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Abstract

Carbon quantum dots (CQDs) have been developed as a new member of nanocarbons,
characterized by the relatively easy preparation from a wide spectrum of carbonaceous
precursors through either bottom-up or top-down routes. Attractive optoelectronic prop-
erties have been observed with CQDs, including efficient light absorption, variable pho-
toluminescence (PL), unique up-conversion PL and prominent electron transport ability,
which make CQDs an important component with great potential in the design of efficient
visible light-driven photocatalysts. In this chapter, detailed contribution of CQDs to the
enhanced visible light-driven photocatalysis will be included, in the classification of the
role as electron mediator, photosensitizer, spectral converter and sole photocatalyst.
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1. Introduction

Carbon dots have emerged as a new class of quantum dot-like nanocarbons, which are typi-
cally constituted by discrete, quasi-spherical nanoparticles with sizes below 10 nm. The first
discovery of quantum dot-like nanocarbons can be dated back to 2004, when carbon nanopar-
ticles with sizes at about 1 nm were isolated by Xu et al. [1] as a byproduct of preparation
of single-walled carbon nanotubes, separated from carbon soot produced by arc discharge.
However, it was until 2 years later, these new kind of nanocarbons have been documented
as “carbon quantum dots” (CQDs) and boosted widespread interests, since the synthesis of
fluorescent carbon nanoparticles with diameter less than 10 nm from Sun’s group [2].

Distinct from other well developed nanocarbons, such as fullerenes, carbon nanotubes and gra-
phene, CQDs show their unique advantages, including isotropic shapes, ultrafine dimensions,
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tunable surface functionalities as well as the simple, fast and cheap preparations, which are
attractive for a host of applications. Meanwhile, as a new member of quantum dot materials,
CQDs also show potential as replacement for traditional toxic metal-based quantum dots cur-
rently in use, benefiting from their highly hydrophilic surface, high resistance to photobleach-
ing, easy functionalization, chemical inertness, low toxicity and good biocompatibility. Until
now, the applications of CQDs have been widely demonstrated in several fields, ranging from
sensing, bioimaging to catalysis and energy conversion/storage.

This chapter will start with a brief overview about the preparation routes of CQDs, followed
by a quick snapshot of their crystalline and electronic structure as well as the structure-
induced optical properties. Then, the role of CQDs as an active component in modern visible
light photocatalysis will be discussed in detail, based on a short review about works pub-
lished in recent years.

2. Preparation methods

The preparation of CQDs can be generally classified into “top-down” and “bottom-up” routes
(Figure 1). The former involves breaking down of carbonaceous materials via chemical, elec-
trochemical or physical approaches. On the contrary, the latter is realized by carbonization of
small organic molecules followed by chemical fusion. A detailed review about the prepara-
tion of CQDs can be found in several review articles [3-9], and only a brief overview of recent
progresses about the CQDs preparation will be given here.

2.1. Top-down route

The first reported CQDs that isolated by chance from arc-discharged soot were produced
by the top-down method, in which the carbonaceous soot was cleaved through nitric acid
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Figure 1. Schematic illustration of CQD preparation via “top-down” and“bottom-up” approaches.
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oxidation, followed by gel electrophoresis separation to extract CQDs [1]. Subsequently, laser
ablation of graphite using Ar as a carrier gas in the presence of water vapor was proved to be
effective for the preparation of CQDs by means of the top-down route [2]. To date, CQDs have
already been produced from graphite [10], graphene [11], carbon nanotubes (CNTs) [12] and
other materials with sp2 carbon structure as a product of dimension reduction, meanwhile,
through various physicochemical processes, including arc discharge [1], laser ablation [2],
electrochemical exfoliation [13, 14] and chemical oxidation [15, 16]. However, to break down
the chemical inert carbon structure of sp2 covalence bonds, the top-down process is invari-
ably complicated with harsh conditions, some may be environmentally harmful, and thus
not suitable for a large-scale production. In addition, effective control over the particle size of
CQDs product is often difficult to realize in such top-down processes.

2.2. Bottom-up route

On the contrary, the bottom-up methods offer opportunities to control the growth of CQDs by
using organic molecular as carbon precursors. Carbonization reaction can be applied to vari-
ous kinds of molecules, followed by aggregation in solution to produce CQDs. Pulsed laser
irradiation of toluene [17], hydrothermal treatment of citric acid [18], electrochemical carbon-
ization of low-molecular-weight alcohols [19] and microwave-assisted pyrolysis of citric acid
formamide solution [20] have already been utilized for the preparation of CQDs. Recently,
biomass molecules, such as sucrose [21], glucose [22], cellulose [23] and amino acid [24], have
attracted great attentions as suitable precursors for the preparation of CQDs via dehydrate
and further carbonize. Moreover, raw biomass is also suitable precursor for the preparation
of CQDs, as a strategy potential for large-scale production. For instance, Sahu et al. [25] pre-
pared 0.4 g of CQDs from a mixture of orange juice with ethanol by hydrothermal treatment
at 120°C for 2.5 h (Figure 2A). While using chicken eggs as raw material, Chen and coworkers
[26] prepared CQDs via plasma-induced pyrolysis with a yield up to 10 g, suitable for appli-
cations as fluorescent inks (Figure 2B). In comparison with the liquid biomass as precursor,
solid biomass may provide a more practical solution to scale up the synthesis of CQDs due to
their much longer shelf life. For example, hair can be used as carbon source for the synthesis
of CQDs, in utilization of its main component of keratin. A one-step thermal treatment of hair
at 200°C for about 24 h was reported by Guo et al. to obtain CQDs, with the yield estimated to

(A) (B)

Figure 2. (A) Illustration of the formation of CQDs from orange juice by hydrothermal treatment. (B) Fabrication of
CQDs from chicken egg and their application as fluorescent carbon inks. Reprinted with permission [25, 26]. Copyright
2012, Royal Society of Chemistry; Copyright 2012, Wiley-VCH.
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be about 95% [27]. Thanks to the diversity and plenty of biomass, the large-scale synthesis of
CQDs from biomass is of great potential especially in view of practical applications.

3. Structures and properties of CQDs

3.1. Structures

Generally, CQDs are quasi-spherical nanoparticles with diameter less than 10 nm, which can
be amorphous or crystalline nanoparticles built up with sp2 carbon clusters. A typical fringe
spacing of 0.34 nm can readily be distinguished from the high resolution transmission electron
microscopy (HR-TEM) images of well crystalized CQDs, corresponding to the (002) interlayer
spacing of graphite (Figure 3A) [28]. While as a special example of CQDs, graphene quantum
dots (G-CQDs) usually possess a good crystallinity and layered structure (composed by less
than 4, mostly a single graphene layer), with a crystal lattice spacing of 0.24 nm, correspond-
ing to the (100) in-plane lattice parameter of graphene (Figure 3B) [29].

The modulated electronic structure of CQDs is unique among carbonaceous materials,
which is dramatically size dependent. According to the quantum confinement effect (QCE),
a reduced band gap of CQDs can be expected when the dot size increases. Li et al. [30] per-
formed theoretical calculations to investigate the relationship between luminescence and
cluster size of CQDs, who confirmed that the band gap reduced gradually as the size of CQDs
increased (Figure 3C). Meanwhile, variable functional groups (such as hydroxyl and carboxyl)
anchored on the surface of CQDs are indispensable for their excellent aqueous solubility,
which can also greatly affect the electronic structure of CQDs. It has been demonstrated that
different functional groups (either electron withdrawing or electron donating) simultaneously
modulate the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) levels of CQDs, however, with relative small change in the band gap [31].
For instance, an electron donating group could raise both the HOMO and LUMO levels to
higher energy, while an electron withdrawing group would cause a prominent down-shift of
the total energy levels (Figure 3D). In addition, doping with heteroatoms such as nitrogen,
sulfur were found to alter the electronic structures of CQDs significantly. The incorporation
of ~1 at% of S into CQDs could effectively modify their electronic structure by introducing
S-related energy levels between 1 and 7* orbitals of CQDs, which would diversify the elec-
tron transition pathways and facilitate inter band crossing of electrons (Figure 3E) [32].

Overall, the diversity of modulations for CQDs, from size control to surface functional groups
exchange and heteroatom doping, makes it possible in the delicate control over their elec-
tronic structures and optical properties, showing potential as active components in light har-
vesting and utilizations.

3.2. Optical properties

Most notable, unique optical properties are discovered with CQDs, including wide-spectrum
light harvesting from ultraviolet to near-infrared (NIR), tunable photoluminescence (PL) and
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Figure 3. (A) TEM images of CQDs. (B) HR-TEM image of sp2 domains G-CQDs. (C) LUMO-HOMO gap dependence
on the size of CQDs. (D) Energy diagrams of CQDs functionalized with different groups. (E) The proposed energy
level diagram of S-doped CQDs. Reprinted with permission [28-32]. Copyright 2011, Wiley-VCH; copyright 2015, Royal
Society of Chemistry; copyright 2010, Wiley-VCH; copyright 2015, American Chemical Society; copyright 2014, Royal
Society of Chemistry.

efficient multiphoton up-conversion, all of which can be effectively tailored by the artificial
control of the size, shape, surface and doping, based on the remarkable quantum confinement
effect (QCE), surface effect and edge effect.

3.2.1. Absorbance

CQDs are effective photon-harvesting agents especially in short-wavelength region, due to
the m-7* transition of C=C bonds. Typically, CQDs show strong optical absorption in the
UV region (260-320 nm) with a tail extending into the visible range, in which a maximum
peak around 230 nm is assigned to the rt-7t* transition of aromatic C=C bonds and a shoulder
at 300 nm is assigned to the n-rt* transition of C=0O bonds or other surface groups [33]. In
addition, the surface functional groups may also greatly contribute to the absorption at the
UV-visible region, since a gradual red-shifted absorption can be observed after modification
with some passivating agents. For instance, the absorbance of CQDs was found to increase
to longer wavelength in the range of 350-550 nm after surface passivation with 4,7,10-trioxa-
1,13-tridecanediamine (TTDDA) [34]. Moreover, doping with heteroatom is also effective to
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tailor the absorption of CQDs. As reported by Qu et al. [35], the absorption band of S,N-co-
doped CQDs moved into the visible region of 550-595 nm, showing potential as visible light-
harvesting agent.

3.2.2. Photoluminescence (PL)

Tunable photoluminescence, with an emission peak ranging from deep ultraviolet to visible
or even NIR region, is one of the most fascinating features of CQDs. Usually, these observed
tunable PL properties are in close relationship with the QCE or surface effects of CQDs.

It is wildly accepted that the PL of CQDs originates from the emissive surface energy traps
upon stabilization, since surface passivation is often indispensable for photoluminescent
CQDs with high quantum yield (Figure 4A) [36]. Meanwhile, some researchers suggested
that the PL in CQDs may be a result of radiative recombination of surface-confined elec-
trons and holes, based on the observation that PL of CQDs can be effectively quenched by
both electron donors and acceptors [37]. Significantly, this notion indicates that photo-excited
CQDs are both good electron acceptors and electron donors. While in some cases, quantum
size effect is the main reason for the observed size-dependent optical properties of CQDs. As
reported by Li et al. [30], CQDs emitted blue, green, yellow, and orange, respectively, along
with increased dot size under identical A__(Figure 4B). Since no appreciable change in the PL
spectra after further H, plasma treatment to remove surface oxygen species, the luminescence
emissions of CQDs was attributed to the quantum-sized graphite structure rather than the
carbon-oxygen surface. However, contradict results also existed, as Bao et al. [28] observed a
red-shifted PL emission peak when the sizes of CQDs decreased at the same A . Based on the
assumption that smaller CQDs were easily oxidized to take on more oxygen-related surface
states, they suggested the red-shifted PL of CQDs was a result of variations in surface states
rather than a size effect.

Therefore, the origin of the displayed optical properties of CQDs is still in debate, which may
be probably in relationship with the competition between the emissive sites and non-radiative
trap sites on the surface, as well as the quantum confinement effects determined by particle
sizes.

3.2.3. Up-conversion photoluminescence (LICPL)

In contrary to the conventional down-conversion fluorescence emissions (Stokes PL), certain
CQDs are also found to display up-conversion fluorescence emissions (anti-Stokes PL), with
the emission wavelength shorter than the excitation wavelength, arising from the simultane-
ous absorption of two or multiple longer wavelength photons. UCPL is an attractive optical
property of CQDs, which enables many promising applications, especially for photocatalysis
in the visible to NIR spectrum.

The visible emission of ~5 nm CQDs under the excitation of 800 nm femtosecond pulsed laser
was first recorded by Cao et al. [38], who proposed a two-photon mechanism for the up-con-
version emission. Later, several other groups observed similar UCPL from CQDs prepared via
different synthetic routes. For instance, Gan et al. [39] demonstrated that blue light centered
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Figure 4. (A) UV/vis absorption (Abs) and PL emission spectra (recorded for progressively longer excitation wavelengths
from 320 to 520 nm) of PEG,,, passivated CQDs. (B) Optical images of CQDs illuminated under while (above, daylight
lamp) and UV light (bottom, 365 nm). (C) UCPL spectra of CQDs under the excitation of a femtosecond pulsed laser at
800 nm. (D) Schematic illustration of various typical electronic transition processes of CQDs. Normal PL of small size
(a) and large size (b); UCPL of large size (c) and large size (d). Reprinted with permission [30, 36, 39]. Copyright 2009,
Wiley-VCH; copyright 2010, Wiley-VCH; copyright 2013, Wiley-VCH.

at 450 nm was emitted from CQDs under an excitation of 800 nm femtosecond pulsed laser,
and the UCPL intensity was found to relate to the excitation power density (Figure 4C).

However, it was still under debate whether the multiphoton-active process was sufficient to
explain the UCPL phenomenon of CQDs. In view of the practically constant energy difference
of 1.1 eV between the excitation and emission, Shen et al. [40] proposed an anti-stokes tran-
sition mechanism using the energy level structural model, who postulated that low energy
photons could excite 7t electrons (in intermediate levels) to LUMO followed by relaxation into
o orbital (HOMO) for the emission of a shorter wavelength photon (Figure 4D). Therefore,
the constant energy difference here between excitation and emission light is ascribed to the
energy gap between 1 and o orbitals.
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Moreover, Wen et al. [41] recently argued that the observed multiphoton excitation properties
in some CQDs might be artificial and could originate from the normal fluorescence, which
was excited by the second diffraction leaking in the monochromator of the fluorescence spec-
trophotometer. Therefore, great cautions should be paid to the observed UCPL of CQDs, and
it was suggested that the exact up-conversion from CQDs would be excited under a high
enough power density from a femtosecond pulsed laser.

4. Applications in photocatalysis

Based on the generation of charge carriers such as electrons and holes induced by photon
absorption, photocatalysis has found great potentials in the application of both environmen-
tal remediation and energy conversion, ranging from pollutant degradation to H, generation
and CO, reduction. To generate carriers with sufficient redox potentials, wide band gap semi-
conductors (such as TiO,) are often used as photocatalysts, but at the cost of limited utiliza-
tion of only high energy UV irradiation (~5% of sunlight). At the same time, recombination
of charge carriers pervasively exists during their migration through the bulk to the surface
in semiconductor particles, where to initiate photocatalytic reactions. Therefore, evolutions
of photocatalytic system to overcome the low-usage of sunlight as well as high recombina-
tion rate of the photo-induced charge carriers is still an urgent need to improve the overall
quantum efficiency for practical applications. Interestingly, all of the optical and structural
properties of the CQDs mentioned above meet with the requirement of photocatalytic reac-
tions (such as utilization toward solar spectrum, fast migration of charge carriers and efficient
surface redox reactions), indicating the promising application of CQDs in photocatalysis. As
a matter of fact, CQDs have shown their importance as a versatile component especially in
visible light-driven photocatalysis since their discovery, ascribing to the tunable optical prop-
erties (such as absorbance, PL and UCPL) for excellent solar spectrum utilizations, also due
to the electron accepting and transporting features of carbon nanomaterials that can direct
the flow of photogenerated charge carriers. Therefore, CQDs can act not only as an efficient
photocatalyst alone, but also as a multifunctional constituent in the design of photocatalyst
for broadened light response and promoted electron-hole separation. In this section, we will
summarize the fundamentally multifaceted roles of CQDs as an important component in vis-
ible light-driven photocatalysis.

4.1. Electron mediators

Photon-induced charge carriers with a sufficient amount that can migrate to the surface of
semiconductors are at the core of photocatalytic reactions. Since charge carriers can easily be
traps by various random defects, to collect or mediate the flow of charge carriers for efficient
separation is necessary for an effective photocatalyst design. Noble metals with a large work
function are commonly deposited onto the surface of semiconductors to act as an electron
sink and help in an efficient separation of charge carriers. However, the use of noble metals
shows a main drawback of poor economic viability due to their high expense. As a potential
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electron mediator in placement of noble metals for new design of photocatalysts, CQDs show
excellent electron conductivity as well as large electron-storage capacity, benefiting from the
inherent sp2 graphitic carbon compositions.

On the one hand, CQDs can act as conductors for efficient charge carrier transport between
adjacent semiconductors, due to the electron conductivity from the Ohmic contact at the semi-
conductor-CQDs interfaces. Miao et al. [42] fabricated a ternary visible light-driven photocata-
lyst with the construction of g-C,N,/CQDs/AgBr, by the in-situ growth of AgBr nanoparticles
on CQDs modified g-C,N, nanosheets. The nanocomposite exhibited improved photocata-
lytic efficiency for RhB degradation under visible irradiation (>420 nm), which was about 4.0,
5.3 and 2.3 times higher than that of AgBr, g-C.N, and g-C.N,/AgBr, respectively. Due to the
thermodynamically favorable electron transfer upon band alignment, CQDs was believed to
act as mediators to promote the electron transfer from g-C,N, to AgBr for an improved sepa-
ration of electron-hole pairs, responsible for the improved photocatalysis (Figure 5A).

On the other hand, CQDs can act as electron sink to accept photogenerated electrons from adja-
cent semiconductors, and thus to suppress the electron-hole recombination, benefiting from
the large electron-storage capacity of carbon nanostructures. Huang et al. [43] obtained CQDs/
ZnFe O, photocatalysts via a simple hydrothermal route, which showed eight times larger
transient photocurrent response in comparison with that of ZnFe,O, alone under visible irra-
diation (A > 420 nm). In a possible photocatalytic mechanism, the authors inferred that CQDs
could function as an electron reservoir and transporter over CQDs/ZnFe O, hybrids, toimprove
both the separation and transfer efficiency of photogenerated charge carriers (Figure 5B).
Wu et al. [44] demonstrated a case of a bi-quantum dot (QD) photocatalyst for overall water
splitting, in which CQDs and BiVO, QDs were combined together. Without any co-catalysts
or sacrificial reagents but under solar light irradiation, H, evolution of 0.92 umol h™ was
achieved with such hybrids, about four times that of BiVO, QDs. In such a two-electron path-
way reaction, CQDs and BiVO, QDs were believed to be reduction and oxidation reaction
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Figure 5. (A) CQDs as electron conductor at the interface of C,N, and AgBr. (B) CQDs as electron sink at the surface
of ZnFe,O,. Reprinted with permission [42, 43]. Copyright 2017, Elsevier; copyright 2017, American Chemical Society.
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center, respectively. As an effective electron acceptor, CQDs received electrons from VB of
BiVO, before transferring to surface-adsorbed water for hydrogen production.

Therefore, as electron mediators, CQDs show noble metal comparable ability as both conduc-
tor and sink for an efficient charge separation in association with semiconductor photocata-
lysts. At the same time, the relative low cost and easy preparation make CQDs an available
alternative to the expensive noble metal as electron mediators in new design of photocatalysts.

4.2. Photosensitizers

Extending light harvesting, especially by increasing the absorbance of visible photons, has
been a popular strategy to achieve improved efficiency for modern photocatalysis. While the
extended absorption spectrum of semiconductors usually means narrowed bandgap and thus
decreased redox ability, which often obstructs the design of visible light-driven photocata-
lysts. Using visible light photosensitizers that can transfer photogenerated electrons to the
CB of semiconductor in contact has been widely employed to address this conflict. Quantum
dots of CdS, CdSe, PbS, are well known photosensitizers with a relative narrow bandgap to
achieve good light harvesting efficiency, however, still suffer from some inherent drawbacks,
including high cost, instability against photocorrosion and dissolution of toxic heavy-metal
ions. Recently discovered CQDs, as an intriguing member of the nanocarbon family, have
shown great potentials as photosensitizers due to their broad absorption spectra and large
absorption coefficients.

Zhang et al. [45] prepared CQDs with tunable size of 2-5 nm from graphitic polymeric
micelles, which showed high water solubility due to the surface decorated carboxyl groups.
The obtained CQDs were then loaded onto the surface of P25 TiO, through a facial dispersion-
evaporation route, followed by thermal treatment at 300°C in air to remove organic passiv-
ation layer for a close contact at hetero interfaces. The cooperation of CQDs and TiO, was
believed to be responsible for the visible light photocatalytic degradation of MB, since either
CQDs or TiO, alone showed negligible activities. CQDs probably acted as a photosensitizer
in the CQDs/TiO, hybrid, which injected visible light excited electrons into the CB of TiO,,
responsible for the remarkably enhanced visible light photocatalytic activity (Figure 6A).
Wu et al. [46] suggested that the surface groups of CQDs were not necessarily removed
before using as photosensitizers. CQDs with an average size of 30 nm were prepared through
hydrothermal carbonization of pentosan, followed by the preparation of CQDs/TiO, com-
posite through directly drying from the suspension of TiO, in a CQDs aqueous solution. The
CQDs with abundant oxygen-containing groups could act as a photosensitizer to absorb vis-
ible light, with excited electrons transferred to the CB of TiO,. These sensitized electrons then
reacted with O, adsorbed on TiO, surface to produce active oxygen radicals (O,"), which were
responsible for the observed MB degradation. In another case, Yu et al. [47] reported the effi-
cient photocatalytic H, evolution activity of CQDs/P25 composite under both UV-vis and vis-
ible light (A >450 nm) irradiation without the aid of any noble metal cocatalyst. Different from
pure P25, CQDs/P25 exhibited visible light-driven photocatalytic activity for H, production,
ascribing to the photosensitizing ability of CQDs. Just like organic dyes, CQDs sensitized P25
into a visible light responsive “dyade” structure through the newly formed Ti—O—C bond, in
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Figure 6. (A) TEM image of the TiO,/CQDs hybrids and MB concentration (C/C) versus photocatalytic reaction time. (B)
Schematic illustration for the H, production mechanism on the CQDs/TiO, under UV and visible light (A > 450 nm), and
photocatalytic H, evolution rates on CQDs/TiO, with varied CQDs contents under visible (A > 450 nm) irradiation. (C)
Schematic illustration of the C,N,/CQDs composites, and the phototcatalytic performance of C,N, and 0.2 wt%-CQDs/
C,N, for the H, evolution rate under visible (A > 420 nm) irradiation. Reprinted with permission [45, 47, 48]. Copyright
2015, Wiley-VCH; copyright 2014, Royal Society of Chemistry; copyright 2016, Elsevier.

which photo-induced electrons transferred from the excited CQDs to CB states of TiO,, fol-
lowed by reactions with protons for H, production (Figure 6B).

The characterized sp2 carbon composition of CQDs also contributes to the charge transfer
ability as photosensitizers. In a recent report of Liu et al. [48], CQDs synthesized from bee pol-
lens were used to couple with g-C.N, nanosheets for a 2D/0D type photocatalysts via hydro-
thermal treatment. The composite has overcome the limited visible light absorption of CN,,
showing an optimal H, evolution of 88.1 umol/h, 3.02 folds of pristine C,;N, nanosheets. Well
dispersed CQDs uniformly anchored to the C,N, nanosheets network via m-7t stacking inter-
actions were suggested to effectively expand the visible light absorption via photosensitiza-
tion and hence suppress the recombination of photo-induced carriers (Figure 6C).

Overall, due to the excellent light harvesting ability over a broad spectrum, as well as the
effective chemical binding toward semiconductor surface, carbon dots have shown their
potential as alternatives to the scarce and toxic heavy-metal compounds that are currently
used as photosensitizer for visible light harvesting.

4.3. Spectral converters

The UCPL of CQDs is of particular interests in this context, promising an emission of shorter
wavelength photons upon the simultaneous absorption of two or multiple longer wavelength
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photons. Such a spectral converting ability of CQDs provides an attractive strategy for the
design of visible light- or even NIR-responsive photocatalysts. A large number of recent work
concerning about the photocatalytic applications of CQDs have suggested the contribution
of their UCPL properties. Ke et al. [49] used TiO, photocatalysts modified with CQDs to
obtain a 3.6 times higher rate of MB degradation under visible light irradiation (A > 420 nm)
when compared with pure TiO,, and the enhanced photocatalysis was mainly ascribed to
the increased amount of oxidative radicals in hypothesis of the up-conversion process from
CQDs (Figure 7A). Similar results have also been observed with CQDs/g-C\N, hybrids, as
shown by Zhang et al. [50]. After impregnation of CQDs into g-C,N,, a 3.7-fold enhancement
in phenol degradation rate constant can be obtained compared with that of the pristine g-C,N,
under visible light irradiation (A > 400 nm). As suggested by the authors, light of A > 550 nm
could be converted to A <460 nm photons by CQDs, and subsequently excited g-C,N, to gen-
erate electron-hole pairs (Figure 7B). UCPL character of CQDs that enhanced the production
of excitons by extending the visible light-absorption region was supposed to be one important
contribution to the observed enhanced photocatalysis, along with the efficient charge separa-
tion arising from the band structure alignment.

However, some researchers clarified that UCPL of CQDs might not be the main reason for
the improved photocatalytic activity after CQDs introduction. In a recent work of Di et al.
[51], improved photocatalytic degradation of ciprofloxacin on N-CQDs/BiPO4 composite
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Figure 7. (A) UV-vis absorption spectra of TiO, and CQDs/TiO, hybrid, and the EPR spectra of hydroxyl radicals over the
CQDs/TiO, hybrid under visible irradiation (A >420 nm). (B) Apparent rate constants of phenol degradation over CQDs
modified C,N, photocatalysts with varied loading amount, and the schematic illustration of the possible photocatalytic
process on the C,N,/CQDs hybrid under visible light (A > 400 nm). (C) Transient photocurrent responses at an applied
potential of 0 V under visible irradiation (A > 500 nm) for photocatalysts with different composition, and the schematic
energy band diagram of the RhB/CQDs/Ag PO, nanocomposite. Reprinted with permission [49, 50, 52]. Copyright 2017,
Elsevier; copyright 2016, Elsevier; copyright 2016, Elsevier.
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was observed under UV irradiation, but only with negligible efficiency under visible light.
Subsequently, the authors proposed that the up-converted PL may not play the crucial role
for the improved activity in this system, instead, molecular oxygen activated by the oxygen
defects on the surface of N-CQDs may be responsible for the organic removal under UV
irradiation.

In fact, no direct evidence has been provided to confirm the contribution of UCPL to the
improved photocatalytic activities postulated in many CQDs based photocatalytic systems.
The generally poor efficiency of up-conversion process in most cases, if such an effect exists,
may lead to its small influence compared to other optoelectronic contributions. Yu et al. [52]
magnified the UCPL of CQDs by means of fluorescence resonance energy transfer (FRET)-
assisted up-conversion process, in which rhodamine B (RhB) was combined with naked
CQDs of 3.4 nm to make a FRET pair. The FRET effect was used to magnify the up-conversion
of CQDs, with the up-converted photons subsequently sensitized Ag,PO, particles and thus
generating 18 times higher photocurrent at A > 500 nm than those without RhB molecules
(Figure 7C).

4.4. Sole photocatalyst

The origin of light absorption in CQDs stems from m-7* (C=C) and n-rt* (C=0) transitions in
the core and on the surface of the particles, respectively, which means that the optoelectronic
properties of CQDs will be readily tuned by both size modulation and chemical modification.
The size effect largely arises from the confinement, causing a separation of w and 7* orbitals
prominently when the domain size is less than 10 nm. At the same time, CQDs rich in surface
oxygen groups are usually p-doped due to the larger electronegativity of oxygen atoms rela-
tive to carbon atoms. Replacing oxygen functional groups on the CQDs surface with nitrogen-
containing groups can readily transform CQDs into an n-type semiconductor. In addition to
surface modification, direct substitution with heteroatoms in the graphene lattice also greatly
affects the optical and electronic properties of CQDs. These excellent properties have gained
CDs with an adjustable band structure together with broadband light-absorption ability,
which inspire their applications as efficient photocatalyst.

Although CQDs alone as photocatalysts show great potential, relatively few examples of
CQDs solely with satisfying photocatalytic activity have been recorded to date, partially due
to the relative poor electron transfer inside the CQDs. Doping with heteroatoms has been
proved to be an effective way to promote electron transfer and thus the performance of the
CQDs as photocatalyst. Cu-N co-doping of CQDs was achieved by Wu et al. [53] through
an one-step pyrolytic synthesis with Na, [Cu(EDTA)] as precursor (Figure 8A). As a result
of the Cu—N doping, the electron accepting and donating abilities of CQDs could be both
enhanced, together with the increased electric conductivity. These merits ultimately facili-
tated the entire electron-transfer process in CQDs and further improved the photocatalytic
oxidation of 1,4-dihydro-2,6-dimethylpyridine-3,5-dicarboxylate (1,4-DHP). In another case
provided by Martindale et al. [54], N doped CQDs were synthesized by pyrolysis of aspar-
tic acid (Asp) in air at 320°C. CQDs with N doping showed increased specific activity of
7950 umol,, (g.,)" h™ in the solar (AM1.5G) photocatalytic H, evolution system, with an
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Figure 8. (A) (a) The synthetic procedure, (b) TEM images and (c) UV/vis absorption spectra of doped CQDs. (B) (a)
UV/vis absorption spectra of N doped CQDs (g-N-CD), graphite CQDs (g-CD) and amorphous CQDs (a-CD), (b)
photocatalytic H, generation with various amounts of CQDs (0.1-1 mg) under simulated solar irradiation (AM 1.5G,
100 mW cm?). Reprinted with permission [53-55]. Copyright 2015, Wiley-VCH; copyright 2017, Wiley-VCH; copyright
2014, Wiley-VCH.

order of magnitude improvement realized compared to undoped CQDs (Figure 8B). The
authors suggested that nitrogen doping in CQDs increased the efficiency of hole-scavenging
through electron donor effect and thereby significantly extended the lifetime of the photogen-
erated electrons.

Moreover, the electronic structure of CQDs can also be dramatically changed after het-
eroatomic doping. By treating GO in NH, at 500°C followed by oxidation with a modified
Hummers” method, Yeh et al. [55] obtained N doped CQDs and applied as visible light
(A > 420 nm) driven photocatalyst for the overall water-splitting. Based on the electrochemi-
cal Mott-Schottky analysis, N doped CDs showed both p- and n-type conductivities, with the
n-conductivity caused by embedding nitrogen atoms in the graphene frame and the p-con-
ductivity by grafting oxygen functionalities on the graphene surface. The inherent sp2 clus-
ters of CQDs served as the junction between the p- and n-domains to form buitin p-n diodes,
which were responsible for an internal Z-scheme charge transfer at the QD interface, similar
to that of biological photosynthesis (Figure 8C).

Therefore, by suitably adjusting the size, defect densities, atom doping and surface functional
groups, it is possible to tune the electronic structure of CQDs and thus the optical response
over a wide spectrum, allowing the potential application as effective photocatalysts with full
utilization of the solar light.
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5. Summary and outlook

After a decade of extensive investigation, CQDs have already been developed to be one of
the most important members of modern nanocarbon family. Unexpected optoelectronic
properties have been observed with this initially emergent nanocarbon material, including
UV-visible absorbance, tunable PL and unique UCPL, together with electronic conductivity,
showing the opportunity of further adjustment through surface functionalization and hetero-
atom doping. Specially, the excellent light harvesting capability and efficient photo-induced
electron transfer ability make CQDs an exceptional candidate in visible light-driven photo-
catalytic applications, which play multifaceted roles as electron mediator, photosensitizer,
spectral converter, or photocatalyst. Characterized by low cost, easy preparation, water sol-
uble and nontoxic, CQDs have served as a common replacement for toxic heavy metal-based
QDs and high-expense noble metals as co-catalysts. In addition, benefiting from the generally
simple and economic synthesis of CQDs out of a wide spectrum of biomass carbon sources,
the application of CQDs as photocatalytic component is of great potential in view of large-
scale production especially for technological purpose.
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