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ABSTRACT: Quantum dots (QDs) generally refer to nanoscale particles
of conventional semiconductors that are subject to the quantum-
confinement effect, though other nanomaterials of similar optical and
redox properties are also named as QDs even in the absence of strictly
defined quantum confinement. Among such nanomaterials that have
attracted tremendous recent interest are carbon dots, which are small
carbon nanoparticles with some form of surface passivation, and graphene
quantum dots in various configurations. In this article, we highlight these
carbon-based QDs by focusing on their syntheses, on their photoexcited
state properties and redox processes, and on their applications as
photocatalysts in visible-light carbon dioxide reduction and in water-
splitting, as well as on their mechanistic similarities and differences.
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B INTRODUCTION

Quantum dots (QDs) generally refer to nanoscale particles that
are subject to the quantum-confinement effect."”” Among
extensively investigated QDs are semiconductor nanocrystals of
physical dimensions smaller than the exciton Bohr radius.” For
the now more established cadmium selenide (CdSe) QDs, as a
representative example, the characteristic dependencies of their
electronic and optical properties on the nanocrystal sizes are
reflected in the famous display of beautiful fluorescence colors
by the QDs of different diameters.”* Therefore, the term
“‘quantum dot” in the literature is mostly associated with
nanoscale entities exhibiting size-dependent multicolor fluo-
rescence emissions, despite the fact that the quantum-
confinement has many consequences, especially with respect
to photoinduced redox processes.” These processes drive many
widely pursued energy conversions, from photons to electrons
and vice versa. In fact, there have been extensive investigations
on using semiconductor QDs or nanorods in energy conversion
devices and systems. For example, there have been recent
reports on CdS/CdSe core—shell QDs as “dyes” in dye-
sensitized solar cells (DSSCs) to attain a higher power
conversion efficiency (PCE) than that of traditional DSSCs.”
On the other hand, CdSe/CdS core—shell QDs of high
fluorescence quantum vyields have been used as electro-
luminescent materials in high-performance light emitting
diodes (LEDs).® Semiconductor QDs have also been popular
in the pursuit of other solar energy conversion pathways,
especially as photocatalysts in the water-splitting for hydrogen
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molecules™ ! and the reduction of carbon dioxide (CO,) into

small organic molecules.””™'* Again using CdSe/CdS core—
shell materials for harvesting visible photons (around 450 nm),
Amirav et al. made nanorods of the semiconductors with
platinum metal as cocatalyst for the water-splitting, achieving
high quantum yields.” Han et al. used dihydrolipoic acid
(DHLA) to cap CdSe nanocrystals for QD-sensitized semi-
conductor photocatalysts for improved photochemical quan-
tum vyields in the hydrogen production with visible light
(around 520 nm)."' However, the performance of semi-
conductor QDs in the widely pursued visible-light photo-
catalytic CO, reduction has not been so inspiring, with
generally low to very low quantum yields. For example,
Chaudhary et al. used enzyme-modified CdS nanocrystals as
visible-light photocatalysts for the conversion of CO, to carbon
monoxide (CO), but the observed quantum yields were rather
low."? Interestingly, more recent improvements in performance
have been due to the modification of semiconductor QDs with
carbon nanomaterials for hybrid photocatalysts."*'® As
reported by Yu et al,’s the composite of CdS nanorods and
reduced graphene oxides (CdS-RGO) could be used as
photocatalyst for the conversion of CO, into methane and a
trace amount of methanol under visible light (around 420 nm)
illumination, with the apparent quantum yields significantly
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higher than those achieved with the semiconductor QDs
alone." This and other similar examples argue for the valuable
role of carbon nanomaterials, carbon-based QDs in particular,
in the presently extensively studied energy conversion systems.

Carbon “quantum” dots or carbon dots (Figure 1)'* have
been leading the recent emergence of various carbon-based
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Figure 1. Top: Photographs for an aqueous solution of the PEGsoox-
functionalized carbon dots excited at the indicated wavelengths.'®
Bottom left: Cartoon illustration on an EDA-functionalized carbon
dot, which is essentially a special “core—shell” nanostructure with a
small carbon nanoparticle as the core and a soft shell of tethered EDA
molecules."”® Bottom right: Photographs comparing an aqueous
solution of PEGsyon-functionalized carbon dots and an ethanol
solution of fluorescein under sunlight”® Reprinted in part with
permission from ref 26. Copyright 2010 John Wiley and Sons.

QDs, including the popular graphene quantum dots
(GQDs).**™* These carbon-based QDs share some major
features, including broad optical absorptions due primarily to 7-
plasmon and photoluminescence emissions associated with
structural and surface or edge defects.'®'**® In particular their
photoinduced redox properties and processes are rather
significant and in some cases unique, amenable to applications
in technologies for energy efficiency and renewable ener-
gies.zo_25 In this article, we highlight carbon dots and other
carbon-based QDs including especially various variations of
GQDs, focusing on their syntheses, optical and photoexcited
state properties and redox processes, and applications as
photocatalysts in visible-light CO, conversion and H,
generation from water.

B CARBON DOTS

Carbon dots (Figure 1, also referred to in some literature as
carbon quantum dots or C-Dots) were found originally for their
fluorescence emissions (Figure 1) appearing similar to those in
conventional semiconductor QDs."*™* As in the original
study,'® carbon dots are generally defined as small carbon
nanoparticles with various forms of surface passivation,'®'**®
among which the chemical modification or functionalization
with organic molecules or polymeric species have been more
effective for bright fluorescence emissions.”>>® While fluo-
rescence from “naked” carbon nanoparticles in various
suspensions has been observed, the intensities are relatively
weak, thus making the surface passivation necessary for much
enhanced fluorescence quantum yields.”” This is to a certain
extent analogous to the surface-capping of CdSe nanocrystal
with ZnS in the development history of semiconductor QDs.

8364

The surface passivation likely protects the emissive excited
states, and/or the transient species leading to the emissive
excited states, from possible “quenching”, which should have
similar effects on the energy and charge transfer processes
associated with the same excited states and/or transient species,
thus also relevant to the use of carbon dots in energy
conversion systems.

Optical Properties. Unlike in conventional semiconductor
QDs with band gap absorptions that are subject to the quantum
confinement effect, the photoexcitation of carbon dots is due to
7-plasmon absorption in the core carbon nanoparticles. The
absorption covers a broad UV/vis spectral range, extending into
the near-IR, thus overlapping with a significant portion of the
solar spectrum (Figure 2). In terms of absorptivity values per
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Figure 2. Observed absorption spectrum of broadly distributed carbon
dots in aqueous solution (solid line) compared with the solar spectrum
at the sea level (dashed line).

molar concentration of carbon atoms in the core carbon
nanoparticles, the absorption of carbon dots is relatively strong,
especially in the UV to blue/green spectral region. For example,
results from experiments on carbon nanoparticles of 5—10 nm
in diameter suggested absorptivity values of S0—100 M¢ yom "
cm™! around 450 nm, where Mc ., denotes molar
concentration in terms of carbon atoms in the core carbon
nanoparticles, compared with 16 M yom 'cm™" for Cg, at the
first absorption band maximum.*® These absorptivity values are
roughly the equivalent of up to 750000 and 6 X 10°
MC,Pamde_lcm_1 for the carbon nanoparticles of 5 and 10 nm
in diameter, respectively.

Carbon dots with effective surface passivation are brightly
fluorescent."®'” Among the best performing carbon dots are
those from the functionalization of small carbon nanoparticles
(around 4 nm in average diameter) with diamine-terminated
oligomeric poly(ethylene glycol) (average molecular weight
1500, denoted as PEG 54oy)- As reported by Wang et al,? the
as-synthesized sample of PEGsyn-carbon dots exhibited
fluorescence quantum yields around 20% in the green. Similar
fluorescence quantum vyields in the blue-green could be
achieved in carbon dots of carbon nanoparticles (from the
carbonization of polyvinylpyrrolidone) surface-passivated with
4,7,10-trioxa-1,13-tridecanediamine (TTDDA) molecules, as
reported recently by Ding et al.*® However, upon gel column
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separation of the PEG syn-carbon dots, the most fluorescent
fraction was much brighter, with observed emission quantum
yields close to 60%.>° The performance is competitive to that of
the commercially supplied green CdSe/ZnS QDs in aqueous
solution and on a substrate at the individual dot level (Figure
3).*° The effect of improved surface passivation on brighter

Figure 3. Fluorescence microscopy images (458 nm excitation)
comparing individual PEGsgoy-functionalized carbon dots (left) with
Invitrogen “QDS2SPEG” QDs (right) on glass substrate.”® Reprinted
with permission from ref 26. Copyright 2010 John Wiley and Sons.

fluorescence emissions was also demonstrated in the doping of
the carbon nanoparticle surface with a conventional semi-
conductor (ZnO, ZnS, or TiO,), combined with the
functionalization by the same PEG, 5oy molecules.’®*' The
fluorescence quantum vyields of these doped carbon dots were
40—50% in the as-synthesized sample and 75—80% for the
most fluorescent fraction from the gel column separation.”"

Carbon dots are strongly multiphoton fluorescent, with the
pulsed laser excitation in the near-IR (800—900 nm) and
emissions detected in the visible."*'”**** The observed two-
photon absorption cross sections are very large, on the order of
40,000 GM (Goeppert-Mayer unit, 1 GM = 1 X 107°° cm* s/
photon) at 800 nm,** again competitive to those of the best-
performing semiconductor QDs and considerably better than
benchmark organic dyes. More recently, Liu et al. found higher
two-photon absorption cross sections in the dots doped with
nitrogen.34

Syntheses. The original preparation of carbon dots was
based on the surface functionalization of carbon nanoparticles
with organic and polymeric molecules using established
chemical reactions.'®** Such an approach is now classified as
being a synthesis with deliberate functionalization.'®'® Since
then, a large number of methods for the preparation or
formation of carbon dots have been reported, though most of
them share a common feature that is the carbonization of

organic or other carbon-rich/containing precursors often in
“one-pot” processing.'®>° These syntheses are generally
different from the deliberate functionalization approach, though
in some cases there may be an overlap, such as the use of
carbon nanoparticles from the carbonization processing as
precursors for deliberate surface chemical functionalization to
obtain brightly fluorescent carbon dots. For example, Peng and
Travas-Sejdic prepared carbon dots by the dehydration of
carbohydrates with strong acids and the passivation with 4,7,10-
trioxa-1,13-tridecanediamine (TTDDA).*> There have been
many choices of surface passivation agent for the chemical
functionalization approach, such as various oligomeric PEG
diamines in addition to PEG sy discussed above, amino-
polymers, and other amine-terminated molecules.

The one-pot processing is convenient and versatile, but less
controllable, yielding carbon dots of widely varying optical
properties and performances.'®>° Among some representative
examples, Dong et al. used a mixture of citric acid and branched
polyethylenimine as precursor for the one-step carbonization
synthesis of carbon dots.>* Zhu et al. made carbon dots by
heatin% a solution of saccharide and PEG in a microwave
oven;>’ and Yang et al. obtained carbon dots from the
hydrothermal carbonization of chitosan.® The list goes on for
the carbonization synthesis of carbon dots, with the selection of
precursors as diverse as one could imagine, including various
fruit juices, watermelon or pomelo peels, many food items,
grass and plant leaves, and so on.'**° Although there is
nothing unique about the carbon dots prepared with many of
these selected precursors, the diversity of sources does suggest
that carbon dots are not so “picky” with respect to the purity or
exact composition of the underlying dot materials beyond the
predominating carbon content. This is probably due to the fact
that the excited-state properties of carbon dots are dictated by
defects.”®

Mechanistic Issues. The presently adopted mechanistic
framework is such that the photoexcitation of core carbon
nanoparticles in carbon dots results in efficient charge
separation, with the electrons and holes (or radical anions
and cations in a different description) trapped at various surface
sites of the nanoparticles, with the radiative recombinations of
the electrons and holes being responsible for the observed
fluorescence emissions (Figure 4).25’39 This is in some respects
similar to the photoexcited state mechanism in conventional
semiconductor QDs. Although the classical quantum confine-
ment found in semiconductor QDs is not applicable in carbon
dots, as the emission colors in the latter are associated with
different trapping sites and/or recombination paths of the
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Figure 4. Middle: Cartoon illustration of the mechanistic framework on photoexcited state processes in carbon dots (with the rainbow color showing
fluorescence from radiative recombinations of the electrons and holes). Left and right: Stern—Volmer plots for the fluorescence quenching by (left)

electron donor N,N-diethylaniline (DEA) and (right) by acceptor 2,4-dinitrotoluene at different excitation wavelengths.
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Figure 5. Top: Isolated sp” islands in a graphene sheet and a photo showing bandgap fluorescence in solution (right), and a multiple-layer §raphene
piece (left). Bottom: Carbon nanoparticle with surface defects (left), and fluorescence emission color variations in carbon dots (right).2

electrons and holes, the small size for the core carbon
nanoparticles is required for an extremely large surface-to-
volume ratio to ensure a large population of diverse surface
defect sites. Therefore, the “quantum-sized” for core carbon
nanoparticles in carbon dots has different meanings and
consequences in the associated optical and electronic properties
from those with semiconductor nanocrystals. Similarly, the size
dependence in carbon dots, for which well-controlled
experimental investigations are still needed, also has different
characteristics. In principle, a change in the particle size alters
the surface-to-volume ratio for the particle, which may change
the surface defect sites and the radiative recombination paths,
among other possible structural and energetic effects.

The diverse nature in structures and energetics of defect-
derived surface sites is likely responsible for a large population
of emissive excited states accessible with a selection of different
excitation energies. This is manifested experimentally by the
progressive excitation wavelength dependent multicolor fluo-
rescence emissions, which collectively cover the entire UV/vis
spectral region, extending into the near-IR.'*'®*72° The
inhomogeneity in the emissive excited states of carbon dots is
also reflected in the results of fluorescence decays, which are
generally mixtures of multiple components.”**** Despite the
obvious complexity, the experimental decay curves have
allowed an estimate of the fluorescence lifetimes, which are
mostly on the order of nanoseconds.>****°

A direct probing of the photoinducted charge separation
and/or the associated electrons and holes in carbon dots has
yet to be accomplished. However, there is indirect experimental
evidence on the excited state redox species and pro-
cesses.>”*'"** Among more compelling are the results
suggesting that photoexcited carbon dots are both excellent
electron donors and acceptors, with fluorescence emissions
quenched efficiently by electron acceptor and donor molecules
statically and dynamically in a diffusion-controlled fashion
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(Figure 4).* Mechanistically, the fluorescence quenching
results are readily explained in terms of the electron acceptor
or donor quenchers scavenging the electrons and holes in
carbon dots, respectively, thus disrupting the redox species’
radiative recombinations (Figure 4). The photoinduced
electron transfer properties were confirmed by Kang et al. in
fluorescence decay studies of carbon dots with the same
electron acceptor and donor quenchers as those in ref 39
(Figure 4), 2,4-dinitrotoluene and N,N-diethylaniline, respec-
tively.*! The redox active nature of photoexcited carbon dots
was also demonstrated in the reduction of metal ions in an
aqueous solution.*”**  Specifically, the photoirradiation of
carbon dots solution with a noble metal (silver, gold, or
platinum) salt resulted in the formation and deposition of the
noble metal on the dot surface. Because the noble metal is
electron affinitive, it takes electrons from the attached carbon
dots, again disrupting the radiative recombinations, to result in
the observed extremely efficient static quenching of fluo-
rescence emissions.*” The photoreductive deposition of metals
on carbon dots has valuable applications, such as the use of
carbon dots as photocatalysts with the deposited metal as a
cocatalyst (discussed in more detail below). Choi et al. also
exploited the same processing to decorate the surface of carbon
dots with plasmonic silver nanoparticles for hybrid nanodots of
enhanced light harvesting capability in optoelectronic devices.*

Carbon dots are obviously capable of harvesting photons
over the solar spectrum, with their photoexcited states and the
associated transient species responsible for bright fluorescence
emissions as well as redox processes amenable to productive
uses in energy conversion systems. Because of their optical and
photoinduced redox properties, which derive exclusively from
defects in the core carbon nanoparticles and are enhanced
dramatically by effective passivation of the defects, carbon dots
may play a dominating role among carbon-based nanostruc-
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tures in which the same properties can be attributed mostly to
the presence of structural and/or surface-edge defects.

B OTHER CARBON-BASED QDS

Again, the term “QDs” in the literature has often been
associated with the observation of multicolor fluorescence
emissions corresponding to different excitation wavelengths. In
this regard, the finding of carbon dots could be traced back to
the study of defect-derived photoluminescence emissions in
functionalized carbon nanotubes.** Indeed, those emissions and
their excitation wavelength dependence were rather similar to
what were subsequently found in carbon dots, though no
naming of QDs for those photoluminescent carbon nanoma-
terials has been used.

From carbon nanotubes to nanosheets, now commonly
referred to as few-layer graphene sheets (denoted as GN),
similar structural and/or edge defects are abundant.*® There-
fore, it is no surprise that largely the same excitation wavelength
dependent multicolor fluorescence emissions as those in carbon
nanotubes were found in GNs, more so in chemically
functionalized GNs.*>*® These fluorescent carbon nanomateri-
als, along with single-layer graphene oxides (GOs) or other
single-layer graphene sheets with defects, are now generally and
apparently rather loosely referred to as “graphene quantum
dots” (GQDs).>' ™ As to be discussed in more detail below, a
common characteristics shared by these fluorescent carbon
nanomaterials is their surface and edge defects (Figure S), as
well as the often dramatic effect associated with the passivation
of the defects.”®

Single-Layer Reduced GOs as GQDs. When strictly
defined, a GQD should be a conjugated “z-island” in a single-
layer graphene sheet (thus without any interlayer quenching
effect, which could be substantial), as clearly presented in some
literature reports, such as the one due to Chhowalla and co-
workers (Figure 6).*” There have only been a few studies in
which the z-islands (also called “spislands”) were created
from single-layer graphene sheets.**~>° As an example, Gokus

Energy gap (eV)
N

20 30
Number of aromatic rings (N)

40

Figure 6. Top: (a—c) Illustration on z-islands on a graphene sheet.
Bottom: The energy gap of 7—7* transitions calculated based on DFT
as a function of the number of fused aromatic rings.*’ Reprinted with
permission from ref 47. Copyright 2009 John Wiley and Sons.
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et al. used single-layer graphene from mechanical exfoliation for
oxygen plasma etching, from which the resulting sample
exhibited significant photoluminescence, whereas the same
processing of multilayer graphene flakes yielded samples of no
photoluminescence emissions, a manifestation of the expected
significant interlayer quenching effect.*®

Single-layer graphene sheets represent a precious commod-
ity, so that their use as precursor in oxidative processing for
GQDs has understandably been scarce. The reverse has been
applied to the preparation of GQDs in most studies, namely
that single-layer graphene oxides (GOs) from the exhaustive
oxidation of graphite and then exfoliation have been used as
precursor for partial reduction into GQDs.”*** Therefore, these
GQDs are essentially reduced (partially or somewhat controlled
in the reduction processing) single-layer GOs (or single-layer
rGOs). To avoid any interlayer quenching, the photo-
luminescent rGOs must be protected from restacking or the
like.** Widely cited among such preparations was again the
study by Chhowalla and co-workers.*” The single-layer rGOs
thus prepared were targeted to contain conjugated sp” carbon
clusters of various dimensions, corresponding to different band-
gaps and their associated optical transitions (Figure 6),*” which
are conceptually and practically similar to those found in
conventional semiconductor QDs.>*

Lu et al. reported on the direct synthesis of mostly single-
layer graphene sheets by using C4, precursor on Ru (0001)
surface under different annealing conditions.*” These sheet-like
GQDs were of different shapes (triangular, parallelogram, and
hexagonal) and varying lateral dimensions, which enabled a
correlation on the size dependence of the electronic band
gap.*” Unfortunately, no evaluation on the photoluminescence
properties in these small pieces of single-layer graphene was
reported, as one might wonder how substantial would be the
effect due to the relatively large number of surface defects (with
respect to the sizes of these pieces). Conceptually similar was
the work done by Chen et al,*® in which one-step microwave-
assisted hydrothermal processing of GOs in strong acid media
was used for primarily single-layer graphene pieces as GQDs.
The average diameter of the GQDs was estimated as being
around 3 nm in TEM analyses, and topographic heights less
than 0.7 nm based on AFM imaging. The GQDs at 260 nm
excitation emitted blue luminescence (centered around 420
nm). Although the optical transitions were assigned as being
7—7* in nature associated with the aromatic sp> domains, the
extremely large apparent Stokes shift would suggest that the
observed luminescence might contain significant contributions
from defect-derived emissions.”*

It should be recognized that for the strictly defined GQDs
(essentially the same as conventional semiconductor QDs in
two-dimension) the desired observation of semiconductor QD-
like optical properties is problematic because of the intrinsic
association of GQDs with defects. In fact, the creation of the 7-
islands in a graphene sheet (Figures S and 6) or a standalone
small piece of single-layer graphene relies on the introduction
of defects in the sheet structure or at the sheet edges,
respectively, so that effects of the defects on the photoexcited
state and redox properties in GQDs are unavoidable. The
available experimental results have suggested that photo-
luminescence emissions from defect-derived contributions are
generally strong and often overwhelming in comparison with
those due to the mechanism of the strictly defined GQDs.*®
Many of the reported studies specifically targeting single-layer
graphene sheets were subject to “contaminations” due to
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defects and also multilayer pieces in which the defect
contributions mi§ht mask the presence of substantial interlayer
quenching.”>*"** The same level of defect-derived effects
should also be expected in the photoexcited state redox
processes relevant to the energy conversion.

Other GQDs. Most of the reported GQDs have been small
pieces of rGOs, as highlighted above for some of those closer to
single-layer graphene pieces, and also pieces from few-layer
graphene sheets (GNs). In fact, the multilayer GQDs are
essentially naked (without deliberate passivation or function-
alization) graphitic nanoparticles, namely carbon nanostruc-
tures containing ordered graphitic layers, though their being
naked has not always been the case because of some of the
methods used for their syntheses.

Pan et al. applied a hydrothermal method to cutting partially
reduced GOs into small pieces as GQDs (1—2 nm in thickness
and about 10 nm in average diameter).>* With UV excitation,
these GQDs exhibited blue emissions of quantum yields about
7%, comparable to those found in luminescent carbon
nanoparticles. Interestingly, the same group reported that the
similarly prepared GQDs of somewhat different physical
dimensions were capable of emitting in the green, with
quantum yield about 7.5% at 420 nm excitation.’* On the
other hand, Sun et al. recently did similar cutting of the GOs
from modified Hummers’ method into small pieces as GQDs
(average thickness around 1.3 nm) but found only rather weak
photoluminescence emissions in the blue to green spectral
region (quantum yields around 1%, improved to 3% upon
hydrothermal treatment of the sample).”> Li et al. used
microwave irradiation of GOs under acidic conditions to obtain
GQDs of greenish-yellow emissions at 360 nm excitation, with
quantum yields close to 12%.°® There have been other similar
studies with somewhat altered experimental strategies, thought
a common attribute of the various GQDs is the photo-
luminescence emissions being nonband-gap in nature, primarily
due to structural and/or edge defects in the graphitic
nanomaterials, as discussed in the report by Galande et al.*’
The term “quasi-molecular fluorescence” was used to describe
the defect-derived emissions, which were mechanistically
rationalized as being from “carboxylic acid groups electronically
coupled with nearby atoms in polycyclic aromatic compound
like moieties” in these partially reduced GO pieces.>’

As discussed above, the available experimental results have
suggested that even in single-layer graphene sheets the defect-
derived photoluminescence emissions are much brighter than
the fluorescence due to band gap transitions. The passivation of
the defects through chemical functionalization or other
modifications, including even the passivation effect by solvent
molecules,®” would result in the emissions being enhanced
substantially. However, these passivated GQDs are concep-
tually and structurally little different from carbon dots, sharing
essentially the same mechanistic framework. Highlighted below
are representative recent examples for GQDs with deliberate
defect passivation through chemical functionalization or other
strategies.

Shen et al. used the PEG diamine (PEG sogy) to passivate
GQDs (small pieces of rGOs) to significantly increase the
photoluminescence quantum yields, more than doubling those
at corresponding excitation wavelengths in GQDs without the
surface passivation.”® Xue et al. introduced polyethylenimine
into the hydrothermal cutting of GOs, coupled with ultra-
filtration to isolate the targeted GQDs exhibiting enhanced
photoluminescence emissions.>” Tetsuka et al. synthesized
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amino-functionalized GQDs in ammonia-mediated reactions of
GOs, achieving photoluminescence quantum yields in the 19—
29% range at 365 nm excitation (Figure 7).%° Similar amino-
functionalized GQDs were prepared by Chattopadhyay and co-
workers from GOs in a more recent study.®’

A & PL/ arb. unit

=5 T —
500 600

N nm

300 400
Figure 7. Top: Cartoon illustration on amine-functionalized GQDs
(af-GQDs). Bottom: (a) Emission images of af-GQDs dispersed in
water (upper) and af-GQD@polymer hybrids (lower) under
irradiation from a 365 nm UV lamp. (b) Photoluminescence and
selected UV/vis absorption spectra of af-GQDs.*" Reprinted with
permission from ref 60. Copyright 2012 John Wiley and Sons.

The photoluminescence emissions in GQDs of the different
kinds, from the predominantly z-islands to small pieces cut
from GOs, are generally in the blue and to a limited extent
green spectral regions under UV excitation. The observed
emission spectra are mostly broad, and mechanistically they are
dominated by defect-derived contributions even in the GQDs
with isolated z-domains for band gap transitions, because the
emissions due to defects and especially passivated defects are
much brighter. Therefore, like in carbon dots, defects in GQDs
play a critical role in dictating the photoexcited state properties
and their associated redox processes, and it is in this regard that
GQDs share essentially the same mechanistic framework with
carbon dots.

Nitrogen-Doped GQDs. The optical properties associated
with defects in carbon nanostructures are apparently not
negatively affected by the presence of other elements such as
nitrogen in the structure or on the surface, and in some cases
the doping with nitrogen actually enhances photoluminescence
emissions signiﬁcantly.é2 For example, GQDs structurally
doped with nitrogen, or “N-GQDs”, were prepared in
hydrothermal processing with citric acid and ethylene diamine
as the carbon and nitrogen sources, respectively, and bright
blue photoluminescence emissions were observed.®> Similar N-
GQDs exhibiting bright green emissions at 390 nm excitation
were obtained from one-pot solvothermal synthesis with DMF
as both solvent and nitrogen source.** More recently, Wang et
al. reported on the synthesis of crystalline GQDs by the
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increasing CO, pressure in reactions under otherwise the same experimental conditions.

69

nitration of pyrenes, followed by hydrothermal treatment in
alkaline solutions with hydrazine hydrate and ammonia, and the
GQDs were found to be strongly absorptive and emissive in the
visible spectral region.”*

Yeh et al. doped GO-like nanostructures with nitrogen to
affect the photoexcited state properties for the use of these
materials as photocatalysts.’* Conceptually somewhat similar
has been the preparation of carbon-based composite or hybrid
nanostructures for the purpose of improved excited state redox
characteristics.”> These nanomaterials, many of which are
photocatalysts, have been designed for potential applications in
various energy conversion systems.

B PHOTOCATALYTIC ENERGY CONVERSION

Solar-driven conversion of CO, into small molecular fuels is
considered as not only an alternative to photovoltaics in the
harvesting of solar energy but also an ultimate solution to the
growing environmental challenge on carbon sequestration.
Semiconductor nanomaterials like colloidal TiO, and CdS as
representative examples have traditionally been employed as
photocatalysts in the relevant reactions. However, many of
these nanoscale semiconductors used for this purpose are
absorptive only or mostly in UV, so that dye sensitization has
been a popular approach to extend the photon harvesting into
the visible.® Conceptually similar has been the use of
semiconductor-carbon nanocomposites as photocatalysts to
take advantage of the optical absorption by nanoscale carbon in
the visible spectrum. As shown in Figure 2, the core carbon
nanoparticles in carbon dots are strongly absorptive over the
UV/vis, extending into the near-IR. The photoexcitation in
carbon dots drives the excited state redox processes, which are
not only responsible for the observed fluorescence emissions
but also make the associated electrons and holes available for
the catalytic energy conversion reactions.”’"® The same
mechanistic framework and photocatalytic activities are
apparently shared by those GQDs and other carbon-based
QD-like nanomaterials in which the photoinduced redox
processes are dominated by defects (Figure 5).>> Highlighted
here are some representative studies in which carbon dots and
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other carbon-based QDs were used as photocatalysts in CO,
reduction and for the generation of H, from water-splitting.

Photocatalytic CO, Reduction with Carbon Dots or
the Like. Again conceptually similar to the photoinduced
redox processes in conventional nanoscale semiconductors, in
carbon dots the photoexcitation results in rapid charge
separation for the formation of electrons and holes, which are
likely “trapped” at various surface sites stabilized (protected
from quenching effects) by the surface passivation (Figure 4).
The photogeneration of these redox species and their
associated properties make carbon dots “nanoscale semi-
conductor-like” in terms of driving photocatalytic processes.
Indeed, it has been demonstrated that carbon dots with surface
passivation by amino or other molecules are capable of serving
as visible-light photocatalysts for CO, reduction in aqueous
solution (Figure 8).577° More specifically, the carbon dots
with the surface functionalization by the PEG diamine
(PEG500n) or 2,2'-(ethylenedioxy)bis(ethylamine) (EDA)
molecules were irradiated with visible light in an aqueous
solution saturated with CO, (or NaHCOj as the CO, source)
and the presence of a sacrificial electron donor like isopropanol,
and the reactions were monitored by the detection and
quantification of formic acid as the primary product (Figure
8).”% There was significant production of formic acid from the
reactions, around 40 ymol g~' h™", better than the performance
with the use of colloidal TiO, (Degussa P2S) and UV
irradiation.”® Since carbon dots are carbon-containing photo-
catalysts, potential involvement of the carbon associated with
the core carbon nanoparticles was a concern, and elaborate
control experiments with the use of *C-labeled CO, source as
well as deuterium-labeled water were performed to confirm the
role of carbon dots in the reactions as photocatalysts, not
reactants.””’® The photocatalytic reduction results have also
contributed to the further understanding of the presently
adopted mechanistic framework for carbon dots, providing
valuable experimental evidence for the presence of photo-
induced charge separation to form harvestable electrons and
holes in carbon dots, as suggested separately by the
fluorescence quenching results (Figure 4).39’42’43
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In colloidal TiO, and other nanoscale semiconductors for the
photocatalytic conversion, it has been well-established that the
doping or coating of the catalysts with a noble metal, which
concentrates the photogenerated electrons against their waste-
ful recombination with the holes, could improve the photo-
catalytic conversion substantially.’® The same strategy was
applied to carbon dots, with their doping by gold or platinum
achieved in photoreductive deposition in aqueous solution of
the corresponding metal salt, which was in fact itself a
photocatalytic reaction based on carbon dots as photo-
catalysts.”” "% For the gold- or platinum-doped carbon dots
as photocatalysts (Figure 8), the CO, _})hotoconversion was
found to be considerably more efficient.’ Beyond formic acid,
other photoproducts have been identified, in which the
characterization and quantification of acetic acid are particularly
signiﬁcant,é9 as the photoreduction of CO, to acetic acid
requires overall eight electrons, regardless of any detailed
mechanisms.””

2CO, + 8H" + 8¢~ — CH,COOH + 2H,0 (1)

where the electrons are typically from sacrificial electron
donors. All of the proposed mechanisms in the literature on the
conversion to acetic acid invoked the involvement of other
small organic molecules as intermediate products,éé’ég’72 not
only suggesting complexity in the photoreduction reactions but
also supporting the notion that carbon dots are uniquely
capable visible-light photocatalysts for the CO, conversion.

The same photodeposition reaction could be used for the
doping of carbon dots with silver, though the resulting
photocatalysts appeared somewhat less effective in comparison
with their gold- or platinum-doped counterparts. In a related
recent study by Choi et al,*® the photodeposition method was
used to prepare carbon dots with the dot surface decorated by
silver nanoparticles. In the preparation, PEG-passivated carbon
dots obtained from the decomposition of cyclodextrin were
photoirradiated with UV light in the presence of AgNOj;. The
resulting silver nanoparticle-decorated carbon dots were found
to be sub-10 nm in sizes in TEM imaging.*’ The same method
was further applied to making the silver nanoparticles more
significant, with the resulting nanostructures characterized as
“heterodimeric silver—carbon dot nanoparticles”, and the
effective quenching of fluorescence in carbon dots by the
presence of neighboring silver nanoparticles was observed.””
Similarly, Mazzier et al. exploited the electron-donating
character of photoexcited carbon dots to grow silver nano-
particles on the surface of carbon dots.”* The results again
served as experimental evidence for the availability of
photogenerated electrons in carbon dots that could be
harvested for productive purposes.

An interesting observation in the use of carbon dots as
photocatalysts for CO, reduction was the apparent CO,
concentration dependence of the product yields, higher at a
higher CO, concentration.”” Experimentally, the CO, concen-
tration variations were achieved with varying CO, pressures
over an aqueous solution in a high-pressure optical cell, with
again the gold-doped carbon dots as photocatalysts for visible-
light excitation (Figure 8) and isopropanol as sacrificial electron
donor. The formic acid production obviously increased more
significantly with the increasing CO, pressure (Figure 8) and
thus correspondingly increasing CO, concentration in the
aqueous solution. At 1,900 psia (about 1.37 M CO, in the
solution), the amount of formic acid was more than an order of
magnitude higher than that produced under ambient CO,
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pressure. Because all other experimental conditions of the
photoreduction reaction were kept the same except for the CO,
pressure (thus correspondingly concentration), the number of
photons harvested by the carbon dots as photocatalysts should
be constant. Therefore, the observed increase in formic acid
production at the high CO, pressure should be a reflection of
the same magnitude of increase in the reaction quantum yield
for this photoproduct.”” This is unique, as no reports are found
on similar results with the use of conventional semiconductor
photocatalysts. Nevertheless, the substantially enhanced photo-
conversion in aqueous solution under higher CO, pressures is
not only important mechanistically, suggesting the role of the
CO, concentration in the harvesting of photogenerated
electrons in carbon dots, but also valuable technologically,
with pressurized CO, as a more favorable reaction condition to
yield larger quantities of the photoproducts.

The photocatalytic characteristics of carbon dots were also
exploited in the fabrication of rGO nanocomposites with gold
nanoparticles.”®

GQDs for Photocatalytic CO, Conversion. In contrast to
their popularity in studies of photoluminescence emissions,
GQDs without surface passivation (thus “naked” when
suspended in a solvent) have apparently generated only limited
interest in terms of their serving as photocatalysts for CO,
conversion. Among scarce reports in the literature was the one
due to Chen and co-workers on the GOs as photocatalysts for
CO, conversion to methanol with simulated solar-light
irradiation.”® The conversion rate was relatively low, 0.172
umol g~ h™", but still approximately 6-fold better than that of
the reference with the use of TiO, in the same study.”®
Similarly, the photocatalytic functions of GOs were exploited
for the photoreduction of noble metal ions into corresgonding
metals, which were deposited on the surface of GOs.”””® The
conception and results of the photocatalytic reduction and
deposition of noble metals were the same as those used in the
preparation of the metal-doped carbon dots as photocatalysts
for CO, conversion reactions,"” ~® but no such applications
were explored with the metal-doped GOs.

One possible explanation on a general lack of popularity with
naked GQDs in photocatalytic conversion of CO, is with their
less robust photoexcited state redox properties, as the CO,
conversion represents one of the most challenging photo-
catalytic reactions. Supporting such an explanation are the
results from the evaluation on using naked carbon nanoparticles
as photocatalysts.”® Without any deliberate surface functional-
ization by organic or other molecules, small carbon nano-
particles, especially those processed by the oxidative acid
treatment, could be dispersed to form relatively stable aqueous
suspensions.”® The suspended carbon nanoparticles could also
harvest visible photons for the photoreductive deposition of a
noble metal like gold or platinum to yield metal-doped carbon
nanoparticles.”® The carbon nanoparticles without metal
doping were found to be generally poor in photocatalytic
performance in the CO, reduction, whereas those with gold
doping exhibited significant improvements, though still not
competitive to their surface-passivated counterparts.”® Mecha-
nistically, the photocatalytic performance might be associated
with the relative stability of the photogenerated redox species in
carbon nanoparticles, which is likely enhanced substantially by
the surface passivation in carbon dots for protection against
quenching effects. The same stability of redox species may be
correlated with the brightness in photoluminescence emissions,
as carbon nanoparticles are only weakly photoluminescent in
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the visible, but upon their effective surface passivation via
chemical functionalization to become carbon dots, the
emissions are dramatically enhanced.

Other Carbon-Based QD-Like Photocatalysts for CO,
Conversion. The photon-harvesting capabilities of carbon-
based QDs or nanoscale carbon entities in general have been
explored for nanocomposite or other hybrid photocatalysts,
especially those for visible-light excitation.®>”*® These are
both conceptually and practically similar to photocatalysts of
dye-sensitized semiconductor nanostructures,66 except that
here the nanoscale carbon domains are also themselves
involved directly in the photoinduced redox processes.

In graphene composites, for example, the graphene acts
either as a functional component or as a substrate for
immobilizing other components. Its large specific surface area
coupled with high conductivity facilitates charge transfer,
transport and subsequent redox reactions, as well as provides
mechanical strength for the composite structure.*>”>*" Li et al.
investigated the use of rGO-ZnO nanocomposites for CO,
photoreduction to methanol, obtaining a production rate of
4.58 umol g~' h™' under simulated sunlight.81 Tan et al.
prepared rGO-TiO, nanocomposites for the CO, conversion to
methane under visible light, with a formation rate of 0.135
umol ¢! h™" (Figure 9).% An et al. synthesized rGO-Cu,O
nanocomposites for the CO, conversion to CO with 400 nm
light, achieving approximately 0.34% in quantum yield.*’
Hersam and co-workers reported that graphene-TiO, nano-
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Figure 9. Top: Schematic illustration on the charge transfer and
separation in the rGO-TiO, composite for the photoreduction of CO,
under visible-light irradiation. Bottom: Time-dependent photocatalytic
formation of methane over pure anatase TiO,, graphite oxide, and
rGO-TiO, under visible-light irradiation.*” Reprinted with permission
from ref 82. Copyright 2013 Springer.
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composites with low defect densities in the graphene were
significantly better than bare TiO, in the visible-light
photoreduction of CO, into methane.** They also found that
the dimension of the carbon nanomaterial played a role in
determining the spectral response of the composite photo-
catalysts, and thus the reaction specificity in CO, photo-
reduction.*> Wang et al. used graphene-WO, composites from
hydrothermal processing for the photoreduction of CO, to
methane under visible light irradiation (production rate ~0.11
pmol/h).%® Ly et al. also applied hydrothermal processing to
the preparation of a composite containing Ni/NiO, rGOs, and
Ta,Og for the photocatalytic reduction of CO, (or CO,/
NaHCO;) and H,O to methanol and H, under UV light.*’

Tu et al. fabricated hollow spheres with alternating Tiy 4,0,
nanosheets and graphene nanosheets for the photocatalytic
CO, conversion to CO and CH,, with observed production
rates of 8.91 umol g~' h™' and 1.14 umol g~' h7},
respectively.*® In a related study, 2D sandwich-like graphene-
TiO, hybrid nanosheets were prepared by using an in situ
simultaneous reduction-hydrolysis technique and used as
photocatalysts for CO, conversion to hydrocarbons (CH,
and C,Hy) in the presence of water vapor, with the highest
production rates of 8 ymol g~' h™' for CH, and 16.8 ymol g~'
h™! for C,H,.*’

The composite or hybrid nanostructures have also included
those containing nitrogen atoms for their serving as photo-
catalysts in the CO, conversion,””** especially the stacked 2D
graphite-like structures called graphitic carbon nitride (g-C;N,,
Figure 10). For example, Dong et al. synthesized g-C;N, by

Figure 10. Representative chemical structure of g-C;N,, with carbon
atoms in gray and nitrogen atoms in blue.”!

heating melamine for the visible-light (wavelength longer than
420 nm) photoreduction of CO, into CO in the presence of
water vapor (~1.9 mM/h production rate).”> Mao et al.
prepared g-C;N, from the pyrolysis of urea for the visible-light
photocatalytic conversion of CO, into methanol (6.28 umol
g™ h™') and ethanol (4.51 umol g~ h™"), with an overall
quantum efficiency of 0.18%.”* Niu et al. reported on the
product selectivity in CO, photoconversion depending on the
band structure of g-C;N,, with the bulk g-C;N, of 2.77 eV in
bandgap corresponding to CH;CHO as the major product and
the g-C;N, nanosheets of 2.97 eV in bandgap to CH, as the
major product.”® Zheng et al. recently synthesized helical g-
C;N, rods on a chiral mesoporous silica template for their
serving as photocatalysts in the CO, conversion, yielding CO
(89 umol h™') and H, (0.3 wmol h™') as major gaseous
products with Co(bpy);Cl, as a redox mediator and triethanol-
amine as an electron donor in acetonitrile under visible-light
(wavelength longer than 420 nm) irradiation.”®
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There have also been various modifications to §—C3N4
targeting improved photocatalytic performance.”’”* For
example, Yu et al. prepared Pt-doped g-C;N, as photocatalysts
for the CO, reduction into CH,, CH;0H, and HCHO under
simulated solar irradiation.”” Similarly, Au or Ag nanoparticles
were photochemically deposited onto g-C;N,, with the
resulting photocatalysts exhibiting improved performance in
the CO, conversion to CH;OH, HCOOH, and CH, under
visible light irradition.”® In another approach, Wang et al.
prepared graphitic carbon nanocomposites with mesostructured
TiO, as photocatalysts for the conversion of CO, to CH, (1.53
umol g~ h™") and CO (10.05 pumol g~' h™") under simulated
solar irradiation.” Recently, Maeda et al. developed hybrid
photocatalysts consisting of carbon nitride (C;N,) and a small
amount of ruthenium complex for the visible-light photo-
reduction of CO, into formic acid (~431 umol g~' h™"), with
an apparent quantum efficiency of up to 1.5% for 400 nm light
irradiation.'” In further investigation they found that the
photoactivity was sensitive to specific surface area and
crystallinity of the C;N,, but largely insensitive to the pore
size and the volume.'®" Similarly, the cobalt complex
Co(bpy);Cl, was combined with g-C;N, for being used as
photocatalysts in the conversion of CO, to CO (1.85 umol
h™"), with triethanolamine as the electron donor and hydrogen
source.'”

For the study of carbon-based QD-like photocatalysts for
CO, reduction in general, a reviewer of this article made some
valuable points, which should be considered in further
investigations. One is on the need to look at and specify the
source of the electrons, as correctly stated by the reviewer that
the “CO, reduction does not occur without oxidation of
something else”, namely the electrons needed for the
photocatalyzed CO, reduction have to come from somewhere.
This has not been a critical issue so far probably because the
conversion yields have generally been very low, thus only a
small number of electrons are needed, which might come from
organic residues in the reaction even without a purposely added
sacrificial electron donor. The other is on the popular use of
photoproduct formation rates for the evaluation of photo-
catalyzed CO, reduction. Again correctly pointed by the
reviewer: “While the rates are indeed important, they are
meaningless unless one knows the light source (wavelength and
intensity).” Experimentally, measurements for the rates are
apparently easier than those for the quantum yields, as for the
latter an accurate determination on the number of photons
absorbed by the photocatalysts is more difficult (especially in
more turbulent reaction mixtures with substantial light
scattering). Therefore, more effort is required for the
measurement of quantum yields and for their correlations
with the rates, including those already available in the literature.

Photocatalytic Generation of H, from Water-Splitting.
In the photocatalytic water-splitting reaction, the photo-
generated electrons and holes act as reducing and oxidizing
agents, producing H, and O,, respectively. The efficient
separation of the gases thus produced is generally a challenge,
so a popular strategy has been the reduction for H,, coupled
with the use of a sacrificial electron donor to scavenge the
holes.>¢591:103 Thermodynamically, the minimal photon energy
required to drive the reactions is in theory about 1.23 eV
(~1,000 nm), but in practice somewhat higher, close to 1.35 eV
(~920 nm) to account for various energy losses.'®® Therefore,
photons over the entire visible spectrum are capable of driving
the reactions, so that there has been extensive effort on the
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search and development of potent visible-light photocatalysts
for ultimately solar H, production.®*"'*> Again with the
absorption of core carbon nanoparticles overlapping with the
solar spectrum for much of the visible (Figure 2), carbon dots
have been explored as photocatalysts for H, generation from
water—splitting.67’w4_107

Cao et al. demonstrated the use of PEG;gn-functionalized
carbon dots, with the doping of gold or platinum metal, for the
visible-light photocatalytic H, generation from water.” There
have also been some limited explorations on the use of GQDs
without any surface modification or other neat carbon
nanostructures as photocatalysts for water—splitting.és’g1’108
More popular and effective have been the photocatalysts
based on nanocomposites containing GQDs or the like, or the
hybrid nanostructures in which the nanoscale carbon serves
essentially the role of visible-light photosensitizer.*® The
materials development for these photocatalysts and their
applications have been largely similar to those in the CO,
conversion discussed above.

Among representative examples, Yu et al. prepared carbon
nanocomposites with TiO, for water-splitting under either UV-
or visible-light illumination.'®* The observed highest hydrogen
production rate was about 9.1 pmol/h, several times higher
than the rate obtained with neat TiO, photocatalysts.'** Wang
et al. applied hydrothermal processing to vitamin C as the
carbon source to obtain carbon-TiO, composite photocatalysts
for H, generation, with the highest production rate up to 739
pmol h™ g™1.'7 Further performance improvements were
achieved with TiO, nanowires in the composite photo-
catalysts."””  Similarly, composite nanostructures of carbon
with various combinations of ZnS, CdSe, TiO,, Ag, and/or
Ag:PW,,0,, were developed for the purpose of photocatalytic
H, generation from water.'% 7!

The carbon-based nanoscale entities in composite photo-
catalysts could be graphene, GOs, and/or g-C;N,. In the early
work by Yeh et al,'"® the H, production was achieved by
photoirradiating a solution of GOs in water—methanol, where
the role of methanol was to serve as a sacrificial electron donor.
In their recent study, the GOs were nitrogen-doped in order to
move the light absorption by the photocatalysts to the visible.**
Li et al. used GOs as support for CdS nanoclusters in the
solvothermal synthesis, followed by the deposition of Pt
nanoparticles as cocatalysts.''> With the resulting photo-
catalysts, an H, production rate of 1.12 mmol/h was achieved
under visible-light irradiation.""” Xiang et al. coupled graphene
with g-C;N, for use as photocatalysts, with Pt as a cocatalyst,
achieving a H, evolution rate ~451 ymol h™' g~! under visible-
light irradiation, better performance than that with only g-
C;N,.'"? The approach for composite photocatalysts apparently
has few limits, with a number of more complex nanostructures
and configurations already explored.®®

Some of the photocatalysts have also been used in the
photoelectrochemical water-splitting for H, genera-
tion,' 9196110114 Eqor example, Zhang et al. used TiO,
nanotube array loaded with carbon quantum dots as photo-
anode in photoelectrochemical cell."” Meng and co-workers
combined GQDs with TiO, nanotube array and also the array
modified by CdS for their evaluation in photoelectrochemical
hydrogen production under simulated sunlight.'**

The studies highlighted above have shown clearly that
nanoscale carbon particles, graphitic pieces (graphene or rGO
sheets), or domains in composite nanostructures not only serve
the function of dyes in dye-sensitized semiconductor photo-
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Table 1. Summary of Relatively High-Yield Photocatalytic Reactions with Carbon-Based Quantum Dots

CO, photoreduction

H, generation

quantum yield quantum
carbon-based quantum dots photocatalyst product yield (%) ref. photocatalyst H, generation yield (%) ref.
carbon dots carbon dots formic acid 0.1-0.2 70 carbon dots 424 pmol g™ h™! 116
40 ymol g h™
Au-doped carbon formic acid up to 1-3 69
dots 1.2 mmol g'h™!
acetic acid
0.06 mmol g~ h™!
other carbon-based QD-Like GO methanol 0.044 117 GO 2.8 mmol h™! 2.17 108
nanomaterials 20 ymol g~'h™!
rGO-ZnO methanol 81 carbon-TiO, 739 pmol g™ h™* 107
4.58 ymol g™ h™*
graphene-TiO, methane 89 Pt/CdS-GOs 1.12 mmol h™! 22.5 112
8 pmol g~'h™!
ethane
16.8 ymol g~' h™!
g-C3N, methanol 0.18 94 Pt/graphene/ 451 pmol g™ h™! 2.6 113
6.28 pymol g'h™" g-CN,
ethanol
4.51 pmol g~ 'h™!
C;N,- ruthenium formic acid 1.5 100
complex 431 pmol g™' h!

catalysts but also participate directly in the photoreduction
reactions for CO, conversion and water-splitting (Table 1).
Particularly interesting and promising for further development
are carbon-based nanocomposite or hybrid photocatalysts,
providing competitive alternatives to the presently dominating
conventional semiconductor-based systems and unique oppor-
tunities.

B CONCLUSION

Carbon-based QDs and related nanomaterials have obviously
emerged to become an important research field that is still
experiencing rapid advances, as reflected by the large number of
recent publications. While most of the research and develop-
ment effort has been on their photoluminescence properties,
which are often considered as being characteristic of QDs, the
photoinduced redox processes in these nanomaterials relevant
to various energy conversion schemes are clearly attracting
growing attention. Among the superior and/or unique features
of carbon-based QDs are their broad and strong absorption
across a major portion of the solar spectrum, efficient charge
separation upon photoexcitation, and subsequent formation of
electrons and holes that can drive productive chemical reactions
(CO, reduction and H, generation from water-splitting in
particular). The fact that carbon at the nanoscale (specifically
small carbon nanoparticles with only a limited content of
randomly mixed graphitic structures) could function similarly
to conventional nanoscale semiconductors challenges the
presently established theoretical frameworks on electronic
structures and transitions, in which a clear distinction between
a molecule and a size-wise comparable nanoscale solid (a Cq,
molecule vs a carbon nanoparticle of 1 nm in diameter, for
example) is still needed or to be improved. What makes the
nanoparticle distinct is the presence of structural and/or
surface-edge defects, which apparently play a dominating role in
carbon dots, GQDs, and their various “derivatives” in terms of
photoexcited state properties and redox processes. Investiga-
tions for further mechanistic understanding of carbon-based
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QDs are certainly in demand. For photocatalytic energy
conversion applications, composite, or hybrid nanostructures
derived from the carbon-based QDs may represent a more
promising platform, and significant advances in high-yield CO,
photoconversion and water-splitting may be expected.
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