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Carbon Dots for Photocatalytic Degradation of Aqueous

Pollutants: Recent Advancements

Kamran Akbar,* Elisa Moretti,* and Alberto Vomiero*

The immense progress of humanity on the technological, domestic, and
industrial fronts comes at the cost of polluting the planet. Aquatic pollution
is particularly dangerous since all life forms are directly linked to it. Each

year tons of industrial and domestic pollutants make their way into aqueous
systems. Efficient removal/degradation of these pollutants is of prime
importance for the sustainable future. Among many technologies, photodeg-
radation is an emerging and promising method for the successful removal

of aqueous pollutants since it is powered by abundant solar light. The last
decade had shown that carbon dots are among the most promising materials
that can be utilized as an efficient tool to derive various solar-driven chemical
reactions. Carbon dots possess unique photophysical and chemical proper-
ties such as light-harvesting over a broad-spectrum region, upconversion
photoluminescence, photosensitizers, chemical inertness, and bivalent redox
character, etc. The ease of synthesis of carbon dots at low cost also contti-
butes hugely to their utilizations as an efficient photocatalyst for the degrada-

Compared to other allotropes of carbon,
C-dots have unique photophysical and
chemical properties such as light absorp-
tion over a wide range,>* bright photolu-
minescence (PL),’! electron mediation,®”]
excellent photostability,® high aqueous
solubility,®! upconversion,'® photosen-
sitization,l chemical inertness,® facile
functionalization,™ and low toxicity due
to their nonmetallic nature. In addition,
a plethora of inexpensive precursors and
a variety of approaches are available for
their synthesis. All these features lead
to their explosive utilization in distinct
areas such as photocatalysis,>1 bio-
medical imaging,”! sensors,'® photo-
voltaic panels,®2% drug delivery,?! and
numerous other technologies.?>~24

tion of aqueous pollutants. This review summarizes the recent progress made
in the field of photodegradation of aqueous pollutants with the aid of carbon
dots and their hybrids, highlighting the critical role carbon dots can play in

the field.

1. Introduction

Carbon dots (C-dots) are 0D quasi-spherical particles with a
size of <10 nm and were first discovered in 2004 during the
purification of single-walled carbon nanotubes.!! Chemically,
C-dots are composed of sp?/sp® hybridized carbon atoms.?
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The structural core of carbon dots can
be either amorphous, crystalline, or par-
tially crystalline. Crystalline carbon dots
are usually derived from graphene via top-
down synthetic methods and are denoted
as graphene quantum dots (GQDs).?]
However, there are multiple reports
where carbon dots with crystalline gra-
phitic core are obtained via bottom-up synthetic methods and
subsequently referred to as GQDs.[2281 On the contrary, other
research groups preferred to call them carbon quantum dots
(CQDs).l102930] Further, the CQDs term is also interchangeably
used for amorphous carbon dots. Other terms include carbon
nanodots (CNDs) or simply carbon dots (CDs) for amorphous
or partially crystalline structures.[3 For the sake of simplicity,
in this review, we will stick with the term “C-dots” for all of the
above-mentioned carbon dot structures with sizes in the range
of <10 nm.

Tons of industrial and domestic pollutants are spilled each
day into waterways, which are harmful not only to the environ-
ment and human health but also to natural echo systems.[323l
Efficient and cost-effective removal of these pollutants is crucial
for our sustainable future. Among many contenders, photo-
catalytic technologies stand out due to the utilization of semi-
conductors and inexpensive sunlight for the removal of these
pollutants.*¥ Most pollutants in waterways can either be small
organic compounds such as dyes, drugs, or long-chain organic
molecules such as perfluorooctanoic acid and perfluorooctane
sulfonate, which are regarded as persistent organic pollutants.
Other major category includes toxic metals such as Cd and Cr.
Significant developments in the past decade now allow pho-
todegradation of numerous of these pollutants via C-dots and
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their hybrids. Tunability in C-dots structure, low-cost synthesis,
nonmetallic nature, excellent photophysical, and chemical prop-
erties make them a viable candidate for commercial utilization.
In this review, we will focus on recent developments in the uti-
lization of C-dots and their hybrids for the photodegradation of
pollutants that make their way into aqueous systems. C-dots are
capable of removing pollutants from aqueous solutions based
on the adsorption phenomenon owing to their large surface
area and the topic has been reviewed recently.'®3% Further,
we will not review recent developments on the synthesis of
C-dots as it has already been covered in many recent reviews
in detail 13637

2. Photocatalytic Degradation

Photocatalytic degradation or simply photodegradation is a
process in which ultraviolet (UV), visible (Vis), or infrared (IR)
light is utilized to transform an environmental pollutant into
a benign or less harmful product over a solid surface known
as photocatalyst. In a light-absorbing event, a typical semicon-
ductor photocatalyst absorbs the radiation which excites an
electron (e7) from its valence band (VB) to its conduction band
(CB) leaving a hole (h*) in VB (Scheme 1). Generated electrons
and holes are photoreactive species and can drive the various
redox reactions depending on the redox potential of the reac-
tion and electronic band structure of the photocatalyst. Such
redox reactions also include the conversion of dissolved oxygen
and OH ions into their respective radicals. Transfer of electron
(reduction) to molecular oxygen transforms it into reactive
superoxide anion ("O,7), conversely transfer of hole (oxidation)
to OH™ into reactive "OH radical. These reactive radical species
are capable of degrading organic pollutants via their conver-
sion into harmless CO, and H,0.5® Thus, in the photodegra-
dation process, light plays a role of a reagent that transforms
an environmental pollutant into harmless or benign products.
Rapid recombination of electron-hole pair without the forma-
tion of reactive radical species severally limits the photodegra-
dation activity. Recombination can proceed via the emission of

> .oz.

\
/

excitation
—

recombination

*OH

VB
H20/0H- R }

Scheme 1. A representation of the production of reactive radical species
over a semiconductor under excitation from a light source in aqueous
solutions.
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heat or radiation. When emission is in the form of radiation,
it is known as photoluminescence. Numerous studies found
that C-dots have excellent photoluminescence properties.
Although photoluminescence has numerous applications
such as biomedical imaging, it is a competing process during
photodegradation. Similarly, the emission of heat is useful for
photothermal applications but it will lead to reduced photodeg-
radation efficiencies.

3. Role of C-Dots in Photodegradation

The role of C-dots in photodegradation can be divided as 1)
C-dots as photocatalysts, 2) C-dots as photosensitizers, 3) C-dots
as electron acceptor/mediators, and 4) C-dots as up-conversion
materials.

3.1. C-Dots as Photocatalysts

Photocatalysis is defined as “Change in the rate of a chemical
reaction or its initiation under the action of ultraviolet, visible
or infrared radiation in the presence of a substance (the photo-
catalyst) that absorbs light and is involved in the chemical trans-
formation of the reaction partners.”®¥ Carbon dots can harvest
light by direct absorption. The absorbed photons excite elec-
trons from their highest occupied molecular orbital (HOMO) to
their lowest unoccupied molecular orbital (LUMO) by leaving
a hole in HOMO. Generated electrons and holes then result in
chemical transformation of reaction partners rendering C-dots
as photocatalysts.

C-dots have strong capabilities to absorb light in the UV-vis
range due to 7—7* transition of sp? C=C double bonds present
in the inner core (represented in Figure 1a as core state).34041l
Outer layer of C-dots contains various functional groups
(—COOH, —OH, —NH),, etc.) depending on the synthetic route
(represented in Figure la as a surface state). These functional
groups also respond to excitation light sources and most often
their absorption occurs in the Vis range due to n— 7* as shown
in Figure 1. It is worth mentioning that C-dots are not unique
in absorption in the UV-Vis range: other carbon allotropes such
as graphene oxide, multilayer graphene, carbon nanotubes, etc.
also show a similar absorption profile. This is perhaps because
of similar underlying sp? C=C double bond structure present
in these allotropes.*” The benefits of C-dots come into play due
to their ultrasmall size, aqueous solubility, and ease of their
synthesis.

Although in literature, C-dots are also sometimes termed
quantum dots, in most of the cases they hardly show any
resemblances to typical semiconductor quantum dots, exhib-
iting strongly confined electronic quantum states. The absorp-
tion phenomenon in C-dots is different from typical semi-
conductor quantum dots, where the size of the quantum dot
defines its bandgap and consequently its absorption/emission
wavelength. The smaller the size, the greater is the bandgap
due to quantum confinement. Evidence of true quantum con-
finement in C-dots is yet to be univocally demonstrated and the
topic remains largely controversial. Earlier studies, designed to
test the effect of size of C-dots on their absorption properties,
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Figure 1. a) Schematic representation of excited-state processes for doped C-dots excited at core state (at 320 nm) and surface state (at 420 nm).
b) Steady-state absorption (solid lines) and emission (dashed lines) spectra and c) time-resolved emission measurements (A, = 340 nm, A, =450 nm)
of the doped C-dots. Reproduced with permission.l®l Copyright 2019, American Chemical Society.

concluded that expansion of sp? network within C-dots core
(which would increase if the size of C-dot increased) has a more
prominent effect on their absorption characteristics rather than
expansion of actual physical dimensions of C-dots.[**
Absorption in the UV range is however not as beneficial for
most of the photocatalysis applications, as the majority of solar
energy is concentrated in the Vis region. Near-infrared (NIR)
or mid-infrared (MIR) is also useful as it would allow thermal
radiation harvesting. Recently, several studies have demon-
strated that the absorption of C-dots can be red-shifted to NIR-I
regions via manipulations of surface functional groups. F.A.
Permatasari et al. have shown that the addition of pyrrolic-
nitrogen on the CD surface leads to a redshift in absorption
from 550 to 650 nm as shown in Figure 2a.*! These doped
CDs showed a strong photothermal effect in an aqueous solu-
tion and can raise its temperature under laser excitation as
shown in Figure 2b. Geng et al. showed that the introduc-
tion of graphitic nitrogen in C-dots leads to absorption in the
NIR-II range (808 and 1064 nm) as shown in Figure 2c.*%l As
a result, the photothermal conversion efficiency of 81.3% was
achieved in the NIR-II window with a graphitic nitrogen con-
tent of 4.30%. Mechanistic studies to find the origin of NIR-II
absorption in these CD are represented in Figure 2d—f. Authors
argue that the electron paramagnetic resonance (EPR) signal
of CD can be assigned to a singly occupied defect level (para-
magnetic F center). Doped graphitic N atoms induce F color
centers to mediate optical transitions from the HOMO level to
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singly occupied defect levels (F centers) and from F centers to
the higher LUMO level under the NIR excitation. As a result,
a photothermal efficiency of 4.3% was realized for doped sam-
ples. Further details regarding the effect of doping, particle size,
surface functional group modifications on absorption/emission
properties of C-dots can be found in an excellent review by
Ding et al.l]

Despite significant progress in the enhancement of absorp-
tion/emission properties C-dots, recent outcomes of several
studies cast some doubts on actual progress made in the field.
For instance, the separation of the highly fluorescent molecular
fluorophore (Figure 3) from synthesized C-dots powders sug-
gests that remarkable absorption and luminescence properties
of C-dots do not solely originate from C-dots.”l These mole-
cular fluorophores can crystallize via similar drying processes
adopted in most C-dot synthetic protocols.*®! Further, transmis-
sion electron microscopy and d-spacing (0.21 nm) data of these
molecular fluorophores (Figure 3c) are identical to C-dots and
graphitic core d-spacing calculations. In this perspective, excel-
lent work from Baker’s group should be taken as a guideline
while dealing with C-dots (Figure 3b,d).*] In this work, Baker
et al. showed that wide-spread utilization of low molecular
weight cutoff (MWCO) dialysis membranes (<20 kDa) do not
assure efficient removal of the majority of highly fluorescent
molecular species. Thus, appropriate purification methods are
crucial owing to the ubiquitous formation of molecular fluores-
cent entities, especially via bottom-up synthetic protocols.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. a) UV-vis absorption spectra of different nitrogen-doped C-dots. b) Photothermal performances of carbon dots in ultrapure water as
indicated by temperature elevation as a function of laser irradiation time for 10 min. a,b) Reproduced with permission.*3 Copyright 2018, American
Chemical Society. ) NIR absorption spectra of three NIR-1l CD samples with different graphitic nitrogen content. d) EPR signals of NIR-1l CD powders
measured at room temperature. e) The proposed formation mechanism of F centers at graphitic N sites, where N atoms donate one excess electron
and form N* cations to trap the electron with large binding energy. f) Defect energy levels of doped graphitic N as an F center within the wide bandgap
of NIR-1I-CDs and possible optical transitions from the HOMO level to the defect level and from the singly occupied defect level to the LUMO level
under the NIR excitation. c—f) Reproduced with permission.l*! Copyright 2019, Elsevier.

3.2. Carbon Dots as Photosensitizer

Photosensitization is defined as “The process by which a photo-
chemical or photophysical alteration occurs in one molecular
entity as a result of initial absorption of radiation by another
molecular entity called a photosensitizer. In mechanistic photo-
chemistry, the term is limited to cases in which the photo-
sensitizer is not consumed in the reaction.”®)! Traditionally,
aromatic hydrocarbons (with highly conjugated systems that
promote electron delocalization) and organometallic com-
plexes of electron-rich metals (such as iridium, ruthenium,
and rhodium) are regarded as excellent photosensitizers. The
common feature between the two is the fact that their electrons
are easily excitable even at low energies and the presence of a
large continuum of orbitals within both HOMO and LUMO.
These orbitals allow excited electrons to switch multiplicities
via intersystem crossing and prolong the lifetime of the excited
state. This prolonged lifetime ultimately enriches the chance of
the photosensitization process.’*>!l Because of these reasons,
photosensitization is often an efficient way to induce a photo-
chemical reaction even in the case of low absorption coeffi-
cient or when a competing process such as fluorescence takes
place (which is most often the case with C-dots),?” During the
photosensitization process, a photosensitizer absorbs the light
and move to an excited energy state. In the case of C-dots,
this excited state is capable of transferring some of its excita-
tion energy to an external entity such as adsorbed molecular
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oxygen. During this energy transfer process, molecular oxygen,
which is usually present in triplet ground state (30,) transforms
into highly reactive singlet oxygen (10,). Second, excited elec-
trons in photosensitizer can also be transferred to adsorbed
oxygen, converting it into reactive superoxide anion (‘O,7). In
this second case, the process of photosensitization is closely
related to photocatalysis. Nevertheless, the production of sin-
glet oxygen is exclusive to the process of photosensitization.
Numerous studies have confirmed the role of carbon dots as
photosensitizers due to the presence of highly delocalized elec-
trons and additional energy levels between HOMO and LUMO.
For instance, Wu et al. reported the production of both of these
reactive oxygen species over nitrogen-doped C-dots as shown in
Figure 4a.’% The authors concluded that the presence of gra-
phitic nitrogen in C-dots was responsible for triplet activation,
while the presence of pyrrolic nitrogen was mainly responsible
for the adsorption of oxygen on C-dots. Electron paramagnetic
resonance (EPR) studies (Figure 4) with 2,2,6,6-tetramethylpi-
peridine (TEMP) and 5,5-dimethyl- 1-pyrroline-N-oxide (DMPO)
confirms the production of 'O, and *O,", respectively.

3.3. C-Dots as Electron Mediators
C-dots possess bivalent redox character, which means they can
either act as electron acceptors or can donate their electrons

upon photoexcitation, depending on their surface functionality

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. a) PL and absorbance spectra of fluorescent molecular fluorophore (imidazo [1,2-a]pyridine-7-carboxylic acid) obtained from as-synthesized
CDs via chromatographic separation. Reproduced with permission.”] Copyright 2019, Royal Society of Chemistry. b) Fluorescence quantum yields
measured following (A) dialysis and (B) ultrafiltration cleanup of citric acid and urea-derived fluorescent carbon dots. The retentate results are repre-
sented by closed symbols, and dialysate/filtrate quantum yields are denoted by open symbols. These results show that in the as-synthesized samples,
the majority of the fluorescence observed was due to smaller species permeating through membranes rather than retentates, which show much weaker
fluorescence. Reproduced with permission.[* Copyright 2018, American Chemical Society. c) Transmission electron microscopy image of methylene
succinic acid separated molecular fluorophore obtained from fluorescent carbon dots, showing similar d-spacing as of graphitic carbon. Reproduced
with permission.[*8l Copyright 2017, Royal Society of Chemistry. d) Vivid progression of dialysis (with 1kDa MWCO membrane) at various times. Repro-

duced with permission.[*] Copyright 2018, American Chemical Society.

and conjugation with other surfaces. For instance, Strauss et al.
demonstrated that perylenediimides (which have a strong ten-
dency to accept photogenerated electrons) can accept photogen-
erated electrons from CNDs upon photoexcitation.l On the
other hand, molecules with electron-donating properties such
as porphyrin can easily transfer their photogenerated elec-
trons towards CNDs.’¥l Electron acceptor properties of C-dots
are due to the presence of extensively conjugated mnetworks
within their core.>>* Electron accepting properties specifi-
cally come in hand in conjunction with semiconductors, where
efficient charge separation is needed.’””) C-dots can accept

@ g

photogenerated electrons from a semiconductor during an exci-
tation event, thus preventing generated electrons to recombine
with holes, which ultimately leads to improved photocatalytic
efficiency.P8!

Structural tuning via the addition of electron-acceptor and
electron-donor group onto C-dots can further allow manipula-
tion of their properties.’” Srivastava et al. passivated the sur-
face of C-dots with electron-acceptor and electron-donor groups
(Figure 5) and tested their photophysical properties both in bulk
state and at the single-particle level. Density functional theory
(DFT) calculations and bulk state experiments reveal that this
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Figure 4. a) Effect of nitrogen doping on C-dots for production of reactive oxygen species (ROS) such as 'O, and ‘O, via photosensitization effect
under UV-illumination. b) EPR integration intensities of 'O, and "0, with respect to the percentage increase of nitrogen content in C-dots. Nitrogen
content was 5.4, 9.4,10.7, 13.3, and 16.0% for CDs.q 55, CDS1.05, CDsy.p, CDsy.p.5 and CDs,. respectively. Reproduced with permission.®2 Copyright 2020,

Royal Society of Chemistry.
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Figure 5. a) C-dots without any surface modification. b) C-dots modified with electron donor groups and c) C-dots modified with electron acceptors
group. d—f) Density functional theory calculations performed on (a—c), respectively, to calculate the energy levels as well as HOMO and LUMO of the

molecules. Reproduced with permission.l®% Copyright 2019, Wiley-VCH.

structural modification can force C-dots to either act as electron-
acceptors or electron donor entities. As shown in Figure 5d, the
addition of these donor and acceptor groups to C-dots leads to
changes in HOMO and LUMO energy levels. CD-donor HOMO
and LUMO were determined at higher energy levels compared
to both CD and CD-acceptor. It means that CD-donor can easily
donate its photogenerated electrons to CD (thus making CD
an electron acceptor) and CD-acceptor in their hybrid/mixture
(CD-donor/CD, CD-donor-CD-acceptor). However, in a mixture
of CD-acceptor and CD, CD acts as electron donor because its
HOMO and LUMO are placed at a higher energy position com-
pared to CD-acceptor. The conclusion is that CD possesses a
bivalent redox character and can both act as electron acceptors
or donors. In a mixture of CD-donor/CD-acceptor, the overall
photophysical properties are governed by CD-acceptors. The
authors suggested that this is due to potential energy/electron
transfer between the two classes of CDs.

3.4. Upconversion Photoluminescence

Several studies indicate that C-dots exhibit upconversion
photoluminescence properties. Upconversion is a multiple
low-energy photon absorption process that ends up with the
emission of a single high-energy photon thanks to the favorable
electronic band structure of the absorber. This property is par-
ticularly useful during photocatalysis for many hybrid systems
composed of C-dots attached to the surface of wide bandgap
semiconductors such as TiO,. C-dots can absorb long-wave-
length visible or NIR light and then remit short-wavelength
UV photons. These UV photons then induce photoexcitation
in wide bandgap semiconductors (which are unable to absorb
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low energy radiation), thus enabling them indirectly to per-
form under visible light irradiation. Significant advancement
in this field now allows upconversion of Vis/NIR radiation for
C-dots. It is of particular importance as it allows harnessing
ambient NIR radiations. However, efficiencies of the upconver-
sion processes are still low and it is very hard to distinguish
whether enhanced photodegradation efficiencies are origi-
nating from the upconversion phenomenon or from some of
the other features of C-dots. Further, the mechanism of upcon-
version in C-dots is still not clear and several potential models
are likely candidates such as two-photon absorption, antistokes
PL, and auger process/thermal effect. On top of that, equip-
ment artifacts can lead to deceitful results in upconversion PL
measurements as well. Interference between second and first-
order diffracted light originating from the Xe lamp excitation
source can be misinterpreted as an upconversion effect within
fluorescence spectrophotometer. High power coherent laser
may avoid this artifact during PL measurements and is thus
highly recommended for measurement related to C-dots, but
care has to be put to avoid heat-induced modification of the
C-dots.[60]

4. Photodegradation of Dyes

Photodegradation of dyes was first tested with hybrid com-
posites of C-dots and wide bandgap semiconductors. The first
study was reported by Li et al. in 2010.°1 The authors tested
bare CQDs and CQDs/TiO, composite for methylene blue
(MB) dye degradation under visible light irradiation. Bare
CQDs showed no photodegradation of dye, while bare TiO,
exhibited merely <5%. TiO, being an intrinsic wide bandgap

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. a) Possible catalytic mechanism for TiO,/CQDs under visible light. Reproduced with permission.[®l Copyright 2010, Wiley-VCH. b) Upcon-
verted PL spectra of CQDs. Reproduced with permission.®4 Copyright 2012, Royal Society of Chemistry. c) Possible photocatalyst mechanism of
GQD/TiO, under visible light. Reproduced with permission.l®3l Copyright 2013, Royal Society of Chemistry. d) Schematic for a plausible decomposition
mechanism of an organic dye over a G/ZnS nanocomposite under light irradiation. Reproduced with permission.l®l Copyright 2016, Royal Society of
Chemistry. e) Effect of pH on the adsorption and degradation rate of MB by xenon lamp irradiation. Reproduced with permission.’% Copyright 2015,
Royal Society of Chemistry. f) Proposed mechanism of the photocatalytic degradation of RhB for the g-C3N,/S,N:GQD composites. Reproduced with

permission.”!l Copyright 2017, Elsevier.

semiconductor is only capable of absorbing a slight portion of
visible light (<5%). Interestingly, CQDs/TiO, composite was
able to photo reduce =100% MB after 25 min of irradiation. The
enhanced photocatalytic activity is the result of upconversion of
visible light assisted by CQDs. CQDs absorb visible light and
then emit shorter-wavelength light, which is absorbed by TiO,,
where electron-hole pairs are generated (Figure 6a). Similarly,
the up-conversion effect was observed in CQDs/Ag/Ag;PO,
by Zang et al.ll CQDs, when excited by long-wavelength light
in the range 700-1000 nm, emit shorter-wavelength light of
300-650 nm (Figure 6b). This high-energy light is then har-
vested by Ag;PO, (2.4 eV bandgap) and resulted in 100% photo-
degradation of methyl orange (MO) dye. Similarly, Qu et al.
prepared sulfur and nitrogen-doped graphene quantum dots
and titanium dioxide composites (S,N-GQD/TiO,) via physical
mixing of S,N:GQDs and P25 TiO, with subsequent centrifuga-
tion and drying.l®*l The composite was later tested for Rhoda-
mine B photodegradation under visible light from a 300 W
Xenon lamp with a UV cutoff filter (4 > 400 nm). Overall, S,N-
GQD/TiO, composite outperformed commercial P25 TiO,
ten times in terms of photodegradation of dye. Contrary to
previous reports, the authors suggested that GQDs absorb
the radiation in the visible region, resulting in the generation
of photogenerated electrons and holes. TiO, then accepted
the photogenerated electrons from GQDs, thus facilitating
the charge carrier separation process as depicted in Figure 6c.
The separated charge carriers then generated reactive radical
species, which were responsible for the photodegradation of
dye. A similar mechanism was reported for ZnO/S,N-GQDI®
and TiO2/S,N-GQDs.[%!
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For other wide bandgap semiconductor hybrids of C-dots,
when tested under UV-Vis light irradiation (where cutoff UV
filter is not applied) for photodegradation, the charge dynamics
regulating the electronic transfer is rather different, compared
to what was depicted above, highlighting the dependence of
the charge injection processes to the wavelength of the excita-
tion radiation. In fact, under UV irradiation, the wide bandgap
semiconductor can absorb radiation in the UV range, and
here C-dots act as acceptors of photogenerated electrons, thus
reducing the charge carrier recombination rates. C-dots then
transfer these electrons to dissolved oxygen present in solu-
tion, which in turn results in the production of reactive oxygen
radicals. The holes on the other side can be transferred to OH~
ions present in water, resulting in the production of hydroxyl
radicals. These radicals are then responsible for the degrada-
tion of dyes as depicted in Figure 6d. This mechanism was
demonstrated for many hybrids of C-dots with wide bandgap
semiconductors such as ZnS/GQDs,% TiO,/N-GQDs,*”! and
Sn0,/GQDs.[68]

Photodegradation capabilities were also enhanced for rela-
tively narrow bandgap semiconductors as well when integrated
with C-dots. These semiconductors are capable of absorbing
visible light, consequently generating electron-hole p airs. In
such systems, C-dots act as electron scavengers and improve
carrier separation. These electrons were then transferred to
adsorbed ions to generate reactive radical species, which are
responsible for degradation as shown in Figure 6f. Earlier work
was inspired by metal porphyrins, which have unique photo-
physical properties that can be exploited for photodegrada-
tion.”” GQDs can bind with these metals porphyrins via 77
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ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

interaction. Zinc porphyrin GQDs hybrid (ZnPor/GQDs) is one
example that has been successfully utilized to photodegrade
MB under visible light (150W Xe lamp) for 1 h. The degradation
efficiencies were 4%, 25%, and 95%, for GQDs, zinc porphyrin,
and ZnPor/GQDs photocatalysts, respectively. The authors also
tested commercial P25 TiO, under similar conditions, which
achieved 95% degradation efficiency in 5 h, compared to 1 h for
the ZnPor/GQDs system. Photodegradation efficiencies were
also depending on the pH conditions as depicted in Figure 6e.
Similarly, graphitic carbon nitride (g-C3N,)/S,N-GQDs com-
posite was able to photodegrade 96% RhB within 90 min com-
pared to 76% with bare g-C;N, (Figure 6f).”! Recent advance-
ments in harvesting NIR radiation via C-dots encouraged their
utilization in hybrid photodegradation catalysts. Hou et al. syn-
thesized CQDs/H-¥TaON hybrids that can enhance the UV-
Vis—NIR broad-spectrum active photodegradation of RhB and
acid orange 7 compared to bare H-}¥TaON.l CQDs can sig-
nificantly enhance absorption in the NIR region in CQDs/H-¥
TaON hybrids. Moreover, upconversion PL properties of CQDs
allow for the generation of even more electron-hole pairs, which
can induce the formation of reactive radical species.

Even with the immense progress in the synthesis of C-dots,
there are still few reports where bare C-dots were directly used
as active photocatalytic material. The first effort regarding exclu-
sive utilization of C-dots as photocatalyst was reported by Umrao
et al.”?l Multilayered graphene quantum dots (MLGQDs) were
used for photodegradation of MB under green and blue light.
The enhanced degradation efficiency of 93.3% was observed in
green light versus 89.4% under blue light for a total duration of
60 min. Ab initio theoretical calculations reveal the formation
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of intermediate products via the transfer of a proton from the
hydroxyl group of MLGQDs to MB monomers. These inter-
mediate products then degrade into benign products via reac-
tion with highly reactive OH radicals. Sabet et al. produced
N-doped CQDs from the grass with a bandgap of 2.5 eV, which
were capable of absorbing light in both visible and UV regions.
These dots were then utilized for the photodegradation of five
dyes namely acid blue, acid red, eosin Y, eriochrome black T,
methyl orange, and MB. N-doped CQDs generated electron—
hole pairs upon irradiation, which in turn created reactive oxide
species within aqueous media containing dye molecules. The
authors concluded that reactive oxide species were the main
responsible for the degradation of dyes.?l Likewise, Aghamali
et al. reported the excitation independent 95% quantum yield
of N-doped CQDs. Produced quantum dots exhibit good photo-
degradation of MB under natural sunlight conditions via in situ
generations of H,0, in the reaction media.’) Mg-N-embedded
carbon dots (Mg-N/C-dots) synthesized from bougainvillea
plant leaves extract exhibited excitation-independent red emis-
sions at =678 nm with a quantum yield of =40%."¥l The eventual
utilization of Mg-N/C-dots for MB degradation proved to be six
times superior under natural sunlight compared to the artificial
visible light from a 100 W tungsten bulb as shown in Figure 7a.
Figure 7b indicates that Mg-N/C-dots were able to successfully
generate electron-hole pairs under sunlight irradiation, which
were eventually utilized to photodegrade MB.

In a recent study, Ibarbia et al. compared the photocatalytic
properties of three different types of GQDs for the degradation
of RhB.®! Evaluations were performed for GQDs with similar
sizes but varying compositions and bandgaps (ranging from
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Figure 7. a) Plot of (C/C,) versus time for MB photodegradation by r-Mg-N-CD under different conditions. b) Schematic representation of the mecha-
nism of photodegradation of MB by r-Mg-N-CD showing several possible pathways (I-V) for dye degradation. a,b) Reproduced with permission./
Copyright 2018, American Chemical Society. c¢) Chemical structures of different GQDs prepared via different methods; GQDv via oxidative cutting of
carbon black, QGDg via hydrothermal pyrolysis, and GQDp via hydrothermal condensation of pyrene. d) UV-Vis absorption spectra and photographs
(inset) of GQD solutions at 50 mg L™". e) Proposed photocatalytic degradation mechanism of RhB with GQDs. c—e) Reproduced with permission./l

Copyright 2020, Wiley-VCH.
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2.63 to 3.63 eV), as shown in Figure 7c,d. Varying the compo-
sition affected the surface charge and bandgap of the GQDs,
which were the dominant factors in determining the photo-
catalytic capabilities of GQDs. A lower bandgap (2.63 eV) and
higher surface negative charge (-56.0 mV) resulted in higher
degradations rates. Attractive electrostatic forces between the
dye and GQDs resulted in enhanced adsorption rates, which
then facilitate its degradation at a light-absorbing event. Mecha-
nistic studies into degradation pathways painted a rather com-
plex picture as elaborated in Figure 7e. There are three possible
pathways, by which GQDs can degrade the dye upon light exci-
tation. First, given the excellent electron donor and acceptor
behavior of GQD, some of these charge carriers can be trans-
ferred directly to adsorbed dye molecules and initiate their deg-
radation. Second, reactive oxygen species ("OH and O,") can be
generated via the interaction of carriers with H,0 and dissolved
O,. Last, energetically excited GQD can transfer its energy to
dissolved O, and produce singlet oxygen (!0,) and thus act as a
photosensitizer. Authors found out that in their case, *OH and
10, played a major role in photodegradation while the contribu-
tions from *O,” were minimal. Details of other photocatalysts
utilized for degradation of dyes with C-dots are summarized in
Table 1.

5. Photodegradation of Antibiotics and Drugs

Antibiotics are ubiquitous in modern clinical treatments due to
their efficacy in killing harmful bacteria.8%) However, most
antibiotics end up in waterways and traditional wastewater
treatments are incapable of decomposing these drugs. This
gives harmful bacteria, already present in the environment, suf-
ficient time to develop resistance against these antibiotics.l’!
Consequently, these antibiotics become ineffective against these
pathogens when humans are infected. Thus, there is an urgent
need to degrade these antibiotics before they enter waterways.
Photodegradation offers a unique solution, in this case, owing
to the ubiquitous availability of sunlight.

To date, there is no report in literature where bare carbon
dots were utilized for the photodegradation of antibiotics. Only
C-dots hybrids thus far fit the purpose. However, there are few
reports where C-dots were utilized as active light-harvesting
material and generated electron—hole pairs transferred to other
catalysts. For instance, Sharma et al. fabricated trimetallic La/
Cu/Zr C-dots hybrids and tested them for photodegradation
of malachite green dye and ampicillin antibiotic, under visible
light irradiation.® Trimetallic nanoparticles hybrid fabrica-
tion resulted in bandgap reduction of bare C-dots from 2.55 to
1.56 eV, which lead to enhanced light absorption in the visible
region, the key to increase the photocatalytic properties of the
composite. 96% of ampicillin antibiotic and 75% of malachite
green was removed by La/Cu/Zr C-dots hybrid after 4 h of pho-
todegradation. It is however worth noting that adsorption alone
(in dark for 1 h) was able to remove 88% of ampicillin and 48%
of dye, before 4 h of photodegradation, suggesting the impor-
tant role of these materials in lowering the antibiotic/dye con-
centration in the wastewater.

As mentioned earlier, C-dots can accept photogenerated elec-
trons produced by a semiconductor during a light-absorbing
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event and thus can effectively help in charge separation.
Enhanced charge separation directly translates into boosted
photodegradation capability of the photocatalyst. This is true in
many hybrid photocatalysts with C-dots, which have been uti-
lized to degrade various antibiotics. The first report regarding
photodegradation of antibiotics with the aid of C-dot hybrid
came out in 2015.°% Authors tested Bi,WO, and its hybrid
with C-dots for rhodamine photodegradation of ciprofloxacin
(CIP), tetracycline hydrochloride, endocrine-disrupting chem-
ical bisphenol A, and B under visible light (Figure 8a—c). Bare
Bi,WO, is a relatively narrow bandgap semiconductor capable
of absorbing radiation in the 200 to 450 nm range. In addition,
it suffers greatly from high charge recombination rates. C-dots
come in aid to scavenge photogenerated electrons under vis-
ible excitation of Bi,WO,. Further, C-dots extended the range of
visible light absorption in its hybrid with Bi,WO,. As a result,
C-dot/Bi,WO, hybrid outperforms pure Bi,WO, in terms of
photodegradation activity against these pollutants. Authors
indicate that effective charge separation was the result of excel-
lent electron-accepting capabilities of C-dots due to the pres-
ence of numerous conjugated 7-bonds on their surface. Mech-
anistic studies show that photogenerated electrons were then
transferred to dissolved oxygen and thus lead to the formation
of "O,, which acts as active species for photodegradation of
organic pollutants in combination with h*. Similar enhanced
results were reported for ZnS/ C-dots hybrid (compared to bare
ZnS) for photodegradation of MB, rhodamine B, and the anti-
biotic CIP hydrochloride.® Other studies that describe similar
enhanced photodegradation due to effective charge separa-
tion mechanism and support of C-dots to absorb visible light
include GQDs/mpg-C3N, composites and TiO,/carbon-dot
nanocomposites.*>%

Effective charge separation can be estimated indirectly via
observation of a relative reduction in PL intensities of hybrid
photocatalysts. For instance, in Figure 8d, relatively reduced
PL intensities were observed for CdSe/C-dots/r-GO and
CdSe/C-dots compared to bare CdSe.l””] Consequently, CdSe/
C-dots/r-GO and CdSe/C-dots showed enhanced tetracycline
hydrochloride (TC-HCI) photodegradation compared to bare
CdSe. Authors conclude that the addition of 1-GO resulted in
increased surface area, facilitating the adsorption of antibiotic,
which was subsequently photodegraded.

Photodegradation of antibiotics conducted under just UV-
light also shows enhanced efficiencies for C-dots hybrids,
compared to bare semiconductors, a case consistent with dye
photodegradation. C-dots strongly absorb in UV range, which
results in the generation of even more electron-hole pairs, now
contributing to photodegradation. Further, C-dots can accept
photogenerated electron-hole pairs and enhance efficiencies.
For instance, Di et al. tested (N-CQDs)/BiPO, hybrid and bare
BiPO, for photodegradation of antibiotic CIP, enrofloxacin, tet-
racycline, and phenol 4-chlorophenol under UV irradiation.®!
87.5% of CIP was photodegraded with (N-CQDs)/BiPO4 com-
pared to 64.4% with BiPO, under identical testing conditions.
Electron spin resonance (ESR) signals of spin-trapped radicals
analysis showed (Figure 8e) that photoexcited electrons were
transferred to adsorbed oxygen transforming it into a reactive
'O, radical. Further, electron paramagnetic resonance (EPR)
data showed (Figure 8f) that molecular oxygen can better be
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Table 1. C-dots based photocatalyst for dye photodegradation.

Catalysts Pollutant Light source Role of C-dots Degradation entities Efficiency/time Refs.
MLGQDs MB Green light Photocatalyst e, "OH 93.3%, 60 min [72]
GQDs New Fuchsin dye Visible light Photocatalyst ‘0,7, 'OH 95.0%, 110 min [76]
Polymer-modified MB 300 W Xe lamp Photocatalyst ‘0,7, "OH 45%, 100 min [77]
GQDs
GQDs MB Sunlight Photocatalyst ‘0,7, 'OH 45%, 100 min [78]
GQDs RhG Sunlight Photocatalyst ‘0,7, 'OH 80%, 80 min [79]
N-CQDs MB Sunlight Photocatalyst ‘0,7, "OH ~97%, 6 h [9]
Mg-N-CQDs MB Sunlight Photocatalyst ‘0,7, "OH 99.1%/120 min [74]
C-dots MB Sunlight Photocatalyst ‘0,7, "OH 43%/10 h [80]
CQDs MB Vis Photocatalyst ‘0,7, "OH =~99.5%/130 min [81]
N-CQDs Acid blue, acid red, eosin Y, UV irradiation Photocatalyst ‘0,7, 'OH 100%/ 30 min for all dyes [73]
eriochrome black T, MO, MB
GQDs RhB Vis Photocatalyst ‘0,7, "OH 55%/360 min [75]
GQDs MB, MO Vis Photocatalyst ‘0,7, "OH 79.4%/120 min [82]
52%/120 min
CQDs/Cu,0 MB NIR Upconversion ‘0,7, "OH 90%/240 min [83]
CQDs/TiO, MB Vis Upconversion ‘0,7, "OH 100%/25 min [69]
CQDs/Ag/Ag;PO, MO Vis-NIR Upconversion ‘0,7, "OH 100%/10 [62]
N-GQDs/TiO, RhB Vis Light Absorption ‘0,7, "OH 60%/100 [63]
CQDs/H-¥TaON RhB, acid orange UV,Vis, NIR Electron mediators, ‘0,7, 'OH 98%/140 min/UV [61]
upconversion 99%/100 min/UV
889140 min,Vis
90%/100 min/Vis
61%/140 min/NIR
669100 min/NIR
GQDs/ MB Vis Electron mediators ‘0,5, h* 95%/60 [70]
zinc porphyrin
GQDs/ZnS RhB UV-vis Electron mediators ‘0,7, 'OH =~82%/40 [66]
GQDs/Sn0O, MB UV-vis Electron mediators ‘0,7, "OH 83.19%/150 [68]
S,N:GQD/ ZnO RhB Vis Light absorber ‘0,7, "OH 82.4%/250 [64]
N,S:GQD/TiO, MB Vis Light absorber, ‘0,7, "OH 85.5%/240 [65]
photosensitizer
N,GQDs/TiO, MB uv Electron mediators ‘0,7, "OH 85%/70 [67]
N, S-GQDs/TiO, MO Vis Light absorber ‘0,7, "OH =93%/240 [84]
nanotubes
S,N:GQD g-/C3N, RhB Vis Electron mediators ‘0,7, 'OH 96%/90 71
PEDOT@ZnO@GQDs MB, UV, solar Electron mediators, light ‘05, "OH 76.32%/400/UV [85]
rhodamine 6G absorption 80.2%/400/VIS
69.3%/400/UV
85.2%/400/VIS
N-GQDs/TiO, MB Sunlight Light absorption ‘0,7, "OH 10096/150 min [86]
Fe;0,@N,S-GQDs Victoria blue R dye uv Light absorption ‘0,7, 'OH 96.68%/120 min [87]

active into its radical form over N-CQDs, which eventually
lead to its higher concentrations. Similarly, Chen et al. showed
enhanced photodegradation of RhB and cefradine under UV-
light irradiation for TiO,/C-dots hybrids compared to bare
TiO,.%

The incorporation of C-dots in heterojunctions of two dis-
tinct semiconductors further allows the manipulation of their
properties, which results in enhanced photodegradation rates.
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Among three heterojunction schemes (type I, type II, and
Z-scheme), Z-scheme promises maximum efficiency for the
conversion of solar energy into useful chemical energy. Con-
trary to type II (Figure 9a), where electrons and hole movement
from one semiconductor to another is restricted due to electro-
static repulsions, which ultimately results in overall lower redox
potential, Z-scheme allows recombination of photogenerated
electrons from one semiconductor to holes of the other
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Figure 8. Photocatalytic degradation of a) CIP, b) BPA, and c) TC in the presence of pure Bi;WOgs, CQDs/Bi,WOg hybrid materials under visible light
irradiation. a—c) Reproduced with permission.[®l Copyright 2015, Elsevier. d) Solid fluorescence spectra of CdSe, CQDs/CdSe, and CQDs/CdSe-rGO

(5 wt% GO).I"l Reproduced with permission.””} Copyright 2021, Elsevier.

e) ESR spectra of the DMPO-"O,™ under UV light irradiation. f) Electron

paramagnetic resonance (EPR) analysis of the pure BiPO, and N-CQDs/ BiPO, materials. e,f) Reproduced with permission.®® Copyright 2017, Elsevier.

semiconductor(Figure 9b,c). This leads to lower recombination
events within the individual semiconductor and directly trans-
lates into the accumulation of electrons and holes at opposite
ends of valence and conduction bands of distinct semiconduc-
tors. These electrons and holes are now readily available for a
redox reaction and hence the overall photodegradation efficiency
is improved. To further enhance the efficiency of a Z-scheme
heterojunction and to reduce the resistance between two semi-
conductors, conductive metals such as Pt and Ag are normally
being utilized at the heterojunction interface. C-dots being
excellent electronic conductors thus proved to be useful in this
scenario. They offer advantages such as low cost and corrosion
resistance compared to their metal counterparts. Jiang et al.
tested photodegradation of benzocaine over CQD/SnNb,O4/
BiOCl Z-scheme system compared to SnNb,O¢ (SNO), BiOCl
(BOC), and SNO/BOC Z-scheme system.”! Z-scheme system
with CQD (99.1% photodegradation efficiency) outperformed
Z-scheme system without CQDs (80.8% photodegradation effi-
ciency) within 90 min as shown in Figure 9d. Similarly, BiOCl/
BiVO,/N-GQDs followed Z-scheme charge transfer for photo-
degradation of Bisphenol A (BPA).%% As shown in Figure e,
after the formation of p—n heterojunction between p-type BiOCl
and n-type BiVO,, the build-up internal electric field can drive
electrons from VB of BiOCl to VB of BiVO, resulting in accu-
mulation of holes in VB of BiOCl. The VB (2.4 eV) of BiOCl is
more positive than the redox potential of "OH / OH™ (2.38 eV);
hence, the holes can easily oxidize OH™ to *OH. Similarly, the
CB of BiVO, (0.33 eV) is not negative enough to reduce oxygen

Adv. Optical Mater. 2021, 2100532 2100532 (11 0f 18)

to superoxide radical (—0.046 eV). Authors propose that under
visible light, both N-GQDs and BiVO, were able to produce
photogenerated electrons and holes; however, electrons from
CB of BiVO, were transferred to VB of N-GQDs via Z-scheme.
This resulted in the accumulation of more electrons in the CB
of N-GQDs, which possess enough negative redox potential
(—0.80 eV) to easily reduce oxygen into "O,. The authors also
suggested an internal Z-scheme within N-GQDs due to the
presence of both p and n-type domains within their structure as
shown in the inset of Figure 9e.

In a recent study, conducted by Hu et al., a Z-scheme charge
transfer process was proposed between heterojunction of
NCQDs and Bi,0,CO; while treating NCDs as a conventional
semiconductor. Photodegradation of CIP was tested from UV
to NIR region. Based on data obtained from band structure
and reactive radical species, authors proposed that under UV-
irradiation, hybrid catalyst followed a Z-scheme charge transfer
mechanism, while under Vis/NIR irradiation, a normal type II
charge transfer mechanism was adopted as shown in Figure 10.
5 wt% NCQDs/Bi,0,CO;3 showed 91.1% degradation efficiency
of CIP under UV/Vis light irradiation, compared to 26.7%
under visible and NIR light irradiation. In comparison, bare
Bi,0,CO; (Bandgap 3.36 eV) showed 50.2% degradation under
UV/Vis while merely 9% in VIS and no degradation under NIR
light. Enhanced efficiency of NCQDs/Bi,0,CO; was attributed
to upconversion and absorption of NIR/Vis by NCQDs. Table 2
summarized the C-dots-based photocatalysts for photodegrada-
tion of antibiotics and other pollutants.
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2019, Elsevier. ) Z-scheme for electron transfer in BiOCl/BiVO,/N-GQDs system. The inset shows the Z-scheme electron transfer within N-GQDs, due
to its p- and n-type domains. Reproduced with permission.[° Copyright 2017, American Chemical Society.

6. Other Aqueous Pollutants

Persistent organic pollutants are chemical compounds, which
are resistant to environmental degradation through chemical,
biological, and photolytic processes. Photodegradation of these
environmentally persistent compounds is of utmost impor-
tance since they can continue to damage the environment for
fairly long periods. C-dots and their hybrids have been tested for
photodegradation of these compounds, but this field is still in its

infancy and there are only a handful of reports available to date,
which makes the development of the research in this direction
urgent and timely. Hatefi et al. have tested the photodegradation
of imipramine (a persistent organic pollutant) over bare GQDs
under UV-irradiations.?®) Under optimized conditions, 80% of
imipramine was photodegraded within a total duration of 80 min.

Haung et al. reported the photodegradation of perfluo-
rooctane sulfonate (CgF;;SO3;H, PFOS), another persistent
and prevalent organic pollutant, under deep UV irradiation
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Figure 10. The schematic diagram of different NCQDs/BOC heterojunctions and two different roles of NCQDs under UV, visible, and NIR light irradia-

tion. Reproduced with permission.l¥l Copyright 2021, Elsevier.
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Table 2. C-dots based photocatalysts for photodegradation of antibiotics and other pollutants.

Catalysts Pollutant Light source Role of C-dots Degradation radicals  Efficiency/time [min] Refs.
CQDs/Bi,O6 cIp Vis Electron mediator Oy, h* 87%/120 [72]
ZnS/CQD CIP hydrochloride, RhB, MB Vis Electron mediator ‘0,7, 'OH =55%/, 120 [94]
~95%/ 120
~95%/60
CQDs/TiO, Cefradine, RhB uv Electron mediator ‘0,7, "OH, ~80%, 60 [57]
86.92%/120
La/Cu/Zr/CQDs TNCs Ampicillin, malachite green Vis Photocatalyst ‘0,7, 'OH 96%/240 [92]
969240
CQDs)/CdSe/rGO Tetracycline hydrochloride Vis Photocatalyst ‘0,5, "OH, '0, 90%/60 [97]
N-CQDs/BiPO, CIP, enrofloxacin, tetracycline and phenol uv Electron mediator ‘0,7, 'OH 87.5%/120 [98]
4- chlorophenol =~60%/120
~70%,150
~82%/150
GQDs/LaCoO3/ATP Chlortetracycline, tetracycline hydrochloride, MB Vis Electron mediator ‘0,7, h* =47%/120 o1]
~78%/120
~949/120
GQDs/mpg-C3Ny Tetracycline hydrochloride, RhB Vis Electron mediator ‘0, 67%/120 [95]
979120
CQDs/BiOBr CIP, RhB Vis Electron mediator ‘0,5, h* 65.8%/180 [102]
94.3%/30
CQDs/BiOBr Tetracycline hydrochloride, bisphenol A,RhB Vis Electron mediator ‘0,7, 'OH 609/120 [103]
739%/150
91.8%/20
BiVO,/N-CQDs/Ag;PO, Tetracycline Vis Electron mediator ‘0,7, 'OH 59.8%/90 [104]
CD/NiCo,0, Tetracycline Vis Electron mediator ‘0,7, 'OH 78%/60 [105]
0-Bi;O;/C-dots Levofloxacin, indigo carmine dye Vis Electron mediator ‘0,7, 'OH 79%/120 [106]
86%/120
CQDs/ PbBiO,Cl CIP, tetracycline, bisphenol A Vis Electron mediator ‘0,7, h* 78.9%/75 [107]
74.3%/120
92%/360
CQDs/ Znln,S,/BiOC Tetracycline Vis/NIR Electron mediator, ‘0,7, 'OH 82.3%/60 min under  [108]
upconversion VIS
17.7%/180 min under IR
BiVO,/Bi;TaO,/CDs Tetracycline, amoxicillin and CIP Vis Electron mediator, ‘05, "OH, h* 91.7%/120 [109]
upconversion 89.3%/120
87.1%/120
CQDs/BisNb3Os5 Sarafloxacin Vis Electron mediator, ‘OH 86.8%/180 o]
Upconversion
CQDs@Bi,WOg¢ Tetracycline, CIP, gatifloxacin Vis Upconversion, elec- ‘0,7, "OH =90%/120 ]
tron meditator =90%/120
=90%/120
g-C3N,/CQDs Diclofenac Vis Photosensitizer, ‘0,7, h* 71.6%/60 mz]
electron mediator
BiVO,/CNQDs/NCDs Tetracycline, Vis Upconversion, elec- ‘0,7, "OH =75%/60 ms3j
RhB tron mediator 98%/100
CDs/Bi4OsBr, CIp Vis Broad absorption, ‘0,7, "OH 98%/100 [14]
electron mediator
CQDs/K,TigO13 Amoxicillin UV, Vis Broad absorption, h*, "OH 100% in UV/ 90 [115]
electron meditator 73.6% in VIS/90
S-CQDs/hollow tubular Tetracycline Vis Electron meditator ‘0,7, "OH, h* 82.67%/60 [116]
g-C3N, photocatalyst
CDs/ZnSnO; Tetracycline Vis Upconversion, ‘O, h* 81.76%/60 m7

electron mediator
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Table 2. Continued.

Catalysts Pollutant Light source Role of C-dots Degradation radicals  Efficiency/time [min] Refs.
CQDs/S@g-C3N,/B@g- Chloramphenicol Vis Electron mediator ‘0,7, "OH 92.4%/ 120 ms]
GNy
g- C3N, /CQDs Sulfachloropyridazine, RhB, UV/Vis Broad absorption ‘0,7, "OH 100%/90 [m9]
MB, 80%/180
MO 949,180
95%/180
N-CQDs/BiOBr CIP, RhB Vis Electron mediator ‘0,7, 'OH 65.8%/180 [120]
94.3%/30
ZnO/N,S-CQDs CIP, Simulated Upconversion, ‘0,7, 'OH, h* 92.9%/20/SS n21
cephalexin, Solar,NIR electron mediator 92.9%/20/SS
malachite green 72.8%/180/NIR
C-dots/Sn,Ta,0,;/Sn0O, Amoxicillin Simulated solar ~ Upconversion, ‘0,7, "OH 88.3%/120 [122]
electron mediator
Bi,0,C0O;3/ NCQDs CIp UV-Vis Vis, Photosensitizer, ‘0,7, 'OH 91.1%/60/UV-VIS [3]
NIR upconversion, 92.8%/120/VIS
electron mediator 35.6%/360/NIR
GQD/AgVO; Ibuprofen Vis Electron mediator ‘0,7, "OH 90%/120 23]
(A>420 nm)
SiC/GQDs Perfluorooctane sulfonate uv Photocatalyst ‘0,7, "OH 88.5%/20 h [124]
Stainless-steel Phenanthrene Vis Photocatalyst ‘0,7, 'OH, 99.9%/240 [125]
nanotubes/GQD
GQDs Imipramine uv Photocatalyst O,, "OH 80%/80 [126]
NP-CD Cr(VI) to Cr (I1I) Sunlight Photocatalyst e =93%/10 [127]
CQD/CdS Cr(VI) to Cr (111) Vis Photocatalyst e =94%/10 [128]
3D CQDs/Graphene Cr(VI) to Cr (l11) UV/Vis Photocatalyst e 91.3%/40 [12]
aerogel

(5 W 254 nm UV lamp) conditions with SiC/GQDs and bare
SiC.? The heterojunction allows the effective separation
of generated electrons by GQDs under deep-UV conditions
towards CB of SiC (Figure 11a). Long-chain PFOS was converted
into shot chain perfluorocarboxylic acids on the surface of SiC
surface by electronic transfer toward S—O group of PFOS. SiC
showed minimal photodegradation compared to SiC/GQDs.
Photogenerated electrons over C-dots possess can also
reduce toxic metallic ions. For instance, Bhati et al. reported
photoreduction of Cr(VI) to Cr(IlI) in synthetic contaminated

water by nitrogen-phosphorus-doped carbon dots."”] Under
natural sunlight conditions, orange-colored solution of highly
toxic Cr(VI) turned into green-colored less toxic Cr(III), which
can easily be removed via precipitation with the aid of NaOH
(Figure 11b). Authors suggested that cumulative production
of electrons and holes on nitrogen-phosphorus-doped carbon
dots under irradiation resulted in the photoreduction of toxic
Cr ions. Zhang et al. utilized CdS/CQDs for photoreduction of
Cr(VI) to Cr(III) in saline waters with =94% removal efficiency
within 10 min under visible light irradiation.[®]

wane ) s
CiCo

7.0 0 40 80 120 160 200 240 280 320

Time (minutes)

Figure 11. a) Schematics of electron and hole transfer in the SiC/GQDs heterojunction structure under UV light excitation. Reproduced with permis-
sion.?l Copyright 2017, Elsevier. b) The plot of (C/Cy) versus time for Cr(VI) photoreduction by NP-CD under different concentrations of Cr(VI).
Reproduced under the terms of a Creative Commons Attribution 4.0 International License.['””l Copyright 2019, The Auth.
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7. Conclusions and Outlook

C-dots host unique photophysical and chemical properties in
one package, which are hard to be rivaled by other nanoma-
terials at such a scale. C-dots possess upconversion properties
and bivalent redox character can act as can as photocatalysts
as well as photosensitizers and can harvest light ranging from
UV, Vis, and NIR regions. Their nonmetallic and chemically
inert nature along with their ease of synthesis from a variety
of sources made them an ideal candidate for photodegrada-
tion of pollutants from aqueous environments. Bare C-dots are
capable of removing organic dyes under different irradiation
conditions. Photodegradation of drugs, antibiotics, and other
long-chain organic pollutants can also be achieved with C-dots
and their hybrids with semiconductors. This is one of the most
promising directions for future research, which may provide
useful strategies for water purification from drugs, antibiotics,
and long-chain organics. C-dots offer a variety of features, when
combined with semiconductors in their hybrids, such as light
absorption in the region where the semiconductor is unable
to harvest the light, upconversion photoluminescence, effec-
tive charge carrier separation, and sometimes photosensitiza-
tion properties. Despite tremendous progress in the utilization
of C-dots and their hybrids towards removal/photodegradation
of environmental pollutants, there remain several challenges,
which are curial for further advancement of the field, which is
relatively new and has strong potential for fast development.

1. Standardization in C-dots purification methods is needed at
this point, since diverse synthetic approaches can produce
a host of molecular entities that can mimic like C-dots and
interfere with photophysical observations.

2. Solid experimental confirmations are yet required regarding
absorption-emission properties of C-dots under UV, Vis, and
IR excitation, since their optoelectronic properties are not yet
univocally understood. Controversies surrounding quantum
confinement in C-dots are also needed to be cleared out.

3. Precise control over structural aspects of C-dots is needed
since a variety of functional groups can influence heavily
their chemical and photophysical properties. This pre-
cise control will allow to specifically target the photodeg-
radation of certain pollutants entities in complex aqueous
environments.

4. More recently, the work on single-atom catalysis has received
huge attention from the research community, owing to its
exceptional performance in diverse areas. A variety of 2D
materials has been explored as potential support materials
for anchoring single metal atoms. C-dots can potentially host
a series of elements as single atoms, owing to the availability
of diverse surface functionalities. Research in this area would
not only benefit for the photodegradation of environmental
pollutants, but also presents exciting opportunities in other
areas of science.

5. Since C-dots are 2D in nature, fabrication of superlattices
of C-dots with other 2D material quantum dots would be a
viable strategy to further enhance their photodegradation
capabilities.

6. Regardless of significant advances made in the field of
hybrids of C-dots and their applications in photodegradation,
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sole C-dots still did not get much attention from the research
community. Recent studies have shown that bare C-dots can
also be viable candidates for photodegradation purposes.
However, more fundamental studies and in-depth analysis
are needed on this subject before realizing the full potential
of bare C-dots in the photodegradation of aqueous pollutants.

Although C-dots hybrids proved to be useful thus far for
photodegradation of aqueous pollutants, the inorganic and
potentially toxic nature of some of the utilized semiconductors
can potentially be harmful rather than beneficial to the environ-
ment. Thus, further investigations are needed to utilize solely
C-dots for the photodegradation of these pollutants. In addition,
to further progress the field towards more practical applications
and lab-to-fab transition, scalable and cost-effective methods
are need for the production of C-dots and their hybrids.

Finally, a critical point is the assessment of the environ-
mental impact of C-dots, which is still to be achieved over
larger scales. This is a very important point since these mate-
rials are sub-nanometer in dimensions and can disseminate
rather quickly once released into the environment. A recent
study suggests that C-dots, when irradiated with light for eight
days, can degrade into molecules that are toxic to both normal
(HEK-293) and cancerous (HeLa and HepG2) human cells and
thus can pose serious challenges to the environment.[!??]

For this reason, while intense research has been carried out
on the use of C-dots in a series of applications in photocatal-
ysis, environmental remediation, and energy conversion, with
outstanding results, a systematic investigation is needed on
their safe management to offer a solid ground for a lab-to-fab
transition of this highly innovative class of materials.
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