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1 | INTRODUCTION
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Abstract

Growing attention to the development of sustainable solar-to-energy con-
version applications has resulted in the synthesis of promising and
environment-friendly nanomaterials as energy harvesters. Among various
carbon nanomaterials, carbon dots (CDs) have received significant attention
due to their excellent light absorption capability, broad absorption region,
and superior photostability with enormous potential for solar energy ap-
plications. Therefore, utilizing and modulating the charge carriers generated
from CDs is critical for achieving a high energy conversion efficiency of
CDs. Herein, we focus on the distinct characteristics of CDs as energy
converters from charge excitation to charge separation and transfer for
various solar-to-energy applications, including photovoltaic cells, photo-
catalysts, and photoelectrocatalysts. We anticipate that this review will offer
insight into the synthesis and design of novel nanocomposites with a fun-
damental analysis of the photochemical properties and future development

of energy conversion devices.
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Carbon dots (CDs) have received widespread attention in
the scientific community as one of the latest additions to
carbon-based nanomaterials. CDs, which are typically
defined as quasi-spherical carbon nanoparticles of
<10 nm, exhibit unique physical, chemical, and optical
properties, including high light absorption, tunable pho-
toluminescence, and excellent electron donor/acceptor
characteristics." ® Owing to these advantages, CDs can be
applied in bioimaging,”* biosensing,” ' drug delivery,'*

Moreover, the facile and mild synthetic nature of
CDs using various combinations of carbon precursors
and other molecular agents can provide easy access to
the formation of sp>-hybridized carbonaceous core of
CDs, with an amorphous shell rich in surface func-
tional groups containing oxygen and nitrogen. These
surface functional moieties can be potentially functio-
nalized with other organic molecules on the CD sur-
face, allowing the control of photoluminescence (PL)
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and photocatalytic activities of CDs. With the increas-
ing demand for renewable solar-to-energy applications
in future, it is important to fully utilize the photo-
excited charge carriers generated from CDs and reveal
the specific role of CDs as energy converters for the
development of efficient conversion devices. Although
many studies™ ** have tried to achieve a high energy
conversion efficiency of CDs by hybridizing them with
various counterpart nanomaterials to afford CD nano-
composites, the photo-responsibilities of CDs extensively
depend on the nanoscale size, type, amount of heteroatom
doping, surface functionality, and assembled nanocompo-
sites. In addition, the slower kinetics and mobilities of
charge carriers in CDs than those in other inorganic
semiconductors (i.e., quantum dots [QDs]) have limited
their practical applications. Furthermore, it is still rela-
tively unexplored to provide a general method on how to
separate and transfer electrons and holes effectively due to
the intrinsic complexity of CDs. In the context of using
CDs in high-performance energy conversion applications,
it is, therefore, necessary to understand a stepwise me-
chanism of the charge carriers of CDs upon light irradia-
tion: (1) charge excitation: a large number of electron-hole
pairs should be produced from the surface of CDs; (2)
charge separation: these electron-hole pairs should be
separated efficiently into free electrons and holes,
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respectively, against Coulombic attraction; (3) charge
transfer: separated electrons and holes should be effectively
transferred and participate in the respective target
reactions (i.e., electrons for cathodic and holes for anodic
reactions) required for specific energy applications.

Although there are many excellent reviews”> >’ on CD-
based nanocomposites, there are only a few methodically
organized reviews focusing on the perspective of charge
carriers in CDs from charge generation to transfer, and
eventually to energy applications. Therefore, herein we
introduce strategies to efficiently utilize the photoexcited
charge carriers from CDs by classifying them into three
steps: (i) charge excitation, (ii) charge separation, and (iii)
charge transfer for various solar-to-energy applications,
including photovoltaic cells, photocatalysts, and photo-
electrocatalysts (Figure 1). We anticipate that our insight
will be beneficial for modulating the charge carriers in
CDs toward the development of advanced sensors and
electronic and energy devices.

2 | CHARGE EXCITATION

In this section, we describe the light absorption proper-
ties of CDs in the course of charge excitation process
toward the energy conversion application. Moreover, the

e Separation

FIGURE 1 Schematic illustration of a
stepwise process that efficiently modulates
the photoexcited charge carriers of CDs from
(1) excitation to (2) separation and (3)
transfer toward (4) solar-to-energy
conversion applications. CD, carbon dot;
HER, hydrogen evolution reaction; OER,
oxygen evolution reaction
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surface modification and the band gap tuning of CDs are
discussed in terms of their applicability in a wide range of
photophysical and photochemical processes.

2.1 | Light absorption

CDs have been highlighted as efficient light-absorbing
materials owing to their excellent properties, such as
high absorption activity, broad absorption region, and
superior photostability. The chemical structure and
composition of CDs significantly affect their absorption
abilities. The absorption spectrum of CDs represents an
absorption band in the 230-320 nm UV region, attributed
to the m-m* transition of the m-conjugated electrons in
the sp>-hybridized region, and an absorption band
around 350 nm, assigned to the n-m* transitions of
O- and/or N-containing structures at the edge.””
Besides these two bands, a long absorption tail extend-
ing into the visible region is typically related to func-
tional groups with lower energy states. Surprisingly, CDs
exhibit a large molar extinction coefficient from 1 x 10*
to 20X 10*M~".cm™" in the UV region, which is higher
than that of common fluorophores and is comparable to
that of semiconducting QDs.33’34 For comparison,
Ru-based dyes, known as standard sensitizers, possess a
molar extinction coefficient of 1.4 x 10* M~t.cm™!, with
an order of magnitude lower than that of CDs.”>”® The
graphitization and core nitrogen doping of CDs are re-
lated to their high absorption coefficient. Martindale
et al.”” reported that graphitized and nitrogen-doped CDs
exhibit enhanced light absorption as compared with
amorphous CDs, improving the photochemical perfor-
mance owing to their light-harvesting ability as
photosensitizers (Figure 2A,B).

Conventional light-absorbing materials such as BiPO,
and ZnO are excited only under UV radiation, which ac-
counts for 4% of the total solar energy. In addition, the
organic dyes show discrete absorption bands with a nar-
row absorption range.”’ However, CDs exhibit unique
optical absorption properties, such as the broad absorption
bands in full-range UV and visible light, and the two-
photon absorption to expand the absorption coverage of
solar spectrum. Whereas the downconversion PL of CDs is
generally observed, upconversion PL is also observed in
some cases due to abundant surface functional groups,
extending the light absorption from UV to visible light
range. Cao et al.” first reported that the CDs prepared by
laser ablation display upconversion PL properties, ex-
hibiting strong luminescence for two-photon excitation in
the near-infrared region. In addition, the two-photon
excitation mechanism was revealed to elucidate the
upconversion PL.

CARBON ENERGY-WI LEy—L2

Moreover, CDs have excellent photostability as com-
pared with conventional organic dyes, such as fluor-
escein and rhodamine B, due to their chemical
composition with extensive m-conjugated regions in the
core and various functional groups on the surface.”* Liu
et al.** reported that the fluorescence intensity of N-CDs
preserved up to 96% under UV radiation with an in-
tensity of 20 mW-cm ™2 The photostability of N-CDs was
attributed to the steric effect of the nitrogen-doping agent
with abundant dendritic hydroxymethyl groups. The
diffusion of oxygen into the fluorescence centers could be
effectively slowed down, thus protecting the degradation
induced by photooxidation.

2.2 | Semiconducting properties

Photon absorption produces an exciton, that is, the ex-
citation of electron from the valence band (VB)/highest
occupied molecular orbital (HOMO) to the conduction
band (CB)/lowest unoccupied molecular orbital (LUMO).
Many researchers have suggested that the molecular or-
bital theory can be applied to the electronic structures of
CDs with semiconducting properties.”** In most cases,
CDs can easily produce n-n* and m—m* transitions. If
the functional groups are bonded to the aromatic
sp>-hybridized region, electron transitions can occur from
the n states of the electron lone pairs to the 7* states of the
aromatic region. The band gap of CDs induced by con-
jugated m-domains and the surface/edge state can be ad-
justed by modulating the size and surface chemistry.
In this section, we describe the tunable band gap properties
of the CDs.

The band gap of the CDs is theoretically size-
dependent, and the red shift of the emission wave-
length appears with an increase in size. Sk et al.**
systematically investigated the influence of size on
the band gap of CDs using density functional theory
and time-dependent density functional theory. They
revealed that the emission wavelength of the CDs
shifted from UV to near infrared with increasing size.
In addition, they observed that CDs with various edge
configurations exhibited different quantum confine-
ment effects. Whereas the armchair edge counterparts
widened the band gap due to the localized states scat-
tered in the center, the zigzag edge configurations
exhibited a relatively narrow band gap owing to the
localized states scattered in the edge.

The band gap and PL properties of the CDs can be
significantly affected by surface modification and pas-
sivation, which employ various agents, such as small
molecules and polymers. Tetsuka et al.”’ designed
amino-functionalized CDs produced by graphene oxide
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FIGURE 2 (A) Schematic representation of amorphous carbon dots (a-CD), graphitized CDs (g-CD), and graphitized and nitrogen-
doped CDs (g-N-CD). Reproduced with permission: Copyright 2017, Wiley.”” (B) UV-vis absorption spectra of g-CD, g-N-CD, and a-CD.
Reproduced with permission: Copyright 2017, Wiley.?” (C) Measured energy level diagram of nitrogen-doped CDs. Reproduced with
permission: Copyright 2016, Wiley.*® (D) Photoluminescence spectra and images of nitrogen-doped CDs under 380 and 365 nm UV-light
irradiation, respectively: (i) Azo-CDs, (ii) NH,-CDs, (iii) o-phenylenediamine-CDs, and (iv) diaminonaphthalene-CDs. Reproduced with
permission: Copyright 2016, Wiley.*® (E) density functional theory-simulated (left) and experimentally measured (right) energy levels of
nitrogen-doped CDs (NGQDs), undoped CDs (UGQDs), and boron-doped CDs (BGQDs). Reproduced with permission: Copyright 2018,
American Chemical Society.” (F) Photocurrent response of CD-PEG and pristine CD photoelectrodes under 365 nm UV light and 808 nm
near-infrared laser. Reproduced with permission: Copyright 2012, The Royal Society of Chemistry*’
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through a mild hydrothermal treatment at 70-150°C in
an ammonia solution. The covalent bonding of amine
with graphene edges was achieved by nucleophilic
substitution. Higher concentrations of ammonia in-
duced a higher N/C ratio. By controlling the degree of
amine functionalization, the PL properties of the CDs
could be tuned from violet to yellow light. Following
this study, they further investigated the influence of
nitrogen-related functional groups on the energy levels
and band gaps of the CDs (Figure 2C).”* The HOMO
and LUMO levels of the CDs were continuously tailored
by different nitrogen moieties due to the strong orbital
resonance in the graphene center. Whereas CDs mod-
ified with o-phenylenediamine, diaminonaphthalene,
azobenzene, or p-methylene red displayed lower energy
levels, CDs functionalized with primary or dimethyla-
mine displayed higher energy levels. The trend in the
band gaps is shown in the fluorescence spectrum
(Figure 2D).

Similar to surface functionalization, heteroatom
doping has been extensively used to modify the band gap
and PL properties of the CDs. Yang et al.”” studied the
band gap and emissive states of heteroatom-doped CDs
by comparing the spectroscopic measurements and the-
oretical calculations (Figure 2E). They prepared three
different types of CDs with similar sizes and chemical
compositions. In particular, nitrogen and boron atoms
were introduced as electron-rich and electron-deficient
dopants, respectively: undoped CDs, nitrogen-doped CDs
(N-CDs), and boron-doped CDs (B-CDs). Compared with
undoped CDs, the N-CDs and B-CDs exhibited blue- and
red-shifted PL emissions, respectively. In N-CDs, the
pyridinic nitrogen atom provided lone pair electrons to
the occupied p orbitals, resulting in a lower HOMO level
and wider band gap. In contrast, the boron atom con-
tributes an empty orbital to the p-conjugated system,
thus causing a decrease in the electron density of the
HOMO level and narrower band gap. Mehta et al.”
synthesized CDs by a microwave-assisted method to
fabricate core-shell-type Au@CD composite. Unlike the
2.78-eV band gap of the pristine CDs, the band gap of
Au@CD composite decreased to 2.68 eV owing to the
charge transfer between Au and CDs, after the formation
of core-shell composite.

2.3 | Generation of charge carriers

In semiconducting materials, electrons are excited to higher
energy states generating electron-hole pairs. This process is
called the generation of a charge carrier. CDs can generate
electron-hole pairs under light irradiation with unique
photoelectric properties. Shen et al.”’ synthesized poly

CARBON ENERGY-WI LEy—L*

(ethylene glycol)-passivated CDs on an indium tin oxide
(ITO) substrate by a spin-coating method. The electron-hole
pairs were generated and disassociated from the CDs coated
on the ITO substrate under light irradiation, indicating
that the CDs have an ability to produce photocurrent
(Figure 2F). The measured photocurrent was extremely low;
however, this study demonstrated the possibility of the
application of CDs in photo-to-electric conversion.

Li et al.”" also revealed that CDs could produce light-
induced protons under visible light in an aqueous solu-
tion owing to the existence of oxygen-related functional
groups. The pH dependence of CDs with or without light
irradiation was photocontrollable and reversible, which
is consistent with the regularity of light-induced current
change, thus indicating the photo-induced proton-
generating capability of CDs.

Li et al.** reported that CDs with size-dependent and
upconversion PL properties also showed photocurrent
responses in the range of 10-200 mA-cm™> Different-
sized CDs separated by column chromatography ex-
hibited different wavelengths in the PL spectra, indicat-
ing that the current density could modulate the emission
color of CDs. The lower current density induced CDs,
emitting light in the longer wavelength range. The in-
corporation of the as-synthesized CDs with upconversion
PL properties into the metal oxide also facilitated the
generation of electron-hole pairs in the metal oxide. For
example, in TiO,/CDs or SiO,/CDs nanocomposites, the
CDs absorb visible light and emit a shorter wavelength
light due to the upconversion PL, which, in turn,
stimulates TiO, or SiO, to form electron-hole pairs.

3 | CHARGE SEPARATION

In this section, we introduce the fundamental concept of the
charge recombination and charge separation process occur-
ring in the CDs. This section also describes how to modulate
the charge separation activity of CDs through surface
functionalization and integration into nanocomposites.

3.1 | Charge separation efficiency

The photocatalytic activity significantly depends on the
separation efficiency of photogenerated electrons and holes
in various photocatalytic applications. The photogenerated
electrons can return to their ground states through charge
recombination, implying that the charge carrier lifetime is
related to the charge separation efficiency. The charge
carrier lifetime is generally defined as the average time
it takes for electron-hole pairs to recombine after
excitation.” As charge carrier lifetime is typically defined
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as the statistical average time calculated by the re-
combination of electrons and holes through multiple
pathways at different times, it is difficult to track individual
charge carrier lifetimes. Thus, the lifetime (7) has
been inferred from PL,>*”° photoconductance,’”’
photovoltaic,”* and photocatalytic**** " properties, in
which generation and recombination occur. The radiative
(r,”") and nonradiative (z,,,"") recombination rates can be
calculated from the photoluminescence quantum yield
(PLQY), PL lifetime (zpy), and PLQY values by solving the
following equations®’:

T =T+ Tops ey
PLQY = an/(Tr + an)- (2)

Where as the radiative recombination rate shows a
similar tendency to the PLQY and PL lifetimes, the
nonradiative recombination rate exhibits an inverse be-
havior. Bhattacharyya et al.®’ revealed that there is a
trade-off between PLQY and photocatalytic activity. CDs
with different nitrogen contents were prepared by con-
trolling the concentration of the nitrogen precursor.
When the nitrogen content of the CDs primarily con-
sisted of the graphitic nitrogen atoms, a high PLQY was
observed. In contrast, the nitrogen-to-carbon ratios of
CDs were related to nitrogen-related functional groups
located at the edges of the sp” domains. The peripheral
functionalities acted as trap states of photogenerated
electrons, facilitating the charge separation that improves
the photocatalytic activity.

Furthermore, the electron recombination kinetics
was investigated through the transient open-circle vol-
tage (V,.) decay as a function of time after immediately
turning off the light irradiation. The lifetime of the
photogenerated electrons (z,,) was calculated using the
following equation:

T = (ks T/e)(dVoc/dt)™, ®3)

where kg is the Boltzmann constant, T is the tempera-
ture, and e is the elementary charge.’” Here, the lifetime
(tn) of photogenerated electrons indirectly reflects the
suppression of charge carrier recombination.

The charge carriers can be scattered or trapped by
defects, increasing the probability of recombination.
Therefore, the separation of photoexcited electron-hole
pairs is an effective approach for inducing highly efficient
photocatalysts. Many researchers have reported that the
functionalization of CDs can modulate the separation
efficiency of electrons and holes by increasing the charge
carrier lifetime and/or tailoring the charge distribution
on the CD surface. In addition, nanoscale heterojunc-
tions with an intimate interface can significantly improve
the separation of electron-hole pairs. In the CD-based

nanocomposite, the photogenerated electrons from other
photocatalysts can migrate into the conducting network
of CDs, thereby suppressing the recombination of charge
carriers at the composite interface.

3.2 | Controlling the charge separation
efficiency

Tsai et al.®* synthesized N-CDs with adjustable dopant
concentrations and components. The visible absorption
of N-CDs was enhanced by the introduction of C—N
bonds, which created another pathway for generating PL.
The time-resolved PL spectrum indicated that the carrier
lifetime of CDs increased upon N doping at the optimized
concentration (Figure 3A), thus leading to the highest
photocurrent generation of water oxidation at
0.25 mA-cm™2, which is almost 10 times higher than that
of the pristine CDs. Electrochemical impedance spec-
troscopy also demonstrated that the carrier concentra-
tion, charge dynamics, and reaction kinetics significantly
increased by the N doping of CDs (Figure 3B). The
combination of these factors contributed to the superior
photoelectrochemical (PEC) performance and improved
the photocatalytic activity of N-CDs over pristine CDs.

Hu et al.® also prepared C1~ and P-doped CDs and
investigated the roles of heteroatoms in photocatalytic
properties. The electrochemical measurements indicated
different surface potential differences between the pris-
tine and functionalized CDs. The Cl~ and P-related
functional groups could change the charge distribution of
the CD surface, resulting in a higher electric potential of
CDs owing to the increased number of holes trapped on
the CD surface. The potential differences on the surface
of the CI” and P-doped CDs achieved an effective
separation of the photogenerated charges, facilitating
enhanced photocatalytic activities.

Kong et al.”” modified WO; nanoflakes with N-doped
CDs (NCDs/WOj3) to develop photoanodes with high PEC
activity. The conductivity was enhanced due to the N
doping of CDs, representing a superior photocurrent den-
sity of 1.42 mA-cm ™2, which is 2.25 times higher than that
of pristine WO3; nanoflakes (Figure 3C). The onset poten-
tial of NCD/WO; composite-based photoanode also in-
dicated a cathodic shift of 70 mV, showing promoted
charge separation and transfer owing to the NCDs acting
as both electron donor and hole acceptor. The transient
open-circle voltage (V,.) decay was also displayed as a
function of time for WO; nanoflakes and NCDs/WOQOs, re-
sulting in a longer lifetime (z,) of the NCDs/WO; com-
posites than that of the pristine WO; nanoflakes
(Figure 3D). This phenomenon indirectly reflects that
the charge recombination was effectively suppressed, in
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agreement with the transient photocurrent result. Overall,
these results demonstrate that NCDs/WO; composites can
provide an efficient strategy to improve the charge se-
paration and transfer efficiency in PEC water oxidation.

Luo et al.” reported that a high photocurrent could
be obtained in a PEC system by designing and manip-
ulating CDs/TiO, composite. The authors systematically
demonstrated the fundamental process of charge se-
paration between NCDs and TiO,, with an in-depth in-
vestigation of the energy transitions through the
photophysical and electrochemical assays. The linear
sweep voltammetry (LSV) results of the photoelectrodes
showed that the saturation photocurrent of NCD/TiO,
was observed at 0.15 mA-cm ™2, approximately two times
higher than that of pristine TiO, (0.08 mA-cm~?). The
photogenerated charge carriers could be effectively se-
parated owing to the formation of heterojunctions at the
NCDs/TiO, interface. In addition, the enhanced PEC
results under visible light (1 > 420 nm) agreed well with
the charge separation of TiO, by hybridizing NCDs
(Figure 3E). The carrier density (Np) can be estimated
using the following equation:

1__ 2 (V—V—kB—T), )

C2 " ggyAleNp e

where e=1.6x10"""C, g=8.86x10"""Fm™', ¢=55
for the (101) facet of anatase TiO,, and C represents the
capacitance. On the basis of this equation, the average
donor densities of TiO, and NCDs/TiO, electrodes are
8.44 x 10"® and 2.67 x 10" cm™, respectively. The higher
values of the average donor density for NCDs/TiO,
electrodes are in line with the PEC results. To further
investigate the charge-transfer properties of NCDs/TiO,
composites, the PL lifetime was measured using time-
correlated single-photon counting (TCSPC) measure-
ments (Figure 3F). The fast PL decay after decorating the
NCDs showed the presence of charge transfer between
the NCDs and TiO,, which suppressed the charge re-
combination in TiO,. The hole scavengers could be ef-
fectively combined with photogenerated holes and
produced electrons in the photocatalyst system, pre-
venting the recombination of charge carriers and leading
to a lower PL intensity and shorter PL lifetime. As a
result, the efficient charge separation in the NCDs/TiO,
heterostructure led to the transfer of photogenerated
electrons to TiO, and the holes to the NCD surface.

4 | CHARGE TRANSFER

In this section, we account for the charge-transfer
properties of CDs as either electron donors or
acceptors. Doping with metal ions, passivation, and

functionalization of surfaces could also improve the
charge-transfer properties. This section also introduces
the physical principles of the charge transfer of CDs
along with representative examples.

After charge excitation and separation, the CDs un-
dergo charge-transfer reactions. CDs can demonstrate su-
perior electron transport properties because they consist of
abundant functional groups (hydroxyl, carbonyl, carboxylic,
and epoxy groups) on the surface/edge sites and conjugated
sp/sp>-hybridized structures.®”® It is known that the
oxygen-containing functional groups of CDs play an im-
portant role in the separation or recombination of
electron-hole pairs. In particular, the carboxyl groups act as
electron acceptors, forming nonradiative recombination
centers. On the contrary, the hydroxyl groups act as elec-
tron donors, facilitating fast carrier mobility.”” In addition,
the PL of CDs can be quenched through charge transfer
either by electron acceptors (e.g., 2,4-dinitrotoluene and
4-nitrotoluene) or donors (e.g., N,N-diethylaniline)."”’
Furthermore, doping with metal atoms can enhance
electron-accepting/donating abilities due to the metal ion-
to-CD charge-transfer absorption.””’" These properties
make CDs useful for light and electrical energy conversion
applications.

41 | Electron donors
Our group has revealed the intrinsic electron donor char-
acteristics of CDs in the synthesis of heterodimeric
silver-carbon dot nanoparticles (Ag-CD NPs) using the
photoelectron transfer of polysaccharide-derived CDs to
Ag" ions (Figure 4A,B).”* Here, CDs act as electron donors
to Ag" ions that are attracted to the surface of CDs owing to
the electrostatic interactions with carboxylic acid groups on
the surface. Upon UV irradiation, the CDs were subse-
quently oxidized from a hydroquinone-like (the combina-
tion of sp> carbons and hydroxyl groups) structure to a
benzoquinone-like structure and served as an electron do-
nor, promoting the reduction of Ag" ions on the CD sur-
face. Through the interfacial junction, more electrons pass
through the conductive Ag nucleation site and recruit more
Ag" ions, eventually leading to heterodimeric Ag-CD NPs.
Meanwhile, the electron donor properties of the CDs
are strengthened by passivation. Kainth et al.”* synthesized
nitrogen-doped CDs using a series of different nitrogen-
rich precursors (such as urea, thiourea, cysteine, and
glycine) as passivating agents. The nitrogen-doped CDs
exhibited the PL response feature in the presence of picric
acid and creatinine. When picric acid was added to the
nitrogen-doped CDs, fluorescence quenching occurred due
to the interaction of picric acid and nitrogen-doped CDs
through acid-base pairing (Figure 4C). Therefore, the
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FIGURE 4 (A) Schematic representation of heterodimeric silver-carbon dot nanoparticle (Ag-CD NP) formation. (B) Energy-filtered
transmission electron microscopy image of Ag-CD NP (scale bar = 10 nm). Reproduced with permission: Copyright 2014, American
Chemical Society.”” (C) Schematic representation of the fluorescence quenching of nitrogen-doped CD (NCDs). Reproduced with
permission: Copyright 2020, The Royal Society of Chemistry.”* (D) Stern-Volmer relationship between photoluminescence intensity and
Fe** concentration. Reproduced with permission: Copyright 2017, The Royal Society of Chemistry®’

excited-state electron transfer from electron-rich species on
the nitrogen-doped CD surface to the electron-deficient
picric acid could take place. Fluorescence restoration was
achieved in the presence of creatinine. This phenomenon
is closely associated with the strong complexation process
between picric acid and creatinine formation in the
picric—creatinine complex. Complexation reduced the
fluorescence resonance energy transfer phenomenon,
thereby enabling fluorescence restoration. On the basis of
these properties, Basu and co-workers applied nitrogen-
doped CDs as a creatinine-detection probe material. The
nitrogen-doped CDs exhibited a maximum PL turn-on
response of 50%. Furthermore, PL turn-on/off methodol-
ogy of nitrogen-doped CDs showed a satisfactory linearity
range between 0 and 150 mM, with a detection limit of
0.021 nM for creatinine.

Wang et al.”” synthesized hydroxyl-functionalized car-
bon dots (H-CDs) by monoesterification of ethylene glycol
(Figure 4D). By increasing the amount of hydroxyl groups,
CDs acted as more effective electron donors by facilitating
carrier mobility. In particular, H-CDs formed Fe-CD
complexes with Fe** ions through coordination interac-
tions. Throughout the complexation process, electrons were
transferred from the excited state of H-CDs to the unfilled
Fe** orbital, leading to nonradiative electron/hole re-
combination. Therefore, the fluorescence quenching of
H-CDs was observed in the presence of Fe**. Figure 4D
shows a decrease in the PL intensities of H-CDs with in-
creasing Fe** concentration. In addition, the Stern-Volmer
quenching curves of the H-CDs demonstrated good line-
arity with a Stern—Volmer constant (Ky,) of 1.91 X 10’ M,
indicating dynamic quenching processes.
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4.2 | Electron acceptors

The electron-accepting character of CDs has been explored
mainly by combining them with electron-donating units
such as porphyrins and m-extended tetrathiafulvalene
(exTTF). For example, porphyrins have a planar 18-m-
electron aromatic structure, which allows efficient path-
ways for charge transfer through one-electron oxidation of
porphyrins and one-electron reduction of CDs.”’ This can
be easily observed through the change in absorbance of the
Soret band, which is a characteristic of porphyrins. Scharl
et al.”® performed spectrophotometric absorption titration
by adding CDs to porphyrin (Figure 5A,B). They observed
that, as the quantity of CDs increased, the Soret-band ab-
sorption decreased and was slightly red-shifted, resulting
in isosbestic points at 420 and 430 nm. Furthermore, the
porphyrin-centered fluorescence is quenched, resulting in
a Stern—Volmer constant of 0.088 L-mg™".

Unlike porphyrins, exTTF is a pro-aromatic electron
donor, because it undergoes a remarkable gain in ar-
omaticity and planarity upon oxidation, forming a stable
one-electron oxidized species.”* As a result of charge
transfer through the one-electron redox reaction, a
fluorescence quenching of CDs of at least 90% was ob-
served in the presence of exTTF (Figure 5C). Further-
more, according to femtosecond transient absorption
(TA) measurements of the CD—exTTF conjugate, 387-nm
excitation led to the immediate formation of an excited
state with an absorption maximum and minimum at 612
and 438 nm, respectively (Figure 5D). This transient was
converted into a new transient within a few picoseconds.
The new transient was characterized by a maximum at
463, 549, and 660 nm, as well as a minimum of 423 nm,
which corresponds to radiolytic findings regarding the
oxidation of exTTF. These results indicate that charge
separation, where CDs are one-electron reduced and
exTTFs are one-electron oxidized, evolves upon the
formation of the initial excited state.

Meanwhile, Lan et al.”> demonstrated covalently func-
tionalized CDs with 2-(diphenylphosphino)ethylamine
(CDs-P). The fluorescence of CDs-P was quenched due to
the photo-induced electron transfer mechanism, in which
the lone electron pair of the phosphorus atom was trans-
ferred to the excited CDs (Figure 5E). The fluorescent peak
of CDs-P was blue-shifted from 437 to 430nm, and the
fluorescent quantum yield also decreased from 0.73 to 0.12
(Figure 5F). The excitation spectrum of CD-P also blue-
shifted from 345 to 339nm. Moreover, the calculated
fluorescence lifetime of CDs-P decreased from 13.25 to
10.36 ns. Specifically, after the addition of H,0,, the
charge transfer was interrupted, and CDs-P showed a
recovery of fluorescence properties with an increase in the
fluorescence lifetime to 11.29 ns. This indicates that CDs-P

could be employed as a sensor probe with a high sensitivity
to H,0,.

5 | SOLAR-TO-ENERGY
CONVERSION APPLICATIONS

In this section, based on the superior photophysical and
photochemical properties of CDs discussed thus far, we
present the representative examples of CDs used in the
photovoltaic and photocatalytic systems. In particular,
we summarize the multifaceted roles of CDs in the
solar-to-energy conversion systems.

5.1 | Photovoltaic cells
CDs have a large surface area, strong light absorption,
and excellent electrical properties, indicating their po-
tential for applications in a variety of photovoltaic cells.
Furthermore, CDs can generate electron-hole pairs and
suppress electron-hole pair recombination. The abun-
dant functional groups on the surface make CDs an ex-
cellent electron donor/acceptor. Therefore, CDs are
promising candidates for photovoltaic cells and can re-
place expensive and toxic semiconducting nanoparticles.
The following studies have reported that CDs can act
as light absorbers (e.g., sensitizers) in solid-state devices.
Briscoe et al.”® prepared three biomass-derived (glucose,
chitin, and chitosan) CDs and demonstrated that the
performance of photovoltaic cells was significantly de-
pendent upon the surface functionalities. Owing to dif-
ferent functional groups according to precursors, the
resultant CDs varied in their surface characteristics and
light absorption abilities. The photovoltaic performances
of the three CDs were enhanced within a ZnO nanorod-
based device, compared with an uncoated device. How-
ever, a strong correlation between the light absorption
features and the resulting photocurrent was not observed.
Specifically, the thicker layer consisting of glucose-derived
CDs enabled a higher light absorption but limited the
photocarrier collection due to recombination. Conversely,
the lower coating density of chitin-derived CDs was
not sufficient to reduce recombination, leading to a low
shunt resistance. The chitosan-derived CDs produced the
highest device performance, with a power conversion ef-
ficiency (PCE) of 0.061%. The results indicated that the
surface functionalities of CDs determine the degree of
surface interactions between CDs and ZnO nanorods, af-
fecting the extent of charge transfer within the sensitizer
layer. In other words, the device performance is affected
by the structural characteristics of the CD layer rather
than the individual light-harvesting capabilities.
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Our group fabricated CD-supported silver nano-
particles (CD-Ag nanoparticles), where CDs served as a
reducing agent and template (Figure 6A).”> When in-
corporating the CD-Ag nanoparticles into the active
layer, the PCE of PTB7:PC,,BM-based polymer solar cells
(PSCs) was enhanced from 7.53% to 8.31% due to the
broad light absorption by the surface plasmon resonance
of the CD-Ag nanoparticles (Figure 6B). In addition, the
plasmonic CD-Ag nanoparticles produced a high inter-
nal quantum efficiency (99%), indicating that all ab-
sorbed photons generate separated charge carriers, and
the photogenerated carriers are collected into the
electrodes without any loss.

The efficient electron transport layer (ETL) plays a
key role in promoting the charge carrier separation
and electron extraction in photovoltaic cells. The ETL
mainly consists of metal oxides, including Sn0O, **°
TiO,,"*""** and Zn0.*** In recent years, CDs have
been used to modify the ETL for boosting electron
extraction.”® For example, the incorporation of CDs
into the SnO,-based ETL significantly enhanced the
PCE of perovskite solar cells from 19.15% to 22.77%
and increased the long-term device stability against
humidity. These significant achievements are attrib-
uted to the dramatically increased electron mobility of
the modified ETL, thereby inducing the traps/defects
passivation of the interface between the ETL and
perovskite and promoting the formation of highly
crystallized perovskite. This study demonstrated that
CDs could serve as excellent additives for producing
efficient ETLs in perovskite-based optoelectronics.
CDs were incorporated into the electron extraction
layer, facilitating more efficient charge transfer. Zhu
et al.” deposited a layer of CDs between the perovskite
sensitizer and the TiO, film as a charge-transfer
bridge, thereby promoting efficient electron injection
from the perovskite to the TiO, nanoparticles without
capturing any electrons. By introducing CDs as an
electron extraction layer, the PCE was improved from
8.81% to 10.15%. The role of CDs as electron acceptors
was confirmed by the PL quenching measurements,
which showed dramatic PL quenching of the per-
ovskite and higher internal quantum efficiencies. The
femtosecond TA spectroscopy further demonstrated
that the electron extraction time decreased from
260-307 to 90-106ps in the presence of CDs
(Figure 6C,D). The results indicated that CDs could
act as a superfast electron funnel due to the widely
distributed 7 orbitals, thereby enhancing the electro-
nic coupling between the perovskite sensitizer and
TiO, nanoparticles.

Gao et al.”’ incorporated CDs synthesized from gra-
phene oxide between the Si and Au electrode to serve as

an efficient hole transport/electron blocking layer that
suppresses anodic carrier recombination (Figure 6E). The
termination group of Si was first optimized by H-, SiO,-,
and CH; surface functionalities, because the non-
passivated Si has many dangling surface bonds that induce
carrier recombination. Methylated Si exhibited the highest
photovoltaic performance owing to the reduced interfacial
recombination. The CDs incorporated in the device dras-
tically improved the photovoltaic parameters and PCE,
compared with the devices using only Au electrode
or graphene oxide substituted for CDs. In addition,
the dark current within the CDs incorporated in the
device decreased, which highlights the reduced electron
leakage that could induce anodic charge recombination
(Figure 6F). The photovoltaic performances of the CD-
based devices were enhanced by the strong electric field at
the Si/CD heterojunction, thereby leading to an efficient
charge carrier separation. The appropriate alignment be-
tween the LUMO of CDs and the CB of Si ensured low
interfacial recombination, which highlights the ability of
CDs as an effective hole transport/electron blocking layer.

The Giberti group incorporated CDs as a work
function modifier into the poly(ethylene imine) (PEI)
layer to increase the exciton dissociation probability
in photovoltaic cells.®® The net photocurrent density
as a function of effective voltage revealed that the
devices with the CD-doped PEI layer exhibited a
much higher charge separation efficiency, compared
with the devices with the pristine PEI layer. Fur-
thermore, impedance spectroscopy showed a sig-
nificantly reduced series resistance in a PSC with a
CD-doped PEI layer. The Kelvin probe force micro-
scopy clearly showed that the work function of ITO
with the CD-doped PEI layer was higher than that of
the ITO with the pristine PEI layer, inducing a
stronger internal field. The internal field induced by
the work function difference between the anode and
cathode can influence the exciton dissociation prob-
ability. The PCE with the CD-doped PEI layer ex-
hibited an average PCE of 9.37%, which is higher than
that of the pristine PEI layer. Consequently, the im-
provement in the PCE performance is attributed to
the enhanced electron transport properties due to
the exciton extraction properties by CD doping
(Tables 1-3).

5.2 | Photocatalysts

Photocatalysis requires efficient coupling of light harvesting
and charge transfer in catalytic processes, and CDs have
been proposed as potential sensitizers or direct photo-
catalysts in the process of solar energy conversion. CDs have
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notable advantages such as high chemical stability, strong
and broad light absorption, excellent electron and hole
transport ability, and nontoxicity, making them promising
candidates for photocatalytic applications. CDs can act not
only as individual photocatalysts, but also as multifunctional
components of complex photocatalysts, providing a wider
light response, promoting the separation of € /h™ pairs, and
stabilizing the complex photocatalyst.”>"""'"?

The intrinsic photocatalytic characteristics of the CDs
were revealed by the Teng group who fabricated N-doped
CDs (NCDs) consisting of p- and n-type domains for pho-
tocatalytic water splitting (Figure 7A).” The developed NCD
photocatalyst exhibited p-type conductivity by oxygen-
bearing functional groups on the surface and n-type con-
ductivity by an inserted nitrogen atom. According to the
Mott-Schottky analysis, NCDs indicated straight lines with
negative and positive slopes, supporting the coexistence of
p-type and n-type conductivities. The coexistence of p- and
n-domains in the NCDs could build photochemical diodes to
facilitate charge separation. In addition, NCDs showed CB
minimum and VB maximum values of approximately —0.85
and 1.35eV (vs. Ag/AgCl), respectively. The band gap energy
of NCDs (2.2eV) includes the energy levels for water re-
duction and oxidation, suggesting that NCDs can catalyze
overall water splitting under visible-light irradiation. When
water splitting was carried out for 27 h by applying external
visible light with the NCD catalyst, the ratio of H, and O,
production was maintained at almost 2:1.

CDs can efficiently enhance photocatalytic activity by
forming a complex with other components used in pho-
tocatalysts such as metals and semiconductors. CDs can
play a role in effectively improving the photo-induced
charge separation in complex photocatalytic systems and
enhancing light absorption and photocatalytic activity
owing to their unique photoelectric properties. As a
representative example, our group reported the self-
assembly of the alginate-based CD and cobalt poly-
oxometalate (Co-POM), resulting in the synthesis of the
spherical hybrid of CD/Co-POM for visible light-driven
water oxidation (Figure 7B).”" The HOMO level of the
CDs was 7.78 ¢V (vs. RHE), and this was more positive
compared with the thermodynamic redox potential for
water oxidation, 1.23 V (vs. RHE), and the onset potential
for water oxidation by Co-POM, 1.769 V (vs. RHE). Thus,
the HOMO level of CDs can provide an optimal band gap
and band-edge position for effective water oxidation re-
actions. Owing to the shortcut transfer of photogenerated
holes under visible-light irradiation, the CD/Co-POM
hybrid provides a rapid scavenging of holes and
collection of a long-lived oxidation state of Co-POM for
efficient solar water oxidation. The reduction in PL in-
tensity and PL lifetime supports the efficient transfer of
charge carriers from CD to Co-POM. The PL intensity of

CARBON ENERGY-WI LEy—L &

CD/Co-POM reduced by 72%, compared with that of the
CD, and the PL lifetime decreased from 4.12 ns in CD to
1.77ns in CD/Co-POM. As a result, the CD/Co-POM
hybrid exhibited a high turnover number of 552 for
oxygen generation, achieving an excellent performance
in the photocatalytic oxygen evolution.

Achilleos et al.”> employed CDs as light absorbers,
along with a nickel (Ni) bis(disphosphine) H, evolution
cocatalyst (NiP) for the conversion of biomass into renew-
able H, and organics (Figure 7C). The CDs exhibit two
characteristics for efficient photocatalysis: (i) the presence
of both oxidative and reductive quenching mechanisms,
and (ii) slow bimolecular recombination and higher yields
of long-lived carriers. To understand the electron transfer
dynamics between CDs and NiP, TA spectroscopy in the
femtosecond-nanosecond (fs-TA) and microsecond-second
(us-TA) regimes was employed. According to the fs-TA
spectrum (355-nm excitation), the CDs showed broad ab-
sorption properties in the visible region. When ethylene-
diamine tetraacetic acid (EDTA) was added as a sacrificial
electron donor, the absorption decayed faster by approxi-
mately twice the original value, with the decay half-life
increasing from 20 to 40 ps, because the light-induced h*
was scavenged by EDTA. Furthermore, when NiP was
added as an electron scavenger, quenching of the electron
signal (~0.5ms) was induced, and a negative signal was
assigned to the ground-state bleach of NiP, as its reduction
by CDs was observed at 500 nm. This indicates a direct
electron transfer from CDs* to NiP, reflecting oxidative
quenching. Meanwhile, the addition of EDTA caused pro-
longed electron signals at 700 nm, demonstrating that re-
ductive quenching depends on the differences in the energy
of trapped charges. In addition, the bimolecular re-
combination lifetime of CD is approximately 45 ps, and the
proportion of long-lived carriers is approximately 15%-20%.
On the basis of these results, CDs can be considered as
excellent photocatalysts for photoreforming.

Li et al.”® fabricated a Ru@CD photocatalyst for hy-
drogen evolution reaction (HER). The collaborative effect
between the CDs and Ru nanoparticles facilitated the ad-
sorption and dissociation of H,O molecules. As the elec-
trons transfer from H,O through Ru to the C atom of CDs,
charge density redistribution is induced, leading to
electron-abundant CDs and a hole-abundant Ru cluster.
Therefore, the polarized Ru cluster adsorbed on the CDs
acts as a charge donor to enhance the Ru-O interaction,
facilitating the dissociation of H,O. Meanwhile, dissociated
H atoms were captured by the Ru-H interaction, thereby
promoting H, generation. Owing to these characteristics,
Ru@CDs can be applied as promising HER catalysts. In
particular, Ru@CD that was annealed at 480°C (named
as Ru@CDggy) exhibited the highest HER activity
(Figure 7D). Ru@CDyg, showed a low overpotential of



KIM ET AL.

WILEY-CARBON ENERGY

16

.\ﬁ_zaosncoo JLI)I9[9 ‘O JEEQOQE\E U I_/quINU ISA0WIN) ‘NQJ, -90UR)ISISaT H&mcmb.vmﬁmso 92y {uoT)oRAI UOIIONPAL ua8Axo “AIO ‘uonoear
uonnoAd udSAX0o “YHO 19qUINU JJSUBI) UOIIID ‘U AJISuap juarind Sunrwiy “If (AISusp JUALIND ‘f ‘UOIIOBAI UONN[0AD UZ0IpAY “YHH ‘[enusjod aaem-Jley ‘“/Lg ‘uonoeal uonodnpal Q) YYD :SUONLIAIqQY

10)dadoe pue

or B3 0Ny (FH pue QD JO SSIOUIIDLIS JIePeIe [810}) %S6~ ‘W A LTO WIC0D pue YHH JIOUOp UOIIOJ[H YNED-SAD-"0f0D
(o101 UOT)ORAI (dHQ) 91eUO0qIRIIP-§‘c-auIpLIAdAylowIp 103daooe pue
o83 g uoneprxoojoyd) | _urw €00 ‘(dHA-¥'T JO UOISIDAUOD) %6°E€6 -9‘Z-0IpAYIP-+*T JO UONEBPIX0010YJ IOUuOp UoII[H saD-npuyz

(uonyepeI3ap anjq SUSAYISUL
JO 91l UONOBAI) |_UIW (0200 ‘(AOUsIOyje uonepeidap

an[q SULAYIOW) %76 (UOnINPaI (TA)ID JO djel anjq ausAylaw jo uonepeidapojoyd 10)doooe pue
oo T8 39 OBUS  UOWORAI) | _UIW (64500 ‘(AoUsromge uononpar (IA)D) %S6 pue (IA)ID JO uoronpaiojoyd IOUOp UOIIH sodwod saD/(2.1)d88-TIN-“HN
(are1Ax0qIRIP-Gc-aurpLIAd[AylowIp 101d2ooe pue
1 Te 1 Ay (0) [_wo-sNTLT -9°C-0IPAYIP-+T) dHA-+T JO UOIEPIX00}0Yd Jouop uonod9ry sad padop-N-nD
(ep1ntu uoqres onydeid)
s T6 33 NOZ (3381 UONN(0Ad UdZ0IpAY onAreredojoyd) Y- _3-jowr ogcT MAH 103dedoe uonodrd  YNED-8/(saD padop-usdoniu) sad-N
() vsE9 ()
e BRTT  , WO-VW80 ‘(edoys 1oyeL) ;_09p-Aw Lt ‘(L) 7 WY 0T YAH 103deode uoxodg sqOONY
Lo T8 12 0ss0yg PIRIA %78  uonelAy[eoion(iad [edIpel [BdIWayd0J0YJ IOuOp UOIIH sap padop-N
() 18°€
s T8 10 WE], UeA ‘@) A9z 0— ‘(Tenuatod 39suo) A 50°0— ‘(1) L WO YW Y (0] JIOUOp UO0I}OH sgD padop-g
N EER YN ) 7 WY 00T ‘(adors [93e1) 109" AW 86T WIC0D JIOUOp UO0I)IH sa) padop-N
.o T8 19 sey uruw g 193¢ uonepeidep dordwo) jueinyjod oruesio jo uonepeiSopojoyd IOUOp UOIIIA[H OLL@sa) padop-N
< T8 19 S[epUNIBN (NOL) 19 F #601 JdH JIouop uond9[q dIN-AdD
2 T8 13 SO9[IYOY (owuneyI] uoryeuIquIodal) sd sy NAH IOuOp UOIIH (surydsoydip)siq [o3o1u) JIN/AD
pLIgAY (S1erRIomoxoAod
1o Te 38 10y (NOL) ¢ss 40 JIOUOp UOIIAH eq0d) INOJ-0D/dD
05 T8 30 YOX (ded pueq) A2 7' Sumds 101eMm [[IAQ Iouop uonddg s padop-N
SOOUAIYY Aduamonga onirere) uonyesrdde snAireyen sdp Jo 9oy STeLIdJRIAL

sysArereoojoyd se s jo sojdwexs sanejussardoy 7 ATIV.L



17

RBON ENERGY-WILEY

A

Ko
\ 4

KIM ET AL.

‘

o1 T8 19 Sueyz

4 Te 1 1T

(°Y) U L€ F 0€T (@DD) %020 (1) ,_wo-yw 841

(edots [938L) [_O9p-AW Lty ‘(W) Amo

oo, Te 39 Sueyz  (uonepeidep [ousyd) %9°TS ‘(UONEBPRIISP dN[q SUSAYIOW) %T L6

gor BT

Lo, B 39 u_YD

oor 18 19 Suem

<o/ T8 30 TUS

o TB 39 URd
gor 1€ 19 X
o'Te 39 Suoy

SAIURIJIY

(°¥) JWo-1 0L “(RMqess) %6°06 ‘(M) ,_wo-vw 601
(Yp) ,_wo-yu £ € ‘(Tenuajod 3asu0) A 12°0

(®¥) U LT ‘(Teniuarod 10sUo0) A 7800

(49p) ,_wo-yw 941

(_UTw €20°0

(82d) %62°T ‘(M) ,_Wo-YUW 66
(19) ,_wd-yw zH'T

Aouaronge anAirere)

UOT)BPIXO I3JBA

ddH

sjueinyjod
oruesdio jo uonepeidap DAJ

Sumipds 1o1em DHJ

ddH

swy ury) ad4Ky-d Suniodsuen-ojoH
UOISIOAUO0D ASI19Ud Ie[0S DAJ

an[q AudAYIaW Jo uonepeidaq
Fumids 17em DAL

UoInepIxo I19jem DAJ

uonesridde snireyen

101d2ooe
uond[g

101doooe
uonda[g

101doooe
U0I309[q

101daooe
uonodarg

101doooe
U019

10)daooe
uonodaTg

I0OUOpP UOI}OJ[H
JI0UOp UOIIOJH
I0OUOpP UOI}OJH
JI0UOpP UOIIOJH

Sao Jo s[oy

‘Tenuajodrono ‘i

‘oue)sIsal Iaysue}-a81eyd Py {eorwayoonodsRojoyd ‘OHd Aousie jusrmd-o3-uojoyd “gOd op uoqres padop-N ‘AON Kisusp juaiinoojoyd U4y fuonoral uonnjoas uaSoIpAy “YHH 0P UOQIRD (D) SUOHRIASIQQY

f0%4-"0%0D/ad

sqOONY

s9j1soduwod
(epmu uoqred snryders) YND-8/ad

saD/stnd

(uooryts 2d&y-u) 1S-, du/SAON

aysodwiod NOSND/SAd

saysodwod QM /SaD

swyy uonoun(o1a}ay aqnioueu COLL-AD
apourojoyd YOAIL/SAD/HOOI/HOOIN
fOM/SAON

S[eLId)BIAL

s)sATere00110919030yd J03 SOD Jo sojdurexs aanejussardey € ATAV.L



18 U ) KIM ET AL.
5w LEY,ARBON ENERGY
QC ON
(A) sp? (B)
hv
cD Co-POM 5
-4.0- H'H, F
dremecerccsnssnnecncncnnenencnnnenasan. —0.0
< -5.0- — - <
E Aannizas Lo LY s 0/HO _I-1.0 g
> -6.0— i -
@ ] -2.0 3
¢ .7.0 oy =5
w - 4 — 3.0 <
-8.0— HOM B
- o —4.0
(€) (D)
Reductive Qu hing Oxidative Quenching
Easy to oxidize . 0.28
Easily oxidized NiP o 300C o = 300C
g.zo.—dOO’C - 0241 « a0oc
< 480 . 0.204{ 4 480T 117 mV dec”
ke E  |—s0oc ;013- S
NiP- =404 gooc - el :::g 103 mV dec’
® {—7100C w0124 " ok
c L PUC = .
CD (h) ' £ 0.08- a
8 / 135 mV dec
R
Donor E.so 8_0.04- 86 MV doc” e 39 MV dec”
£ 0.00-
8—100 S A A || S— 6-0.04 e S
0.7 06 05 04 03 02 0.1 0.0 0.1 04 02 00 02 04 06 08 10
- Donor ** E (V vs RHE) log [ /(mA cm™)]
Difficult to oxidize

FIGURE 7 (A) Schematic illustration of the configuration and energy diagram of N-doped CDs. Reproduced with permission:
Copyright 2014, Wiley.”® (B) Schematics of photoelectron transfer reaction and band diagram of CD and Co-POM (cobalt polyoxometalate).
Reproduced with permission: Copyright 2018, American Chemical Society.”" (C) Feasible charge-transfer reactions of CDs with NiP (Ni bis
(disphosphine)). Reproduced with permission: Copyright 2020, Wiley.”” (D) HER polarization curves and Tafel plots of Ru@CDs annealed
at different temperatures and Pt/C catalyst as the control group. Reproduced with permission: Copyright 2018, Wiley.”® CD, carbon dot;
HER, hydrogen evolution reaction; HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital

10mV and a Tafel slope of approximately 47 mV-dec™,

which is superior to that of a commercial Pt/C catalyst
(39mV-dec™?). In addition, Ru@CD,g, showed an ex-
cellent exchange current density of 0.80 mA-cm™> and
charge-transfer resistance (R.) of 6.35Q, which is ap-
proximately twice as low as that of the commercial Pt/C
catalyst (39 mV-dec™'). These results indicate that
Ru@CD,g, possesses excellent charge-transfer capacity and
fast interfacial electronic transfer kinetics during HER due
to the synergistic effect between the Ru nanoparticles
and CDs.

5.3 | Photoelectrocatalysts

CDs can significantly improve PEC properties due to the
quantum size effect, broadband optical absorption, high
electrical conductivity, and analogous semiconductor
properties. Moreover, numerous studies have indicated
that the electron-donating and electron-accepting prop-
erties of CDs may be advantageous for guiding the flow
of photogenerated charges. Therefore, with these char-
acteristics, CDs can be considered as excellent candidates
as sensitizers to enhance the solar absorption of the host
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materials in PEC cells.””'’*'?” According to recent stu-

dies, CDs have been coupled with semiconductor nano-
particles such as Cu,0, TiO,, BiVO,, g-C5Ny, and Cu,S to
improve their PEC performance.'””

In particular, due to the electron affinity of N, it is
known that N-doped CDs exhibit a promising potential
in enhancing PEC performance by increasing the active
sites and effectively improving the charge-transfer rate.
As a representative example, Kong et al.” fabricated a
WO; nanoflake photoanode that was N-doped and CDs-
modified (NCDs/WQO3;) for PEC water oxidation. NCDs/
WO; exhibit an excellent photocurrent density of
1.42mA-cm ™2 (at 1.0V vs. saturated calomel electrode)
in 1 M H,SO, solution and a negative shift of 70 mV in
the onset potential, compared with bare WO;. The me-
chanism of the enhanced PEC activity of NCDs/WOs is
explained based on the movement of the photogenerated
holes and electrons, which occurs because the LUMO of
NCDs is more positive than that of WO; (Figure 8A). The
photogenerated holes from the VB of WO; can be
transferred to the HOMO of N-doped CDs. Moreover, the
photogenerated electrons can transfer from the N-doped
CDs to WO;. Furthermore, owing to the built-in electron
field, the photogenerated electrons and holes are effec-
tively separated.

In contrast to the previous example, there is another
example where CDs act as electron acceptors. Wang
et al.'” fabricated a CD/CuSCN composite thin film
through the decoration of CuSCN nanorod thin films with
CDs. The hybridization of CDs did not change the na-
norod structure and p-type properties of the CuSCN thin
film, and the VB potential of CDs/CuSCN (0.20 V) was
more negative than that of the CuSCN thin film (0.10V),
facilitating charge separation in PEC applications.
Figure 8B shows a schematic diagram of the efficient
charge transfer and separation processes occurring within
the CD/CuSCN thin-film electrode. Upon light irradiation,
the CD/CuSCN thin film can be excited to generate
electron-hole pairs. In addition, when CDs were deco-
rated on the surface of the CuSCN thin film, a hetero-
junction could be developed at the interface between the
CDs and CuSCN nanorods. This facilitates the separation
of photogenerated electron-hole pairs, and photo-
generated electrons can be efficiently transferred from the
CB of CuSCN to the CD surface. Consequently, the pho-
tocurrent of the CD/CuSCN thin film significantly im-
proved by approximately 6.5 times, compared with that of
the pristine CuSCN thin film.

Ye et al.'” fabricated a NiOOH/FeOOH/CDs/BiVO,
(NFCB) photoanode for PEC water splitting by embed-
ding CDs between the BiVO, core and NiOOH/FeOOH
shell. As shown in Figure 8C, when the NFCB photo-
anode was irradiated with visible light, photogenerated

CARBON ENERGY-WI LEY—

electrons and holes were generated by CDs and BiVO,.
In this system, CDs act as photosensitizers that extend
the light-harvesting range of the BiVO, electrode from
UV to near infrared, thus increasing the light absorption
and separation of electrons and holes. At the same time,
CDs improved the hole transport ability by reducing
the conductivity of FeOOH, which functioned as a hole
transport layer. In other words, CDs accelerated the
oxygen evolution reaction kinetics by maintaining effi-
cient hole transfer from BiVO, to the NiOOH/FeOOH
layer. As a result, the NFCB photoanode demonstrated a
noticeable photocurrent density of 5.99 mA-cm™? at
1.23V (vs. RHE) and a high applied bias photon-to-
current efficiency of 2.29% at 0.6 V (vs. RHE).

Zhang et al."”’ synthesized a CDs/g-C5N, (graphitic
carbon nitride) photoanode for the degradation of or-
ganic pollutants (methylene blue and phenol). The in-
troduction of CDs to g-C3N, photoelectrodes effectively
separated the e -h™ pairs and electron transfer from g-
C;N, to the CDs. Thus, the electrons emitted from the
CB of g-C3N, could be trapped by CDs. Therefore, the
CDs could react with molecular oxygen to produce su-
peroxide anion radicals, which oxidized pollutants.
Consequently, the CDs/g-C3N, photoelectrodes de-
monstrated a superior degradation efficiency of 97.2%
(Figure 8D), indicating that the synergistic effect of the
bias potential and illumination enhances the separation
of the electron-hole pairs. Meanwhile, as shown in
Figure 8D, temporal changes in the absorption of me-
thylene blue solutions under visible light were observed
in the presence of CDs/g-CsN,. This result implies the
destruction of the molecular structure of methylene
blue. Furthermore, CDs/g-C5N, showed a longer elec-
tron lifetime (61.2 ms) than that of g-C;N,4 (10.8 ms).
This result suggests an improved charge recombination
of CDs/g-C3N,4. The CDs/g-C;N, photoelectrodes ex-
hibited a remarkable durability and stability. The CDs/
g-C3N, showed only a slight decrease in efficiency from
97.2% to 85.4% after five cycles.

6 | SUMMARY AND OUTLOOK

In this review, we present the recent research progress
on various CD-based photoactive nanocomposites and
their semiconducting features as charge carriers for
solar-to-energy conversion applications. In particular,
this review has focused on a stepwise mechanism that
modulates the photoexcited charge carriers of CD-based
materials from generation to separation and transfer to
overcome the intrinsically low performance of CDs for
applications in practical photovoltaic cells and photo-
catalysts. Although the separation efficiency and
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FIGURE 8 (A) Schematic illustration of the N-doped, carbon dots-modified WO; nanoflake (NCDs/WO3) photoanode. Reproduced
with permission: Copyright 2018, Wiley.®* (B) The diagram illustration of charge transfer and separation process within the fabricated CDs/
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CDs/g-C3N, photoanodes. Reproduced with permission: Copyright 2017, The Royal Society of Chemistry'?’



KIM ET AL.

transfer kinetics of CDs are generally lower than those
of inorganic-based semiconductors, CDs have been
considered as efficient energy converters that prevent
the recombination of photoexcited electron-hole pairs
and facilitate the transfer of charge carriers effectively
by (i) varying chemical functional groups and sp*/sp’
domains on the CD surface, (ii) controlling the surface
charge distribution induced by heteroatom doping, and
(iii) hybridizing nanocomposite assembly with other
nanomaterials, enabling the adjustment of suitable en-
ergy band structures. As the optical properties and
photoactivities of CDs are highly controllable and pro-
cessable with various synthetic protocols, we anticipate
that versatile CDs can serve as a promising alternative
for environment-friendly solar-to-energy and fuel con-
version systems, as well as expand their applications in
future advanced optoelectronics and energy-harvesting
devices.
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