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Solar-energy-driven photocatalysis, such as photocatalytic reduction of CO,, is promising simultaneously for the energy and
environmental issues. Coating thin carbon layers with the thickness less than 10 nm on photocatalysts has been developed as an
efficient strategy for enhancing the photocatalytic efficiency in recent years. In the present review, we summarize the crucial
progress on carbon-coated photocatalysts. Origins for the improved light absorption, charge separation, reactant adsorption and
photocatalytic stability on carbon-coated photocatalysts as well as the applications of carbon-coated photocatalysts are dis-
cussed. Future opportunities and challenges associated with carbon-coated photocatalysts are shown at the end of the review. We
hope that the present review can trigger more deep insights on carbon-coated photocatalysts and provide new opportunities for

developing low-cost but efficient photocatalysts.
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1 Introduction

Energy crisis and environmental pollution have become the
most serious concerns for the mankinds [1]. Solar-energy-
driven photocatalysis is a promising strategy to simulta-
neously solve the energy and environmental issues [1-10].
For example, the photocatalytic reduction of carbon dioxide
(CO,) can not only alleviate CO, emission, but also produce
valuable chemicals like methanol (CH;OH) [5—7]. Generally,
a photocatalytic reaction proceeds via five steps, including
(i) light absorption by photocatalysts to generate electron-
hole pairs, (ii) separation of the electron-hole pairs, (iii)
transfer of the electrons and holes independently, (iv) ad-
sorption of reactants on photocatalysts and (v) reaction of the
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adsorbed reactants with the photogenerated charge carriers
[6-10]. Ideal photocatalysts should have high efficiencies in
all of the above steps. But, most of the developed photo-
catalysts suffer from inferior light absorption, fast electron-
hole recombination, poor reactant adsorption and low sta-
bility [4-14]. This makes the photocatalytic efficiency still
far below the requirement of large-scale commercialization.

Carbon, one of the most abundant clements on earth, has
attracted great attention in photocatalysis [14—24]. The carbon
atom is an excellent dopant for photocatalysts, e.g., TiO,. The
carbon dopant enters into photocatalyst lattices, as a substitu-
tional anion or/and an interstitial cation, creating mid-gap
states in the band gaps of photocatalysts. This favors for ex-
tending light absorption, separating photogenerated electron-
hole pairs and adsorbing reactants on photocatalysts, thus
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improving the photocatalytic efficiency [15—19]. Carbon-based
materials, e.g., graphene, are excellent supports for photo-
catalysts, e.g., CdS, due to their tunable structural properties,
unique surface chemistry, superior electronic conductivity as
well as high thermal and chemical stability [20—24]. Photo-
catalysts are anchored on the carbon-based supports via the
interactions of photocatalysts with functional groups of the
carbon-based supports or/and via the bonds between atoms of
photocatalysts and carbon atoms of the carbon-based supports.
This can efficiently suppress photocatalyst aggregations, thus
enlarging surface area and leading to more catalytic active sites
for reactions [21,22]. The carbon-based supports can enhance
the separation and transfer of the photogenerated charge car-
riers, resulting in more charge carriers for reactions. These
advantages of carbon-based supports facilitate surface reac-
tions, thus increasing photocatalytic efficiency [23,24]. Be-
sides, noble metals, e.g., Pt, are usually used as co-catalysts for
providing active sites for photocatalytic reactions [25-27]. But,
the low abundance and the high price limit the applications of
noble metal co-catalysts in large-scale commercialization. It
has been shown that carbon-based materials are excellent al-
ternatives to noble metals, and can be directly used as co-
catalysts for photocatalysis [28-34]. For instance, graphene
oxide nanosheets were found to be highly efficient co-catalysts
for producing CH;0H from the photocatalytic reduction of
CO, with H,O. This is helpful for constructing low-cost but
efficient metal-free photocatalysts [34].

Uniformly coating thin carbon layers, graphitic or amor-
phous, with the thickness less than 10 nm on photocatalysts
to enwrap the photocatalysts, is also a very attractive strategy
to improve photocatalytic efficiency (Figure 1). The carbon-
coating layer can extend light absorption, suppress photo-
catalyst aggregation, promote charge separation and transfer,
and improve reactant adsorption on photocatalysts [35-50].
In addition, different from carbon-based dopants and sup-
ports, the carbon layers coating on photocatalysts isolate the
photocatalysts from the exterior environment [36,38—41].
This makes the carbon-coating strategy have some unique
features. Firstly, the carbon-coated photocatalysts have a
high resistance to photocorrosion, heating, acid and alkali
[38—43]. Secondly, by changing the porous properties of the
carbon coating layer, amounts of photons arriving at photo-
catalyst surface, photogenerated charge carriers as well as
reactant and product molecules transferring between the
photocatalysts and the exterior environment can be tuned.
This is benefit for increasing the activity and selectivity of
photocatalysts [45-50].

Large numbers of reviews about the applications of carbon
in photocatalysis have been published. However, these re-
views focused on carbon-based dopants and supports, and
paid very little attention on carbon-coated photocatalysts
[22-24,35,36,51-53]. Due to the unique features, interest in
carbon-coated photocatalysts is rapidly increasing. In the
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Figure 1 Schematic for the features and applications of carbon-coated
photocatalysts (color online).

present review, we summarize the crucial progress on car-
bon-coated photocatalysts. Origins for the improved light
absorption, charge separation and transfer, reactant adsorp-
tion and photocatalytic stability on carbon-coated photo-
catalysts as well as the applications of carbon-coated
photocatalysts are discussed. At the end of the review, we
highlight the challenges and opportunities for deep in-
vestigations on carbon-coated photocatalysts.

2 Light absorption

Light absorption by photocatalysts results in the excitation of
electrons from the valence band (VB) to the conduction band
(CB) on photocatalysts, forming electrons and holes for
triggering photocatalytic reactions [11]. Lights in different
wavelengths have different energies. The electron excitation
from VB to CB can only occur when photocatalysts absorb
light with energy larger than their band gaps [54,55]. Ul-
traviolet light (<400 nm), visible light (400-760 nm) and
infrared light (>760 nm) are the main parts of sunlight, and
account for about 7%, 50% and 43% of sunlight, respec-
tively. The best scenario that we hope to achieve is that
photocatalysts can absorb light in all wavelengths. However,
a large number of the developed photocatalysts can only be
excited under the irradiation of ultraviolet light due to their
wide band gaps, e.g., TiO,, which is one of the most widely
studied photocatalysts [54-56]. Various photocatalysts re-
sponsive to visible light, such as CdS and Cu,O, have also
been fabricated, but they usually suffer from high electron-
hole recombination rates, low reactant adsorption capacity
and poor photocatalytic stability [54-57].
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Coating carbon layers on photocatalysts, which are only
responsive to ultraviolet light, can extend light absorption to
visible regions [37,40,44,50,58—63]. Wang et al. [37] coated
thin amorphous carbon layers on TiO, to form a core-shell C/
TiO,. During the coating process, some carbon atoms entered
into the TiO, lattice to form some mid-gap states, thus nar-
rowing the band gap of TiO, from 3.3 to 2.9 eV. This re-
sulted in an obviously enhanced absorption in visible light on
C/TiO,, as compared with pure TiO, without carbon. Zhang
et al. [40] prepared a series of ZnO@C nanocables through
coating ZnO nanowires by carbon layers with the thickness
ranging from 3 to 8.5 nm. Pure ZnO without carbon absorbed
ultraviolet light only, but ZnO@C exhibited strong absorp-
tion in both ultraviolet and visible regions (Figure 2). Sun et
al. [50] coated In,0; nanoparticles with thin nitrogen-doped
carbon layers, and broadened the light absorption of In,O5 in
400-800 nm. A composite oxide CuZnO@Fe;O, with a band
gap of about 1.90 eV was found to be able to absorb light
with wavelengths ranging from 200 to 651 nm. After re-
duced graphene oxide (rGO) nanosheets with a thickness
smaller than 1.0 nm on CuZnO@Fe;0, were coated, the
wavelength range of the light absorption was extended to
200-859 nm. The decreased band gap (1.44 eV), which
could be caused by the strong interactions between rGO and
CuZnO@Fe;0,4, was suggested to be the origin for the ex-
tended light absorption on rGO-coated CuZnO@Fe;0, [58].

Some recent studies showed that, by tuning the structural
properties of carbon-coated photocatalysts, the light ab-
sorption range can be further extended to infrared regions
[64,65]. Liang et al. [65] coated thin carbon layers on TiO,
hierarchical nanotubes (HNTSs), nanoparticles (NPs) and
nanorods (NRs) to fabricate TiO,/C HNTs, TiO,/C NPs and
TiO,/C NRs, respectively. As shown in Figure 3, TiO,/C
HNTs, TiO,/C NPs and TiO,/C NRs can absorb the light
covering the ultraviolet, visible and infrared regions. The
band gaps of TiO,/C HNTs, TiO,/ C NPs and TiO,/C NRs
were calculated to be 2.08, 2.37 and 2.26 eV, respectively,
which were smaller than that of pristine TiO, without carbon
(3.3 eV). The smaller band gaps further indicated the en-
hanced abilities of TiO,/C HNTs, TiO,/C NPs and TiO,/C
NRs in light absorption. The light absorption on TiO,/C
HNTs is higher than those of TiO,/C NPs and TiO,/C NRs.
This could be caused by the hetero multichannel structure
formed between TiO, HNTs and carbon layers as well as a
better light trapping properties and multiple reflectance
capability in the hierarchical nanotubes. They also found that
the valence band of TiO,/C HNTs (3.09 eV) located at the
site below the potential for H,O oxidation (1.23 eV). As
such, TiO,/C HNTs was suggested to be benefit for trigger-
ing the H,O oxidation.

The carbon layer in light absorption on carbon-coated
photocatalysts has double roles [37,40,50,58—65]. Firstly, the
carbon layer is an excellent photosensitizer favoring for
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Figure 2 Thermal gravimetric analyses (a) and UV-Vis spectra (b) of
ZnO nanowires and ZnO@C nanocables. Insets of (b) are the digital
photographs of the materials, adapted with permission from Ref. [40],
copyright by Elsevier (2019), and reproduced for clarity (color online).
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Figure 3 UV-Vis-NIR absorption spectra of TiO,/C HNTs, TiO,/C NPs
and TiO,/C NRs, adapted with permission from Ref. [65], copyright by
Elsevier (2019) (color online).

enhancing light absorption [59]. Secondly, the strong inter-
action between carbon layers and photocatalysts leads some
carbon atoms to enter into photocatalyst lattices and creates
mid-gap states, thus narrowing the band gap of photo-
catalysts [37,44,59]. This further enhances light absorption.
A factor crucial for the light absorption on carbon-coated
photocatalysts is the thickness of the carbon layers
[40,59,63,65]. Too thick carbon layers prevent the light from
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reaching the photocatalyst surface, and plenty of photons are
scattered to external environments or/and absorbed by car-
bon layers [59,65]. This reduces the amount of photons ar-
riving at the photocatalyst surface, and thereby decreases the
amount of electrons excited from VB to CB on photo-
catalysts. When too thin carbon layers are coated on photo-
catalysts or photocatalysts are not completely coated, there is
no obvious extension in light absorption [40,60-65]. Another
factor affecting the efficiency of carbon-coated photo-
catalysts in light absorption is the interaction between carbon
layers and photocatalysts [37,61-65]. Some carbon atoms
enter into the photocatalyst lattice due to the carbon-
photocatalyst interaction with a suitable strength [37]. With
too strong carbon-photocatalyst interactions, the conversion
of photocatalysts into carbide species, which have poor light
absorption capabilities, easily occurs [66]. If the carbon-
photocatalyst interaction is too weak, the carbon layer is
ineffective in light absorption [61-65]. Thus, a suitable
carbon-photocatalyst interaction is essential for enhancing
light absorption. In addition, it has been reported that the
porous properties of the carbon layer also affected the
amount of photons arriving at the photocatalyst surface, and
thereby changed the excitation of the electrons from VB to
CB on photocatalysts [45-50].

3 Charge separation and transfer

Light absorption by photocatalysts triggers the electron ex-
citation from VB to CB, generating negatively charged
electrons on CB and positively charged holes on VB [11].
There are two possible fates for the photogenerated electrons
and holes. Firstly, the electrons on CB go back to VB and
recombine with the holes. Secondly, the electrons on CB and
the holes on VB transfer separately, and then participate in
surface reactions [54,55]. Evidently, in order to achieve
higher photocatalytic efficiencies, the second fate is highly
desired. However, most of the photocatalyts have poor
abilities in the charge separation and transfer.
Carbon-coated photocatalysts showed higher efficiencies
in separating the photogenerated electron-hole pairs than the
photocatalysts without carbon. The carbon layer coating on
photocatalysts has low work function and high electron af-
finity. This makes the carbon layer excellent in capturing the
electrons from CB of photocatalysts, and thereby favors for
achieving the efficient electron-hole separation. The carbon
layer coating on photocatalysts is also an excellent electron
transporter, due to its high conductivity. This is benefit for
the electron transfer from CB of photocatalysts to the carbon
layers, thus promoting the electron-hole separation [45—
50,67-80]. Besides, the conductive carbon layer is also
flexible for transferring the electrons to catalytic active sites
to trigger the surface reactions. For example, Liao ef al. [67]

analyzed the separation of photogenerated electron-hole
pairs on carbon-coated ZnO. The work function and the
electron affinity of ZnO were 5.4 and 2.088 eV, respectively,
while the work function and the electron affinity of the
carbon layers located in the ranges of 3.5-4.0eV and
2.5-3.0 eV, respectively. As illustrated in Figure 4, band
bending occurred at the carbon-ZnO interface on carbon-
coated ZnO due to the difference in the work functions. This
facilitated the flow of electrons from CB of ZnO to the
carbon layers. Besides, the higher electron affinity of the
carbon layers further promoted the electron transfer from CB
of ZnO to the carbon layers. Thus, an enhanced electron-hole
separation was achieved on carbon-coated ZnO.

Doping the carbon layer with N atoms, which have elec-
tron lone pairs, increases the electron affinity and con-
ductivity of the carbon layer. Thus, photocatalysts coated by
N-doped carbon layers exhibit higher efficiencies in separ-
ating photogenerated electron-hole pairs, as compared with
those coated by pure carbon layers [50,75-77]. Sun et al.
[50] coated In,O; hollow dodecahedrals (HD) by N-doped
carbon layers to form N-C/In,O; HD. Higher cathodic cur-
rent densities for dissociating H,O and higher photocurrents
(Figure 5(a)) were observed on N-C/In,O; HD, indicating an
enhanced ability in the electron transfer on N-C/In,O; HD. In
the Nyquist plot from electrochemical impedance spectro-
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Figure 4 Band structure diagrams. (a) ZnO and carbon, (b) carbon-coated
ZnO, adapted with permission from Ref. [67], copyright by IOP Publishing
Ltd. (2005), and reproduced for clarity.
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Figure 5 (a) Photocurrent and (b) electrochemical impedance spectro-
scopy Nyquist plots for N-C/In,O; HD, In,0; HD, In,0; SD and In,0; NP,
adapted with permission from Ref. [50], copyright by John Wiley & Sons,
Inc. (2019), and reproduced for clarity (color online).

scopy measurements (Figure 5(b)), N-C/In,O; HD featured a
smaller semicircle. This further demonstrated the enhanced
ability in the electron transfer on N-C/In,O; HD. The en-
hanced ability in the electron transfer on the N-C/In,O; HD
promoted the movement of the electrons from CB of In,0; to
N-doped carbon layers, and thus enhanced the separation of
photogenerated electron-hole pairs. Theoretical calculations
were used to explore the transfer path of the electrons be-
tween CB of In,0; and N-doped carbon layers. C—In—-Oand N—
In—O bonds formed and the highest occupied levels con-
tained the hybrid states of C 2p and N 2p orbitals. Photo-
generated electrons transferred from the hybrid states of
In,0;, including In 5s and O 2p orbitals, to the hybrid states
of N-doped carbon layers, including C 2p and N 2p orbitals,
through the C—In—O and N-In—O bonds, thus promoting the
separation of the photogenerated electron-hole pairs.
Functional groups on the carbon layers were also crucial
factors affecting the separation efficiency of photogenerated
electron-hole pairs on carbon-coated photocatalysts. Elec-
tron-donating groups, such as hydroxyl, phenyl and alkyl
groups, can capture the photogenerated holes, whereas
electron-withdrawing groups, such as acyl, aldehyde and
carboxyl groups, can accept the photogenerated electrons.
These are all benefit for electron-hole separation. There are
also some functional groups which have been proposed to be

Sci China Chem  October (2020) Vol.63 No.10

the centers for electron-hole recombinations, such as car-
boxylate and alkoxy groups [68—71]. Liu et al. [68] fabri-
cated carbon-coated TiO, (C/TiO,_,), and treated C/TiO,_, by
acid to fabricate C*/TiO,.,. C/TiO,_, and C*/TiO,_, ex-
hibited similar light absorption but different efficiency in
separating the photogenerated electron-hole pairs. C/TiO,._,
had alkoxy and carboxylate groups as well as graphite-like
carbon, while only graphite-like carbon was observed on the
C*/TiO,_,. The graphite-like carbon was conductive in
transferring electrons from TiO, to carbon layers, thus pro-
moting electron-hole separation (Figure 6). On the other
hand, the carboxylate and alkoxy groups were the centers for
electron-hole recombinations (Figure 6). Evidently, C/TiO,_,
had both charge separation and recombination sites, whereas
C*/TiO,_, only contained charge separation sites. As such,
more efficient electron-hole separation was achieved on C*/
TiO,_,. In addition, it has been suggested that the porous
properties of the carbon layers may also play important roles
in separating the photogenerated electron-hole pairs, due to
the micro-electric fields and multiple bounce of electrons in
the porous structures [45-48,69-73].

4 Reactant adsorption

Reactant adsorption on photocatalysts produces active spe-
cies for triggering photocatalytic reactions [81-84]. Features,
including the site, amount, intensity and configuration of
reactant adsorption, are key factors to determine the activity,
selectivity and stability of photocatalysts [85-91]. For ex-
ample, dissociative adsorption of CO, on photocatalysts fa-
vors for the formation of CO, while the interactions of CO,
with the OH groups on photocatalysts results in bicarbonate
species which is an essential intermediate for the formation
of CH;0H [86,89]. But, the adsorption capacities of most of
the photocatalysts are poor, mainly due to the smaller surface
area and lower conductivity of the photocatalysts. Smaller
surface area decreases the amount of active sites for the re-
actant adsorption [81-84]. Electron transfer has been de-
monstrated to be the main force to drive the reactant
adsorption on photocatalysts [85-91]. The lower con-
ductivity of photocatalysts limits the electron transfer be-
tween reactants and photocatalysts, thus suppressing the
reactant adsorption. Besides, it should be noting that the
reactant adsorption should follow Sabatier principle which
shows that only a suitable reactant adsorption, neither too
strong nor too weak, can improve the photocatalytic effi-
ciency [81-84].

The carbon layer coating on photocatalysts can enlarge the
surface areas of photocatalysts, due to the porous structure of
carbon layers [45,59,65,69,92-94]. This improves the re-
actant adsorption on carbon-coated photocatalysts. Yu et al.
[45] fabricated carbon-coated Cu,O photocatalysts (C/Cu,O).
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The pure Cu,O did not have any porous characteristic, with a
surface area of only 2.0 m’ g_l. After coating carbon layers
on Cu,0, a large amount of mesopores were observed, and
the surface area was enlarged to 58.93 m’ g_l. This effi-
ciently improved CO, adsorption on C/Cu,0O. The CO, ad-
sorption capacity of C/Cu,0 was 13.4 cm’ g_l, which is
about 6 times higher than that on pristine Cu,0O without
carbon. In addition to enlarging surface area, the functional
groups, e.g., hydroxyl and carboxyl groups, on the carbon
layers can also help to improve the reactant adsorption on the
carbon-coated photocatalysts. Transfer of the atoms between
functional groups on carbon layers and reactants is one of the
forces to anchor reactants on photocatalysts [87-91]. For
example, proton transfer from carboxyl groups on carbon
layers to CO, forms a negatively charged HCO, species,
thus improving CO, adsorption on photocatalysts [87—89].
Non-covalent interactions between functional groups on
carbon layers and reactants, including electrostatic and n-n
interactions as well as hydrogen bondings, are also important
for anchoring reactants on photocatalysts [95-97]. Lee et al.
[97] prepared a carbon-coated TiO, photocatalyst. The ad-
sorption capacity of carbon-coated TiO, was about 20 times
higher than that of the TiO, without carbon, because the
carbon layer triggered hydrophobic interactions and oxyge-
nated group mediated electrostatic interactions for improving
the reactant adsorption.

The carbon layer coating on photocatalysts is flexible for
the electron transfer between photocatalysts and reactants,
thus facilitating the reactant adsorption [49,86,98]. Zhang et
al. [49] coated graphite-like carbon layers with a thickness of
about 1 nm on TiO, for photocatalytic oxidation of for-
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maldehyde. The photogenerated electrons can be easily
transferred into the graphite-like carbon layers. This, on one
hand, promoted the separation of photogenerated electron-
hole pairs, on the other hand, improved the O, adsorption on
photocatalysts to form a negatively charged O, species
which subsequently triggered formaldehyde oxidation. We
previously studied the photocatalytic reduction of CO, with
H,O in the presence of pure In,0; (P-In,0;) and carbon-
coated In,0O; (C-In,05). The CO, adsorption capacity of C-
In,0;-based photocatalysts was 2.12 mmol gfl, which was
about 2 times higher than that on P-In,O;-based photo-
catalysts (1.03 mmol gfl) (Figure 7(a)). When thickening the
carbon layer coating on photocatalysts, the CO, adsorption
capacity of photocatalysts increased firstly, and then de-
creased, with the maximum CO, adsorption being obtained
in the presence of In,0; coated by a 5-nm-thick carbon layer
(Figure 7(b)). This was attributed to the higher conductivity
of the 5-nm-thick carbon layer [86]. Peng et al. [98] found
that the N-doped carbon layer with a thickness of about 2 nm
coating on CoS, can largely promote ion diffusion and
electron transfer, thus improving the adsorption capability of
photocatalysts for O, and organic dyes. This increased the
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Figure 7 (a) CO, adsorption capacities of Pt/C-In,O3, Pt/-P-In,0;, Pt/C
(H), and Pt/C(W). (b) CO, adsorption capacity at 1.01 bar as a function of
the glucose amount used for preparing carbon-coated In,0;. The black and
red stars represent the CO, adsorption capacities of Pt/C(H) and Pt/C(W),
respectively, adapted with permission from Ref. [86], copyright by
American Chemical Society (2017), and reproduced for clarity (color on-
line).
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efficiency of CoS, in photocatalytic oxidation of methylene
blue. In addition, it has been proposed that the porous
properties of the carbon layers also made some contributions
to the electron transfer between photocatalysts and reactants
[45,65,82-96].

5 Stability

Stability determines the life time and recyclability of the
photocatalysts [4—11]. High-temperature treatments have
been widely used in preparing photocatalysts [49,63,92-94].
For example, metal-oxide-based photocatalysts are usually
fabricated by using calcinations under the temperatures
higher than 500 °C. In the high-temperature treatments,
photocatalysts often suffer from the transformation of the
crystal phase and aggregation [92-94]. Besides, in the pre-
paration process and photocatalytic reactions, photocatalysts
were usually immersed in the corrosive solutions,
e.g., acid, alkali and organic reagents. These corrosive so-
Iutions have destructive effects on the physicochemical
properties of photocatalysts. Coating carbon layers on pho-
tocatalysts is a handy but effective strategy to enhance the
resistance of photocatalysts to phase transformation, ag-
gregation, acid corrosion and alkali  corrosion
[37,46,49,59,62,63,75,92-94,97-100]. For example, by
coating carbon layers on TiO, nanoparticles, Wang et al. [37]
suppressed the phase transformation and aggregation of TiO,
nanoparticles, and fabricated anatase TiO, nanoparticles with
crystal size of about 9 nm. Anatase TiO, has a higher pho-
tocatalytic activity than rutile TiO,. However, the transfor-
mation from anatase to rutile easily occuring at 600 °C was
usually used for preparing TiO,. When carbon layers were
coated on the anatase TiO,, the energy from high-tempera-
ture calcination directly exposes to the carbon layers not to
TiO,. The carbon layer plays as a barrier in suppressing the
phase transformation from anatase to rutile, and makes
anatase TiO, stable even above 600 °C. Besides, the carbon
layer coating on anatase TiO, can efficiently restrict the
crystal aggregation [46].

The carbon layer coating on photocatalysts is a good
protector to quench photocorrosion [45,73,83,101-105]. For
example, due to the serious photocorrosion, Cu,O can be
easily oxidized into CuO in photocatalytic reactions. Coating
carbon layers on Cu,O not only facilitated the separation of
photogenerated electron-hole pairs but also improved the
resistance of Cu,O to photocorrosion, thus enhancing the
photocatalytic activity and stability of Cu,O [45]. Another
example, during photocatalytic reactions, photoactive CdS
suffers from serious photocorrosion, and can be easily oxi-
dized into CdO with very low photoactivity [101]. Hu et al.
[101] prepared a carbon-coated CdS (CdS-C-0.5), and stu-
died the stability of the material with Raman spectra. For
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both pristine CdS and CdS-C-0.5, a peak, due to the long-
itudinal-optical phonon mode of CdS, was observed at about
295 cm”' on the Raman spectra obtained with a laser power
of 300 uW (Figure 8). With increasing the laser power for
measuring Raman spectra from 300 to 550 uW, the peak
characteristic of CdS at 295 cm ' disappeared for pure CdS,
due to the photocorrosion. As for CdS-C-0.5, the character-
istic peak of CdS at 295 cm ' was present even at a laser
power of 2,500 uW, demonstrating the higher resistance of
CdS-C-0.5 to the photocorrosion.

6 Applications of carbon-coated photocatalysts

Due to the improved light absorption, charge separation and
transfer, reactant adsorption and stability, carbon-coated
photocatalysts showed higher performances in the selective
reduction of CO, under light irradiation [45,58,78,86]. Yu et
al. [45] reported that carbon-coated Cu,O (C/Cu,O) was
efficient for producing CH, and C,H, in the photocatalytic
reduction of CO,. The product yield on C/Cu,O was about
two times higher than that on the Cu,0O without carbon
(Figure 9). C/Cu,0 exhibited an apparent quantum efficiency
of 2.07%, which is higher than those on widely investigated
Cu,0-based photocatalysts like rGO-supported Cu,O

@)
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100 200 300 400 500 600 700 800 900 1000
Alem™) —

1 300 W

100 200 300 400 500 600 700 800 900 1000
Alem™) —

Figure 8 Raman spectra of pristine CdS (a) and CdS-C-0.5 (b) measured
at different laser powers, adapted with permission from Ref. [101], copy-
right by Elsevier (2013), and reproduced for clarity.



Men et al. Sci China Chem  October (2020) Vol.63 No.10 1423

O

18

CUZO total

15 /y‘*"

Yield (umol x 107

Time (h)
(b) 40
— C-2/Cu,0 total
> 32
e
x
© 4
£ 24
2 '
°
T 16- ox,,,..fr*'
=
) j,./O""'o\
8 3 o “ CH,
o=
N
0- T T T T T T
0 2 4 6 8 10 12
Time (h)

Figure 9 Time-dependent product yield on pure Cu,O (a) and C/Cu,O
(b), adapted with permission from Ref. [45], copyright by American
Chemical Society (2016), and reproduced for clarity (color online).

(0.34%) and Cu,O/RuO, (1.6%) photocatalysts. During the
photocatalytic reduction, the product yield on pure Cu,O
increased slowly in the first 10 h, and then remained un-
changed (Figure 9(a)). But the product yield on C/Cu,0 in-
creased rapidly during the whole photocatalytic reaction
(Figure 9(b)). As such, C/Cu,O had a higher stability. They
also explored the stability of pure Cu,0O and C/Cu,O via
cycle experiments. After six cycles, the product yield on pure
Cu,0 decreased by 46%, while that on C/Cu,O decreased by
only 7%. This further revealed the higher stability of C/
Cu,0. The carbon layer was crucial for the higher activity
and stability of C/Cu,O. Pure Cu,O without carbon suffered
from high electron-hole recombination rates and serious
photocorrosion. However, for C/Cu,0O, the carbon layer not
only promoted electron-hole separation but also suppressed
photocorrosion, thus improving the photocatalytic efficiency.

Kumar et al [58] prepared GO- and rGO-coated
ZnO@Fe;0, photocatalysts. They found that CH;OH was
formed during the photocatalytic reduction of CO, on
ZnO@Fe;0,, GO@ZnO@Fe;0, and rGO@ZnO@Fe;0,,
with the yields in 24 h of 524, 942 and 1,124 pmol gflcat‘,
respectively. The photogenerated electrons can be easily

transferred from ZnO@Fe;0, to GO, leading to more effi-
cient separation of photogenerated electron-hole pairs on
GO@ZnO@Fe;0, than that of ZnO@Fe;0,. This resulted in
the higher CH;OH yield on GO@ZnO@Fe;0, than that of
ZnO@Fe;0,. After reducing GO into rGO, the electron
mobility and electron-hole separation were further improved,
making the CH;0H production on rtGO@ZnO@Fe;0, more
efficient than that on GO@ZnO@Fe;0,. Similarly, CH;OH
was also produced from photoreducing CO, on CuZ-
nO@Fe;0,, GO@CuZnO@Fe;0, and rGO@CuZnO@Fe;
0,. CH;0H yields in 24h on CuZnO @Fe;0,, GO@-
CuZnO@Fe;0, and rtGO@CuZnO@Fe;0, were 858, 1,749
and 2,656 umol gflcaw respectively. The higher electron
mobility and more efficient electron-hole separation due to
rGO were responsible for the higher CH;OH yield on
rGO@CuZnO@Fe;0, than that of other photocatalysts.
Previously, we found that carbon-coated In,O; (C-In,05)
favored for producing CO and CH, from the photocatalytic
reduction of CO, with H,O (Figure 10) [86]. The CO and
CH, evolution rates in the presence of C-In,0; were 126.6
and 27.9 pmol h', respectively, which were higher than
those in the presence of pure In,O; (P-In,O;) (CO:
26.7 pmol h™', CH,: 4.1 pmolh™") and commercial TiO,
(P25) (CO: 12.1 ymol h™', CH,: 1.8 pmol h™") (Figure 10).
Besides, the carbon-coated photocatalyst exhibited higher
stability. On P-In,Oj;, the band gap between O-2p band and
In-4s band was 2.53 eV, indicating that only the high-energy
visible and ultraviolet parts of sunlight can be absorbed. On
C-In,0s;, the Fermi level of the carbon layer located at the
sites lower than the In-4s band by 0.05 eV, thus lowering the
conduction band bottom and narrowing the band gap. This
not only improved light absorption but also provided a better
match to the potential required for reducing CO, with H,O.
C-In,0; had an electronic conductivity of 1.7x10"' S cm ',
which is about 15 times higher than that of P-In,O;
(1.1><1072 S cmfl). This resulted in more efficient separation
of photogenerated electron-hole pairs on C-In,Os. In addi-
tion, the carbon layer improved the adsorption of CO, on
photocatalysts, and promoted the dissociation of H,O into
active hydrogen atoms for reducing CO,. The narrowing
band gap, efficient charge separation, improved CO, ad-
sorption and promoted production of active hydrogen atoms
due to the carbon layer were the origins for the higher pho-
tocatalytic efficiency on carbon-coated materials.
Carbon-coated photocatalysts are also efficient for the
photocatalytic splitting of H,O [65,69,75,77,80,103—105].
Cui et al. [80] loaded CdS quantum dots with size of 5 nm on
carbon-coated urchin-like Ni;S, to form a noble-metal-free
CdS/Ni;S,@C composite for the photocatalytic splitting of
H,O (Figure 11). The H, production rate on CdS/Ni;S,@C
(1,164.7 pmol h_l) is about 3.5 times higher than that on the
noble-metal-based CdS/Pt photocatalyst (325.2 pmol h_l). In
the photocatalytic reaction, CdS quantum dots were re-
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Figure 10 (a) SEM image (upper), TEM image (inset upper) and EDX
elemental mappings of C-In,0;. (b) H,, CO and CH, evolution rates on
Pt/C-In,0; and Pt/P-In,O;, adapted with permission from Ref. [86],
copyright by American Chemical Society (2017), and reproduced for
clarity (color online).

sponsible for absorbing light to form electron-hole pairs,
while the role of Ni;S,@C was double. On one hand, Ni;
S,@C played as co-catalysts providing catalytic active sites
for splitting H,O. On the other hand, Ni;S,@C promoted
electron-hole separation and electron transfer to catalytic
active sites. The higher H, production rate on CdS/Ni;S,@C
than that on CdS/Pt implied that the noble-metal-free Nis
S,@C is an excellent alternative to Pt. This is helpful for
rationally designing and fabricating efficient noble-metal-
free photocatalysts. Besides, the carbon-coated photo-
catalysts can also trigger O, production in the photocatalytic
splitting of H,O [65]. By coating carbon layers on TiO, na-
notubes, Liang et al. [65] achieved a highly efficient O,
evolution from H,O splitting under the irradiation of light in
the full solar spectrum including ultraviolet, visible and in-
frared lights.

Visible Light

LA* LA*

Carbon Layer

N\
H, H,0

H,0 H, H, H,0 H,0 H,

Figure 11 (a, b) TEM images of Ni;S,@C. (c) HRTEM image of CdS/
Ni;S,@C. (d) TEM image of CdS/Ni;S,@C. (e) Elemental mapping pat-
terns of Ni, S, C and Cd in CdS/Ni;S,@C. (f) Mechanism of the H, pro-
duction from the photocatalytic splitting of H,O with lactic acid (LA) as a
hole scavenger on CdS/Ni;S,@C, adapted with permission from Ref. [80],
copyright by John Wiley & Sons, Inc. (2018), and reproduced for clarity
(color online).

In addition to the photocatalytic reduction of CO, and
splitting of H,O, carbon-coated photocatalysts can also en-
hance the photocatalytic degradation efficiency of pollutants
[37,40-42,46-49,68,72,97,101,106,107]. Wang et al. [37]
applied carbon-coated TiO, (C/TiO,) in photocatalytic de-
gradation of phenol and methylene blue (MB). On C/TiO,,
the time for completely decomposing MB and phenol was 30
and 80 min, respectively. However, only 20% of MB or
phenol was decomposed on the TiO, without carbon. The
enhanced photocatalytic performance was attributed to the
more efficient visible light absorption, electron-hole se-
paration, electron transfer and reactant adsorption resulting
from the carbon layer coating on TiO,. Hu et al. [101] coated
CdS by carbon layers to enhance the photocatalytic de-
gradation efficiency of methyl orange (MO). After irradia-
tion for 40 min, the degradation fraction of MO on pure CdS
was 47.8%, whereas that on carbon-coated CdS was as high
as 96.6%. The carbon layer coating on CdS improved light
absorption, electron-hole separation, reactant adsorption and
stability of CdS, thus increasing the photocatalytic effi-
ciency. But, too thick carbon layers coating on CdS may
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suppress light absorption and charge transfer, thus decreas-
ing the photocatalytic efficiency.

7 Conclusions and perspective

Research progress in carbon-coated photocatalysts has been
summarized in the present review. Coating thin carbon layers
on photocatalysts is a handy but efficient strategy to improve
light absorption, charge separation and transfer, reactant
adsorption and stability of photocatalysts. This makes car-
bon-coated photocatalysts exhibit enhanced performances
for various reactions, e.g., photocatalytic reduction of CO,,
photocatalytic splitting of H,O and photocatalytic degrada-
tion of pollutants.

Despite the important progress, further efforts are still
needed for carbon-based photocatalysts. Firstly, innovative
preparation methods are needed. At present, hydrothermal
method is the widely used preparation method [80,86].
However, there is still a challenge for the hydrothermal
method to exactly control the uniformity and thickness of the
carbon layers and the carbon-photocatalyst interaction,
which are crucial for enhancing photocatalytic efficiency.
Recently developed room-temperature-operated plasma
technique and three-dimensional printing technique are
powerful in fabricating core-shell composite materials [108—
110]. These convenient and efficient methods should be
emphasized for preparing carbon-coated photocatalysts.
Secondly, more materials should be explored for preparing
carbon-coated photocatalysts, e.g., zeolites with porous
structures [111,112]. The porous structures can result in
multiple light reflectance which benefits for light absorption,
and provide easy transport and diffusion pathways of elec-
trons and reactants for improving electron-hole separation
and reactant adsorption. But, uniformly coating carbon lay-
ers on the zeolites without blocking the pores is still a
challenge. Thirdly, further more detailed studies on the op-
tical and electrical properties of carbon-coated photo-
catalysts are highly desired. For example, the action
spectrum is efficient for characterizing the ability of photo-
catalysts in absorbing light [ 113], while the ultrafast transient
absorption spectrum is important for investigating the ability
of photocatalysts in the charge separation and transfer [114].
Yet, until now, the action and ultrafast transient absorption
spectra of the carbon-coated photocatalysts have not been
well explored. Finally, better understanding on the reaction
mechanism on the carbon-coated photocatalysts is needed.
To determine the reaction mechanism, all of the processes on
the photocatalysts, e.g., adsorption, diffusion, transport and
desorption of reactants, have to be clarified. This needs not
only experimental techniques but also theoretical calcula-
tions. However, due to the complexity of the photocatalytic
reactions, constructing ideal models matching well with real

photocatalytic systems in theoretical calculations is still a
challenge.

In conclusion, for carbon-coated photocatalysts, sig-
nificant improvements have been achieved, but there are still
many challenges. However, as a promising strategy to im-
prove the photocatalytic efficiency for solving the energy
and environmental problems, it will trigger more studies in
the deep-level. Due to the continued and extensive efforts,
more efficient carbon-coated photocatalysts will be designed
and fabricated for advanced applications.
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