of hydrogen.

Kitazono et al. (2017) photodeposited CdSe on a CdS-preloaded mesoporous
TiO, nanocrystalline film. As a result, CdS(core)—CdSe(shell) QDs
(CdS@CdSe/mp-TiO,) were obtained with a heteroepitaxial nanojunction. They
fabricated quantum-dot-sensitized PEC (QD-SPEC) cells with photoanode |
0.25M Na,S, 0.35M Na,SO; (in water)l cathode. It was observed that a
CdS@CdSe QD-SPEC cell could achieve solar-to-current efficiency (STCE) of
0.03% under simulated sunlight (AM 1.5, one sol). An increase in STCE up to
0.048 was obtained on application of 0.1 V between the electrodes, far surpass-
ing the CdSe/mp-TiO, and CdS/mp-TiO, photoanode cells. A WS,/graphitic
carbon nitride (CN) (2D/2D) nanosheet heterostructure was decorated with CdS
QDs by Zou et al. (2018). It was observed that optimized CdS/WS,/CN exhib-
ited an excellent photocatalytic H, evolution rate of 1174.5 umol h™' g~ ' with-
out using any cocatalyst, which was about 67 times higher than for pure CN
nanosheets. It was also revealed that CdS/WS,/CN photocatalyst showed excel-
lent stability as well as reusability without any significant loss role in photocata-
Iytic H, evolution within four cycles in 20 h.

Hao et al. (2018) synthesized Bi,WOg QDs decorated g-C3N,4 nanoplates
through a one-step hydrothermal method. The size of Bi,WOg QDs was
found to be about 3.5 nm. It was reported that a Bi,WOg QDs/g-C3Ny Z-
scheme not only increased the separation efficiency of charge, but it also
enhanced the ability of PEC water splitting. Thick-shell CdSe/CdSe,S;.x/
CdS QDs were synthesized by Zhao et al. (2018) with a pyramidal shape.



Application of quantum dots in photosplitting of water Chapter | 14 353

It was reported that these exhibited a QY of ~ 15%. As-prepared pyramidal
QDs were then applied as light absorbers in a PEC system, leading to a satu-
rated photocurrent density of ~12mA cm 2 which could provide an H,
generation rate of 90 mL cm ™ > day .

Wang et al. (2018b) decorated TiO, nanotube arrays (TiO, NTAs) with
MoS, QDs by an electrodeposition method. It was reported that as-prepared
MoS, QDs/TiO, NTAs exhibited an increased photocatalytic activity com-
pared to pristine TiO, NTAs for H, evolution in the presence of sunlight.
They did not use any sacrificial agents or cocatalysts. The optimal H, evolu-
tion rates were observed to be 31.36, 5.29, and 1.67 pmol cm 2h™! in the
presence of UV, visible, and near-infrared illumination, respectively. Such
an enhanced photocatalytic activity may be due to decreased bandgap energy
and surface plasmonic properties, which increased absorption capacity for
visible and near-infrared light. Xue et al. (2018) fabricated high-density NiS
QDs as a highly efficient cocatalyst on the surface of CdygZng,S/rGO
nanosheet composites. It was reported that a two-dimensional (2D)
Cdg 8Zn(»S/rGO nanohybrid system with 2 wt.% NiSx loading could achieve
H, evolution rate of 7.84 mmol g~ ' h™' under visible light irradiation, which
is almost 1.4 times higher as compared to Pt/Cdg gZn, »S/rGO.

The Se-doped CdS QDs with different Se doping levels were prepared
via a solvothermal procedure (Shi et al., 2019). It was reported that photoca-
talytic performance of as-prepared CdS,¢Se( ; QDs (without any cocatalysts)
was enhanced to give a hydrogen evolution rate of 29.12mmolh ' g™!
under simulated solar irradiation, which was about 23.5 times higher as com-
pared to CdS QDs. Yang et al. (2019) prepared a series of Zn—AgInsSg/g-
C5N4 (0D/2D) nanocomposites by growth (in situ) of the Zn—AglnsSg QDs
(QDs) on g-C3N4 nanosheets. It was reported that the hydrogen production
rate with Zn—AglnsSg/g-C3N, nanocomposites was found to be optimum,
when the mass ratio of g-C3N4 was kept at 10%, which was 1.39, about
138.6 times higher than pure Zn—AglnsSg QDs and g-C;Ny4, respectively. It
was also revealed that as-prepared Zn—AglInsSg/g-C3N, nanocomposites
exhibited good cycle stability.

Yu et al. (2019) used Ag,S QDs as both photocatalysts and electrocatalysts.
It was observed that H, production rate could reach 858 pmol h™! gcaw]_l
under 100 mW cm ™ 2. Zheng et al. (2019) synthesized a p-n heterojunction
photocatalyst for splitting of water. They incorporated p-type CulnS, QDs into
n-type polymeric carbon nitride (CN) via a self-assembly and calcination
method. It was reported that hydrogen evolution rate of CulnS,/CN hybrid
was two-fold more than that with pristine CN. A metal—organic framework
(MOF)-derived synthesis was reported by Shi et al. (2020). They could obtain
a controlled mixed-phase (rutile and anatase) of TiO, NPs, retaining MOF
crystal morphology. It was observed that MOF-derived TiO, film, which was
sensitized by core—shell CdSe@CdS QDs, exhibited an higher PEC device
stability of +42.1% with PEC performance as +47.6%. It was suggested that
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this protocol can improve the efficiency of the PEC system based on TiO,-
QDs heterojunction for hydrogen generation.

Chen et al. (2019) prepared ZnCdS QDs. It was reported that the photoca-
talytic H, production activity of as-prepared QDs can be optimized by
adjusting their quantum sizes. It was revealed that maximum H, production
rate of 3.70 mmolh™' g™' could be obtained with it, without using noble
metal cocatalysts in the presence of visible light, which was much better
than that of ZnCdS and ZnCdS-based catalysts. Miodynska et al. (2020)
increased the photoactivity of urchin-like rutile particles by decorating these
with pristine as well as Er- or Yb-doped Bi,S; QDs. They varied doping
degrees (1—15 mol%), and QDs loadings (1—20 wt.%), and the best hydro-
gen evolution performance could be achieved with Er and Yb contents of
10 mol%. It was observed that hydrogen productivity of 1576.7 pmol gey "
could be achieved for TiO, decorated by 10 mol% Yb-doped Bi,S; QDs
after 20 h irradiation. Su et al. (2020) reported that nickel in zinc blende cad-
mium—zinc sulfide QDs is an efficient and stable photocatalyst for splitting
of water under sunlight. It was observed that finely tuned Ni atoms dispersed

in these QDs exhibited H, production activity of 18.87 mmol h™' g™ ".

14.3.4 Others

Chen et al. (2010) studied the utilization of CdTe quantum-dot-sensitized
ZnO:nanowire arrays for water splitting. It was reported that photocurrent
and stability was significantly improved. It was also revealed that the addi-
tion of nitrogen alters the electronic state, which improves the ability for
water splitting. CoP QDs embedded in S,N-codoped graphite carbon
(CoP@SNC) were reported by Meng et al. (2018). They used organopho-
sphoric acid as a precursor of both phosphorus and carbon. Benefiting from
the strong coupling and synergistic effect between CoP QDs and highly con-
ductive S,N-codoped carbon, well-structured porosity and high specific sur-
face area. It was observed that as-synthesized CoP@SNC exhibited excellent
activities for HER, OER, and oxygen reduction reaction (ORR). It acts as a
trifunctional electrocatalyst for overall splitting of water.

Zhu et al. (2018) loaded black phosphorus QDs (BP QDs) on MXene
nanosheets. It was revealed that as-prepared BP QDs/MXene nanohybrids
can serve as a bifunctional electrocatalyst in producing both hydrogen and
oxygen. It was observed that a current density of 10 mA cm™ > was reached
at a potential of only 1.78 V on using BP QDs/MXene nanohybrids cathode
and anode in a full cell for overall water splitting. A composite consisting of
CdSe QDs and indium-doped BaTiO; was synthesized by Zhong et al.
(2019). The optimal load ratio of CdSe QDs with 2.5% indium (7.5 mol.%)
was found to increase the production of hydrogen (0.437 mmol g 'h™") as
compared to undoped composite (0.258 mmol g~ ' h™").
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The BiVO,@ZnIn,S,4/Ti;C, MXene QDs assembly (photocatalyst) was
fabricated by Du et al. (2020). It was observed that BiVO,@ZnIn,S,/Ti;C,
MXene QDs could achieve effective splitting of water into H, and O, in the
presence of visible light with rates of 102.67 and 50.83 pmolg 'h™ ',
respectively. Yan and Jin (2021) derived NiP, QDs (n-type) in situ from the
three-dimensional nanoflower NiAl-LDH. They also constructed n-type p-n
heterojunction by coupling NiP, QDs and CusP NPs (p-type) for hydrogen
generation.

14.4 Carbon and graphene-based quantum dots

Yu et al. (2013) used an impregnation method to prepare graphene quantum
dots (GQDs) anchored inside inversely structured TiO, nanotubes-array
(TiO,-NA) and CdS-modified TiO, nanotubes-array (CdS/TiO,-NA). It was
observed that the hydrogen evolution rate was greatly increased on loading
GQDs into TiO,-NA and CdS/TiO,-NA. It was revealed that the light-
filtering effect of graphene was inhibited as compared to graphene sheets,
when graphene is broken into GQDs. However, the morphology of TiO, the
nanotube array was still maintained even when anchoring GQDs inside,
which favored mass transfer.

Nitrogen-doped graphene oxide QDs were prepared by Yeh et al. (2014).
As-prepared catalyst samples exhibited both p- and n-type conductivities and
overall water-splitting under visible light. It was reported that QDs contain
p-n type photochemical diodes and active sites for O, and H, evolution were
n- and p-domains, respectively. It was also revealed that this reaction mimics
biological photosynthesis. Martindale et al. (2015) produced CQDs, as a
homogeneous photocatalytic system with a Ni-bis(diphosphine) catalyst. It
was observed that it could produce hydrogen at a rate of 398 pmol
(gCQD)f1 h™'. It was revealed that these CQDs exhibited activity in the visi-
ble region and maintained their photocatalytic activity for a day. Qu et al.
(2015) prepared S,N-GQDs by doping GQDs with heteroatoms (S, N). It
might be utilized as a sensitizer in photocatalytic processes. It was observed
that loading of S,N-GQDs onto TiO, nanocrystals resulted in the generation
of H, through splitting of water. They revealed that the H, generation rate
was about 4.3 mol h™ ! under visible light.

CQDs were deposited by Li et al. (2016) onto graphite-like carbon nitride
nanosheets (CNNS) to afford CNNS/CQDs composites. It was found that as-
prepared CNNS/CQDs composites exhibited a much higher photocatalytic
hydrogen production rate (116.1 pmol h™') under visible light irradiation,
which was almost three times higher than with pure CNNS (37.8 pmol h™").
The photoanodes were fabricated by Shi et al. (2016) consisting of WO;3
nanoflakes decorated with CQDs via seed-mediated solvothermal method
and impregnation-assembling. It was revealed that the photocurrent density
of 146 mA cm 2 at 1.0V versus Ag/AgCl could be achieved for CQDs/
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WO; electrode, which was almost more than double as compared to only the
WO; electrode. Such an enhancement was due to the increased light harvest-
ing ability of CQDs and rapid charge transfer across the interface between
the electrolyte and CQDs/WOj; electrode.

Sulfur-doped graphene oxide QDs (S-GOQDs) were synthesized by
Gliniak et al. (2017). They observed efficient photocatalytic hydrogen gener-
ation under direct sunlight irradiation. The doping of S atoms into the
GOQDs was confirmed. They could achieve an initial rate of 18,166 and
30,519 pmol h™' g~ in pure water and in 80% ethanol aqueous solution,
respectively. Yan et al. (2017) prepared nitrogen-doped graphene QDs
(NGQDs)-ZnNb,O4/g-C3N, heterostructures and used them as hydrogen
evolving catalysts. It was reported that as-prepared NGQDs-ZnNb,Og/g-
C5Ny heterostructures could achieve a higher hydrogen evolution rate of
340.9 pmol h™' g ', when the mole ratio Zn/gC;N, and NGQDs were kept
at 1:7 and 5%, respectively.

Pan et al. (2018) prepared CQDs modified porous g-C3;N4/TiO, two-
dimensional (2D) nanoheterojunctions. The TiO, NPs were introduced via a
hydrothermal method while CQDs were successively introduced on the sur-
face of the porous g-C3Ny and TiO, by coupling. It was observed that hydro-
gen production using these 2D nanoheterojunctions was almost double that
obtained with unmodified samples. The cobalt carbide (Co,C) was prepared
by Guo et al. (2018). A combination of colloidal QDs/Co,C can produce
hydrogen at the rate of ~ 18,000 pmol g~ ' h™', which was about 10 times
more than that of bare QDs under similar conditions.

Wang and Li (2018) and Wang et al. (2018a,b) reported that the coload-
ing of graphene QDs and PdS on ZnCdS surface as cocatalysts can increase
the efficiency of photocatalytic evolution of H, in the presence of visible
light. This photocatalyst (GQDs/ZnCdS/PdS) was prepared by two steps: (1)
hydrothermal coupling of GQDs on ZnCdS surface, and (2) an in situ chemi-
cal deposition of PdS. It was reported that as-prepared GQDs/ZnCdS/PdS
exhibited an H, evolution rate of 517 pmol hfl, which is about 15, 1.7, and
7 times higher as compared to ZnCdS, ZnCdS/PdS, and GQDs/ZnCdS
respectively. This photocatalyst has a good stability. Enhancement of photo-
catalytic activity was attributed to coloading of the GQDs (reduction) and
PdS (oxidation) as respective cocatalysts.

A facile method has been reported by Liu et al. (2019) to prepare effi-
cient and robust Ru-M (M = Mn, Ni, Cu) bimetallic NPs and carbon quan-
tum dot hybrid (RuM/CQDs). It was observed that RuNi/CQDs catalysts
exhibited an excellent HER performance in all pH ranges. It was revealed
that Ni doping resulted in a weakening of the hydrogen bonding energy of
close surface Ru atoms, which played an important role in enhancing the
HER activity. Zhang et al. (2019) reported that a dendrite-like plasmonic
bimetal (CuNi) can be used as a photocatalyst, which is nonsemiconducting
in nature. It produced electrons for photocatalytic splitting of water to
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generate hydrogen, but when such a bimetal is supported by a catalyst like
CQDs, then the photocatalytic water splitting rate was found to be highest at
55.19 pmol g~ " h™'. The content of CQDs in the photocatalyst was kept at
3 wt.% for optimum conditions. It was reported that this photocatalyst was
stable for four cycles over 20 h.

The B-doped g-C3;N, QDs (BCNQDs) were prepared by Wang et al.
(2013) via a facile molten salt method. They used melamine and boron oxide
as the precursors. The BCNQDs were introduced onto the surface of g-C3Ny,
via hydrothermal treatment and as a result a g-C3N,/BCNQDs heterojunction
was constructed. As-prepared g-C3;N4/BCNQDs heterojunction exhibited
excellent hydrogen evolution performance for water splitting in the presence
of visible light irradiation. Bombyx mori silk, a natural nitrogen-rich biopoly-
mer protein, is earth-abundant and sustainable. Wang et al. (2020) derived
nitrogen-doped CQDs (N-CQDs) from Bombyx mori silk fibroin and then
immobilized them onto TiO, nanotube arrays (TiO, NTAs) using a hydro-
thermal approach. As-prepared N-CQDs decorated TiO, NTA heterostruc-
tures (N-CQDs@TiO, NTAs) could split water into H, and O, with
production rates of 30.12 and 14.96 pmol cm > h™ !, respectively.

Liu et al. (2020) prepared N-doped CQDs (NCDs) modified defect-rich
g-C3N4 (DCN) via an impregnation method. It was revealed that optimized
NCDs/DCN exhibited excellent photocatalytic H, production with an evolu-
tion rate of 3.68 pmol h™' g~ ', Nasir et al. (2020) prepared a 1D nanofiber
of TiO, via electrospinning. Then they produced a needle-like structure on
this fiber through an alkali hydrothermal method and chemical vapor deposi-
tion method. The g-C3;N; QDs and nanoflakes of SnSe, fiber (branched)
were loaded on TiO, via a heterojunction. It was observed that the composite
exhibited excellent photocatalytic performance for the production of hydro-
gen (2375 pmol g~ ' h™") with quantum efficiency of HER (>16%).

Nitrogen-doped graphene QDs (N-GQDs) were synthesized by Tsai et al.
(2020) via a hydrothermal cutting approach. The concentration of nitrogen
was controlled with a change in concentration of nitrogen source urea. It was
revealed that N-GQDs prepared by using 2 g of urea gave the highest photo-
current. They also observed that photocatalytic activity of 2N-GQDs (photo-
catalyst) for production of hydrogen was higher compared to pristine GQDs.
Raza Naqvi et al. (2020) developed a nitrogen-doped carbon dots (NDCDs)-
AgNi alloy. Then, it was used as an electrocatalyst for electrochemical water
splitting. NDCDs-AgNi alloy NPs were synthesized by easy and scalable
methods. NDCDs were prepared by the pyrolysis of ethanolamine. It acted
as a good electrocatalyst for HER. It was also revealed that as-prepared
NDCDs-AgNi alloy also exhibited superior OER activity.

Roy et al. (2020) demonstrated that chlorophyll(a)/CQDs (Chl/CQDs)
bionanocomposite (b-NC)-decorated Si-nanowires (SiNWs) can surpass the
efficiency for PEC generation of hydrogen. It was revealed that efficiency
reaches ~7.86%, which is highest reported so far with hybrid Si-based
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photocathodes. They measured the hydrogen evolution rate to be
~113 pumol h™! at 0.8 V versus RHE under 1 sol illumination. Duan et al.
(2021) developed a simple exfoliation—sonication approach to prepare nitro-
gen carbide QDs (CNQDs)-doped nitrogen carbide nanosheet (CNS) compos-
ite, which can be used as a photocatalyst to produce hydrogen in the presence
of organic pollutants such as acridine orange, or aniline. In their presence, it
was observed that hydrogen evolution efficiency was increased from 8.8 to
11.7 and 32.1 mmol g ' h™ ! in the presence of aniline and acridine orange,
respectively. It was revealed that heterojunction of CNQDs/CNS induced the
separation of photogenerated electron—hole pairs, where electrons will migrate
to CNQDs transforming protons into hydrogen molecules, and holes migrated
to CNS, oxidizing organic pollutants, simultaneously.

Elsayed et al. (2021) have prepared N-doped carbon QDs (NCQDs) into
polymer dots resulting in significant enhancement in their photocatalytic per-
formance as well stability. The role of NCQDs was suggested to enhance the
charge separation and the photocatalytic efficiency of the polymer dot. It
was reported that NCQDs were easily introduced into the polymer dot, and
as a result the hydrogen evolution rate was increased by about five times as
compared to pure polymer dots.

Liang et al. (2021) prepared nitrogen doped graphene quantum dots as a
photocatalyst dodecahedron nano-Au particles. It was revealed that as-
obtained graphene@ Au catalysts exhibited an efficient photocatalytic overall
water splitting involving both; high valuable H,O, and clean H, energy with
generation rate as 49.7 and 65.6 pmol g~ ' h™ ', respectively. The separation
of hydrogen peroxide from hydrogen gas is easy as compared with most
water splitting method that liberated hydrogen gas and oxygen gas, which
further needs gas separation.

Nitrogen-doped graphene QDs (NGQDs) were prepared by Liu et al.
(2021) and then used as a cocatalyst of SrTiO3(Al)/CoO, for photocatalytic
overall water splitting to generate hydrogen. It was found that as-prepared
NGQDs/StTiO3(Al)/CoO, was highly active for splitting of water with an
evolution rate of H, and O, as 18.8 and 9.0 pmol h™ !, respectively. Wu et al.
(2021) synthesized an organic semiconductor (DAnTMS compound) using
trimethylsilylacetylene (TMS) and 9,10-dibromoanthracene (DAn). Then, they
designed a metal-free composite photocatalyst with carbon dots (DAnTMS/
CD). It was reported that this DAnTMS/CD composite could achieve maxi-
mum production rates of H, and H,O, of 265.0 and 396.7 pmol g™ 'h™',
respectively, with pure water.

14.5 Conclusion

QDs have many advantages compared to traditional materials as photocata-
lysts. These can create multiple excitons, which could lead to better control
over the degree of charge. They can also be more efficient at producing hot
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carriers with sufficient energy. Various surface atom ratios of QDs can mod-
ify the photoluminescence property. Dangling bonds or defects can reduce
long-term photostability and reduce QY. As a result, passivating the surface
is critical for enhancing stability and protecting its properties by the shelling
of QDs and doping in the QDs.

The role of the quantum dot in photocatalysts developed for photocataly-
tic and PEC water splitting is a unique function. Water can be converted into
hydrogen gas, when solar energy is applied to water in two technologies.

1. Indirectly through concentrated solar thermal and an electrolyzer, as well
as solar-converted electricity, and electrolyzer, biological, and thermo-
chemical processes. It has excessive costs, energy loss, and is unfeasible.
Besides, the performance of electrolyzers, which have typical commercial
efficiencies of around 73%, is always constrained when the energy con-
version step is combined with electrolyzers.

2. Direct route including powdered photocatalysts and PEC cells, using
photo-/photoelectrocatalysis of water.

The dispersion of powdered photocatalysts into water is ideal for major
operations. The system needs to be motivated during the reaction and prod-
uct separation after the reaction. PEC systems combined solar energy collec-
tion and water reduction in one device. Most hydrogen is generated from
fossil fuels, including natural gas, oil, and coal. Electron donors like alcohols
(methanol, ethanol, and glycerol) are commonly utilized as sacrificial
reagents (SEDs) in water to efficiently generate hydrogen by successfully
scavenging photogenerated holes to suppress the back reaction.
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