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Low optical absorption and photocorrosion are two crucial issues limiting the practical applications
of zinc oxide (ZnO)-based photocatalysts. In this paper, we report the fabrication of graphit-
ic-carbon-mediated ZnO nanorod arrays (NRAs) with enhanced photocatalytic activity and photo-
stability for CO2 reduction under visible light irradiation. ZnO NRA/C-x (x = 005, 01, 02, and 03)
nanohybrids are prepared by calcining pre-synthesized ZnO NRAs with different amounts of glu-
cose (0.05, 0.1, 0.2, and 0.3 g) as a carbon source via a hydrothermal method. X-ray photoelectron
spectroscopy reveals that the obtained ZnO NRA/C-x nanohybrids are imparted with the effects of
both carbon doping and carbon coating, as evidenced by the detected C-O—Zn bond and the C-C,
C-0 and C=0 bonds, respectively. While the basic structure of ZnO remains unchanged, the UV-Vis
absorption spectra show increased absorbance owing to the carbon doping effect in the ZnO
NRA/C-x nanohybrids. The photoluminescence (PL) intensities of ZnO NRA/C-x nanohybrids are
lower than that of bare ZnO NRA4, indicating that the graphitic carbon layer coated on the surface of
the ZnO NRA significantly enhances the charge carrier separation and transport, which in turn en-
hances the photoelectrochemical property and photocatalytic activity of the ZnO NRA/C-x nanohy-
brids for CO: reduction. More importantly, a long-term reaction of photocatalytic CO2 reduction
demonstrates that the photostability of ZnO NRA/C-x nanohybrids is significantly increased in
comparison with the bare ZnO NRA.
© 2018, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

[6-16], among which zinc oxide (ZnO) has been intensively
studied because of its attractive photophysical properties and

Photocatalysis using semiconductors and solar energy for
water splitting to generate hydrogen and recycling CO2 back to
hydrocarbon fuels has attracted wide attention, in view of the
global energy crisis and environment pollution issues [1-8].
Over the past four decades, tremendous efforts have been de-
voted to developing various semiconductor photocatalysts

nontoxicity [17-20]. However, the practical application of ZnO
as a photocatalyst has hardly been realized. This has been be-
cause of its low photostability that is caused by photocorrosion
[21-24], in which the zinc ion is prone to oxidation by photo-
generated holes upon light irradiation. ZnO is a wide band gap
(Eg = 3.2 eV) semiconductor, so it can only absorb ultraviolet
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(UV) wavelengths. UV wavelengths constitute only ~4% of the
solar spectrum, so longer visible wavelengths are effectively
wasted [25-27]. Previous studies have shown that doping with
C, N, or S could extend the optical absorption range of ZnO into
the visible region. Lin et al. [28] prepared hierarchically porous
nanoarchitectures of C-doped ZnO by a facile and inexpensive
wet-chemical method. Cho et al. [29] used vitamin C as a carbon
source to synthesize C-doped ZnO as a visible light photocata-
lyst.

Efficient charge separation and transfer are essential for ef-
ficient photocatalytic activity [30,31]. How to suppress the re-
combination of photoinduced charge carriers (electron/hole
pairs) has long been a challenge in photocatalysis [32,33]. A
photocatalytic reaction is a surface-based process involving the
separation and transport of photoinduced charge carriers, as
the subsequent redox reactions mainly occur on the catalyst
surface. One-dimensional (1-D) semiconductors have large
surface-to-volume ratios and good charge carrier transport
rates which benefit from the ballistic effect. Thus, 1-D semi-
conductors are expected to exhibit superior photocatalytic
activity compared with conventional powder photocatalysts
[34,35]. Coating a thin amorphous carbon layer on the surface
of a semiconductor has been demonstrated to effectively im-
prove charge carrier separation. In this context, many recent
studies have reported the coating of 1-D ZnO with a carbon
layer to suppress charge carrier recombination, and in turn
improve the photocatalytic activity. Mu et al. [36] prepared
ZnO—carbon nanofiber heteroarchitectures with high photo-
catalytic activity for degrading rhodamine B. Han et al [37]
reported the enhanced photocatalytic activity and an-
ti-photocorrosion properties of ZnO by coupling with versatile
carbon species. A microwave-assisted carbonization strategy
was adopted by Guo et al. [38] to form a uniform carbon coat-
ing on ZnO nanorods, which enhanced their photocatalytic ac-
tivity. Yu et al. [39] synthesized ZnO/carbon quantum dots by a
one-step method, and the resulting material exhibited excellent
photocatalytic ability for toxic gas degradation under visible
light irradiation. Akir et al. [40] synthesized carbon-ZnO nano-
composites with enhanced visible light photocatalytic perfor-
mance for degrading rhodamine B. Others have synthesized
ZnO-nanoparticle/graphene-oxide or ZnO-nanorod/reduced-
graphene-oxide composites for the photodegradation of meth-
ylene blue [41,42]. However, previous studies on carbon-modi-
fied ZnO have rarely focused on comprehensively improving
the photostability, charge carrier separation, and photocatalytic
COz reduction [26].

Herein, we report a modified hydrothermal method for fab-
ricating graphitic-carbon-mediated visible-light-responsive
Zn0 nanorod arrays (NRAs). The resulting carbon-containing
NRAs exhibit enhanced photocatalytic activity and photostabil-
ity for CO2 reduction, compared with the NRA containing no
carbon. By calcining pre-synthesized ZnO NRAs coated with
different amounts of glucose as a carbon source at a suitable
hydrothermal temperature, we obtain ZnO NRA/C-x nanohy-
brids on zinc foil. The ZnO NRA/C-x nanohybrids are imparted
with the effects of both carbon doping and carbon coating, so
they exhibit increased absorption ability and photostability

compared with the ZnO NRA. The graphitic carbon layer coated
on the surface of the ZnO NRA significantly enhances charge
carrier separation and transport and thus enhances the photo-
catalytic activity of the ZnO NRA/C-x nanohybrids. This study
provides a method involving graphitic carbon mediation for
fabricating a highly stable and active ZnO-based photocatalyst
for COz reduction.

2. Experimental
2.1. Sample preparation

The ZnO nanorod array was directly grown on zinc foil (2.0
cm x 3.0 cm) via a hydrothermal method at 180 °C for 4 h, in a
solution containing 25 mL of H20, 2 g of NaOH, and 3.6 mL of
30% H202. The surface of the zinc foil was pretreated using
hydrochloric acid for 20 s. After rinsing with deionized water
several times, the synthesized ZnO NRA on the zinc foil was
dried at room temperature. A typical procedure for coating
carbon on the ZnO NRA was as follows. Different amounts of
glucose (0.05, 0.1, 0.2, 0.3 g) were first dissolved in 30 mL of
deionized water, into which the ZnO NRA was added; the re-
sulting solution was then heated to 180 °C for 4 h, followed by
cooling to room temperature. After washing with deionized
water several times, the samples were dried in an oven at 80 °C
for 1 h. Finally, the samples were placed in a tube furnace and
calcined at 800 °C with a heating rate of 5 °C/min for 3 h in an
argon gas atmosphere, to obtain the resulting samples
Zn0O-NRA/C-x (where x = 005, 01, 02, and 03, and denotes
added glucose amounts of 0.05, 0.1, 0.2, and 0.3 g, respectively).
For comparison, zinc foil coated with graphitic carbon (denoted
as Zn/C foil) was also prepared following a similar procedure
as mentioned above.

2.2. Characterization

The crystal structures of the synthesized samples were de-
termined using a powder X-ray diffractometer (XRD; Cu K,
radiation, D8 Advanced, Bruker, Germany). Microstructures
were observed using a field-emission scanning electron micro-
scope (FESEM; JOEL-S4800, Japan) and a transmission elec-
tron microscope (TEM; FEI Tecnai G2 F20, USA), both equipped
with an energy dispersive X-ray spectrometer. Raman scatter-
ing spectra were recorded using a Raman spectroscope
(XploRA PLUS, HORIBA Scientific, NJ, USA). The optical proper-
ties of the samples were characterized by measuring their ul-
traviolet-visible (UV-Vis) diffuse reflectance spectra with a
spectrophotometer (UV-2700, Shimazu, Japan) and photolu-
minescence (PL) spectra with a fluorescence spectrophotome-
ter (Fluorolog-3, HORIBA Scientific, NJ, USA), respectively. The
valence states of near-surface elements were measured by
X-ray photoelectron spectroscopy (XPS; Escalab 250, Thermo
Scientific, MA, USA). XPS spectra were calibrated using the C 1s
peak (284.8 eV) as the reference.

2.3.  Evaluation of photoelectrochemical (PEC) and
photocatalytic activities
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The PEC performances of the samples were measured using
an electrochemical workstation (CHI660E, Shanghai, China)
with a conventional three-electrode system, with Na2S04 solu-
tion (0.1 mol/L) as the electrolyte under visible light irradia-
tion. The ZnO NRA/C-x foil sample with an irradiation area of
~2 cm x 2 cm was used as the working electrode. The counter
electrode was platinum (Pt) wire, and the reference electrode
was a silver/silver chloride (Ag/AgCl) electrode. Photocatalytic
CO2 conversion over the ZnO NRA/C-x nanohybrids (2 cm x 3
cm) was carried out in a quartz glass reactor, which was con-
nected to a closed gas circulation and evacuation system. Prior
to reaction, 3 mL of deionized water was injected into the re-
actor. After evacuating the reaction setup several times,
high-purity CO2 gas was introduced into the reaction system
until achieving a pressure of 70 kPa. Then, the CO2 photoreduc-
tion reaction was initiated by exposing the top quartz window
of the reactor to visible light. At given time intervals, 0.5 mL of
gas was extracted from the reactor using a precision analytical
syringe (Pressure-Lok, USA) and was then quickly injected into
a gas chromatograph (GC-14B, Shimadzu, Japan) equipped with
a flame ionized detector and methanizer. For comparison, the
Zn/C foil sample was also used for the photoreduction of CO2
under identical experimental conditions.

3. Results and discussion
Scheme 1 illustrates the process used to synthesize the ZnO

NRA/C. First, a well-aligned ZnO NRA was grown directly on a
zinc foil substrate using a hydrothermal method at 180 °C for 4
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h, in a solution containing 25 mL of H20, 2 g of NaOH and 3.6
mL of 30% H202 [43]. Then, graphitic carbon-hybridized ZnO
NRA nanocomposites were prepared by a hydrothermal meth-
od and subsequent carbonization of the pre-adsorbed glucose.

Fig. 1(a) shows the XRD patterns of the ZnO NRA and
Zn0-NRA/C-x nanohybrids with different amounts of carbon (x
=005, 01, 02, 03). The XRD patterns of both the ZnO NRA and
the ZnO-NRA/C-x nanohybrids were consistent with well-crys-
tallized hexagonal wurtzite ZnO (JCPDS No. 36-1451). All sam-
ples were nano-crystalline, but the crystallinity of the ZnO NRA
was higher than those of the ZnO-NRA/C-x nanohybrids. The
crystallinity of the nanohybrids decreased with increasing
amount of glucose used. Similar results were reported by
Zhang et al. [25]. No peaks characteristic of graphitic carbon
were observed in the XRD patterns, because of the non-crystal-
line nature of carbon in the nanohybrids. Raman spectra of the
Zn0O NRA/C nanohybrids showed two peaks at around 1351
and 1597 cm-! (Fig. 1(b)), which could be assigned to the D
band and G band, respectively [44]. No obvious peaks were
observed at around 1351 and 1597 cm-! in the Raman spec-
trum of the ZnO NRA. The appearance of the D band is general-
ly strong evidence for disorder within the graphitic structure,
while the G band indicates the presence of sp? carbon-type
structures [45]. The Raman results confirmed the presence of
graphitic carbon in the ZnO NRA/C nanohybrids.

XPS was used to determine the chemical state of C atoms in
the samples. The core level spectrum in Fig. 2 shows a broad
asymmetric peak, suggesting the existence of more than one
chemical state of C. The C 1s spectrum could be divided into
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Scheme 1. Process for synthesizing ZnO NRA/C-x via a glucose-assisted two-step route. (1) Formation of a ZnO NRA via hydrothermal synthesis at
180 °C for 4 h, in a solution containing 25 mL of Hz20, 2 g of NaOH, and 3.6 mL of 30% H:02; (2) Formation of ZnO NRA/C-x using glucose for carboni-
zation, by hydrothermal treatment and subsequent calcination in argon gas at 800 °C for 3 h.

)

(a)

ZnO NRA/C-03

002
D

— —

(100)
(102)
(110)

b (103)

ZnO NRA/C-02

ZnO NRA/C-01

Intensity (a.u.)

ZnO NRA/C-005

-
g
-

N
~

ZnO NRA

10 20 30 40 50 60 70 80
20/(°)

(b) ZnO NRA/C-03
=
&
= Zn0 NRA/C-005
&
5
E
ZnO NRA
800 1000 1200 1400 1600 1800 2000

Raman shift (cmﬁl)

Fig. 1. (a) XRD patterns and (b) Raman spectra of the ZnO NRA and ZnO NRA/C-x nanohybrids.
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Fig. 2. C 1s XPS spectrum of ZnO NRA/C-01. The sample was obtained
by hydrothermal synthesis in a solution of 30 mL of deionized water

and 0.1 g of glucose at 180 °C for 4 h, followed by calcination in argon at
800 °C for 3 h.

three peaks at 284.8, 286.3, and 288.4 eV, corresponding to
C-C, C-0, and C=0 bonds, respectively [24]. The binding energy
at 284.8 eV was due to graphitic carbon [39]. The peak at 286.3
eV suggested that carbon was doped into the interstitial posi-
tions of the ZnO lattice, and formed C-O-Zn bonds with ZnO
[19,27]. This resulted in a new inter-band above the valence
band of ZnO [20], which is discussed in more detail below.
Doping or coating ZnO with carbon can influence its light
absorption properties [20,25,37,46]. Fig. 3(a) shows UV-Vis
diffuse reflectance spectra of the samples. The spectrum of the
ZnO NRA showed the characteristic absorption edge of ZnO at
around ~385 nm. After incorporating carbon, the ZnO NRA/C
nanohybrids exhibited visible light absorption, as evidenced by
the red-shifted absorption edge and the enhanced background
absorption in the visible region. Increasing the amount of the
carbon coating layer increased the red shift in absorption edge
and also increased the background absorption in the visible
region. From the plots of (ah )2 versus photon energy shown in
Fig. 3(b), the band gaps of the ZnO NRA/C-x nanohybrids were
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T T T T T i ! i !
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Carbon »
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Fig. 4. (a) Typical SEM image and enlarged image (inset) showing the
characteristic growth direction [0001] of the ZnO nanorods; (b) TEM
image of the ZnO NRA/C-01 nanohybrid and high-resolution TEM im-
age of the ZnO NRA (inset).

calculated to be 3.18, 3.17, 3.15, 3.12, and 3.05 eV for x = 0, 005,
01, 02, and 03, respectively. The band gap energy decreased
with increasing amount of incorporated carbon. As observed in
the XPS results, the visible light absorption of the ZnO NRA/C
nanohybrids could be attributed to the doped carbon atoms in
ZnO, the C 2p orbital of which formed a new inter-band above
the O 2p orbital in the valence band of ZnO.

Fig. 4(a) shows a typical SEM image of a ZnO NRA. Individu-
al nanorods had lengths of 2-5 pm and diameters of 400-700
nm. The enlarged image (inset in Fig. 4(a)) shows that the ZnO
nanorods were grown along the [0001] direction. This was
evidenced by the characteristic feature of their wurtzite struc-
ture, i.e. that the tip of each nanorod was constructed from six
regular facets of (103) [36]. TEM observations of the ZnO
NRA/C-01 nanohybrid showed that the ZnO NRA surface was
uniformly coated with an amorphous layer with a thickness of
about 8 nm (Fig. 4(b)). The Raman (Fig. 1(b)) and XPS (Fig. 2)
analyses collectively indicated that the amorphous coating was
a graphitic carbon layer. The intimate contact of the carbon
layer with the ZnO NRA reportedly improves charge separation
and thus photocatalytic activity [30,36,47]. The distance be-
tween neighboring lattice fringes was measured to be ~0.242
nm from the HRTEM image inset in Fig. 4(b). This was very
close to the distance between two adjacent ZnO (002) crystal
planes.

(b)
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Fig. 3. (a) UV-Vis diffuse reflectance spectra and (b) plots of (¢h)? versus photon energy of the ZnO NRA and ZnO NRA/C-x.
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Fig. 5. (a) Transient photocurrent responses of the ZnO NRA and ZnO NRA/C-01 electrodes at 0.5 V vs. Ag/AgCl under visible light irradiation; (b) EIS
Nyquist plots of the ZnO NRA and ZnO NRA/C-01 electrodes at 0.5 V vs. Ag/AgC], at frequencies of 100-105 Hz.

To investigate the effect of carbon modification on the per-
formance of the ZnO NRA, PEC measurements of the ZnO NRA
and ZnO NRA/C-01 were carried out. Comparison of these
measurements allowed the effect of the interaction between
the ZnO NRA and graphitic carbon to be probed. Fig. 5(a) shows
transient photoresponses measured under visible light irradia-
tion. The photocurrent of ZnO NRA/C-01 (~2.2 pA/cm?2) was
about 4.4 times higher than that of the ZnO NRA (~0.5 pA/cm2),
which indicated the efficient electron-hole separation in ZnO
NRA/C-01. Electrochemical impedance spectroscopy (EIS) was
used to elucidate the charge transfer behavior (ie., separation
efficiency of charge carriers) in the samples. The EIS Nyquist
plots in Fig. 5(b) show that the semicircle of ZnO NRA/C-01
was much smaller than that of the ZnO NRA. This indicated
more efficient interfacial electron transfer in ZnO NRA/C-01, as
a result of the existence of carbon [48]. Carbon modification
significantly enhanced the separation and transport of photo-
generated charge carriers in the ZnO NRA/C-01 nanohybrid
[36,39].

Efficient charge separation is important for enhanced pho-
tocatalytic activity [33,49,50]. PL measurements were used to
further investigate the transfer behavior of photoinduced elec-
trons. Fig. 6 shows PL spectra of the ZnO NRA and ZnO
NRA/C-01 nanohybrid, excited at a wavelength of 275 nm. The
PL intensity of ZnO NRA/C-01 was significantly lower than that
of the ZnO NRA, because of the quenching effect of the carbon
layer coating the ZnO NRA. The quenching effect in ZnO
NRA/C-01 resulted in the rapid transfer of photoelectrons from
the ZnO NRA to the carbon layer. In other words, the carbon
layer coated on the ZnO NRA suppressed the recombination of
photoinduced charge carriers [51], thus enhancing the photo-
catalytic activity of ZnO NRA/C-01.

Photocatalytic CO2 reduction was carried out over the ZnO
NRA/C-x nanohybrids and ZnO NRA under visible light irradia-
tion. Fig. 7 shows that the activities of all the ZnO NRA/C-x na-
nohybrids for evolving CH4 and/or CO were higher than those
of the ZnO NRA. As discussed above, rapid transfer of photoe-
lectrons from the ZnO NRA to the carbon layer occurred in the
Zn0 NRA/C-x nanohybrids, which could account for the in-

creased photocatalytic activity. The ZnO NRA/C-01 sample
exhibited the highest photocatalytic ability among the four ZnO
NRA/C-x nanohybrids. Decreasing the carbon coating amount
provided insufficient protection to the ZnO NRA, and the car-
bon-doping effect was insufficient to enhance absorption. Thus,
the lower amount of incorporated carbon resulted in the lower
photocatalytic activity of the ZnO NRA/C-005 nanohybrid.
Further increasing the carbon coating amount enhanced the
visible light absorption of the ZnO NRA/C-x nanohybrids. For
example, the ZnO NRA/C-03 sample exhibited the highest visi-
ble light absorption ability, as shown in Fig. 3. The enhanced
light absorption mainly originated from the thick carbon layer
coating. An excessively thick layer could block incident light
from the surface-active sites of the ZnO NRA, leading to a de-
crease in photocatalytic activity [52].

To confirm the repeatability and stability of the ZnO
NRA/C-x nanohybrids, four consecutive runs of the photocata-
lytic COz reduction over the ZnO NRA/C-01 nanohybrid were
carried out under visible light irradiation. After each 5-hour
run, the light was turned off and the photoreactor was evacu-

ZnO NRA

PL intensity (a.u.)

ZnO NRA/C-01

330 360 390 420 450
Wavelength (nm)

Fig. 6. PL spectra of the ZnO NRA/C-01 nanohybrid and ZnO NRA at
room temperature.
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Fig. 7. (a) CHs and (b) CO evolution over ZnO NRA and ZnO NRA/C-x (x = 005, 01, 02, and 03) as a function of irradiation time under visible light.

ated before refilling with COz and H20 (3 mL). Fig. 8 shows that
there were no obvious decreases in the yields of CH4 and CO
after four runs, which demonstrated the stable photocatalytic
activity of the ZnO NRA/C-01 nanohybrid. Further XPS meas-
urements of the O 1s spectrum of ZnO NRA/C-01 showed that
the amounts of surface lattice O and —OH decreased, while the
amounts of adsorbed 02" species increased and the associated
XPS peaks shifted to lower energy, as the reaction proceeded. It
was believed that surface lattice O and -OH were converted
into 02 during the photoreaction. There was very little dif-
ference in the profile of the O 1s XPS spectrum of the ZnO
NRA/C-01 nanohybrid before and after reaction (data not
shown), which indicated the high stability of the ZnO NRA/C-x
nanohybrids during the photocatalytic reaction. In comparison,
a similar test conducted on the ZnO NRA sample showed an
obvious decrease in the photoactivity after reaction for 5 h. The
above-mentioned results demonstrated that the photocorro-
sion and/or oxidation of the ZnO NRA were inhibited. This was
attributed to the protection provided by the suitably thick car-
bon layer coated on the ZnO NRA. Similar observations have
been reported for TiO2 nanolayer/CdS nanorod array [53] and
TiO2 nanolayer/CdS-sensitized ZnO nanorod array composite

Lol )]

0.8

Yield (umol/cm?)
o o
N N

<
)

0.0

Irradiation time (h)

Fig. 8. Consecutive runs for the photoreduction of CO; over the ZnO
NRA/C-01 nanohybrid under visible light irradiation.

structures [54], the photoactivity and photostability of which
were improved by coating with a TiOz layer.

We then carried out a series of control experiments to clari-
fy the reaction mechanism of COz photoreduction with H20
over the ZnO NRA/C-01 nanohybrid. When the experiment was
performed in the dark or in the absence of the photocatalyst,
CO and CH4 could not be detected. This indicated that both light
and the photocatalyst were required to generate CO and/or
CHa. We performed another control experiment by replacing
CO2 with pure Ar gas, while keeping the same amount of H20 in
the reactor. Only a trace amount of hydrogen from water split-
ting was detected, implying that the C and H sources were CO2
and H:0, respectively. In yet another control experiment, a
Zn/C foil sample (i.e, Zn foil coated with a graphitic carbon
layer) was prepared for CO2 photoreduction under similar ex-
perimental conditions. CH4 and CO could not be detected, which
excluded the possibility of CH4 and/or CO originating from the
graphitic carbon.

Based on the above experimental results and discussion, we
propose a mechanism for the photocatalytic CO2 reduction over
the ZnO NRA/C-x nanohybrids (Scheme 2). Upon light irradia-
tion, electron/hole (e”/h") pairs are generated on the surface of
the ZnO NRA. The electrons quickly transfer to the graphitic
carbon layer, initiating the reduction of COz with H20 into CO,
CHs4, and Hz. The holes remaining at the valence band of the
ZnO NRA are supposed to oxidize water. Experimentally, we
did not detect the expected oxidative product O2. Most likely,
the oxidative product preferentially adopted the state of ab-
sorbed 0" in the form of -Zn-0-0-Zn- [47]. To clarify the
mechanism of the photocatalytic CO2 reduction over the ZnO
NRA/C-x nanohybrids, further experiments need to be carried
out to detect products in the liquid phase. These experiments
will form part of our future studies.

The photocatalytic reduction of chemically stable CO2 is a
complex process involving C=0 covalent bond breaking and
C-H/C—C bond formation [5,26,55]. The ZnO NRA/C-x nanohy-
brid photocatalyst possesses several advantages for photo-
catalytic COz reduction. These include favorable ballistic elec-
tron transport capability in the 1-D ZnO nanorods. On the ZnO
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Scheme 2. Schematic of the mechanism of the photocatalytic conver-
sion of COz into CO and/or CH4 over the ZnO NRA/C-x nanohybrids.

NRA surface, the graphitic carbon layer further enhances
charge carrier separation. In addition, the doped C 2p level
above the O 2p orbital in the valence band extends the absorp-
tion of the ZnO NRA/C-x nanohybrids into the visible region.
These advantages result in the ZnO NRA/C-x nanohybrids
showing favorable photocatalytic activity, in terms of both band
engineering (carbon doping effect) and photoreaction kinetics
(charge carrier separation and transport).

4. Conclusions

We synthesized graphitic-carbon-mediated visible-light-re-
sponsive ZnO NRA/C-x on zinc foil via a modified hydrothermal
method. By calcining the pre-synthesized ZnO NRAs and dif-
ferent amounts of glucose as a carbon source at a suitable hy-
drothermal temperature, we obtained ZnO NRA/C-x nanohy-
brids. Compared with the ZnO NRA, the nanohybrids exhibited
increased optical absorption and photostability due to the car-
bon-doping and carbon-coating effects. Charge carrier separa-
tion and transport in the ZnO NRA/C-x nanohybrids was en-
hanced compared with in the ZnO NRA, because of the graphitic
carbon layer coated on the ZnO NRA surface. As a result, the

photocatalytic activity of the ZnO NRA/C-x nanohybrids for CO2
reduction was improved. These findings demonstrate that
graphitic carbon mediation is an effective and feasible way to
improve the photostability, charge carrier separation, absorp-
tion range, and photocatalytic activity of semiconductor-based
photocatalysts.
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Graphitic-carbon-mediated ZnO nanorod arrays (NRAs) are fabri-
cated by calcining pre-synthesized ZnO NRAs with different
amounts of glucose as a carbon source, via a hydrothermal meth-
od. The resulting nanohybrids exhibit enhanced photocatalytic
activity and photostability for CO: reduction under visible light
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KABKIZIFIRSZnO PIRERET LB EFAREENIAR

KEMED KEEL E AL 2EA, had ™, FEE M
CREAFMBREETIRER, RETHBEEEIRMERLRE, FHWE SN IERAATHELALEE,
RiEKF-NIMS B IF ALk E, Ki#300072, F E
PRI A THE A H S, KE300072, $E
H A E 324 AT R 2 AU AR A K A 5 4 B B O (WPI-MANA), 3% 3%£305-0044, B A

TE: UG E — PP AR R BH e b 22 5 A S B R, AT DS I K 43 A il SR CO G Ji ) 25 B S Ak S IR R, A
e (ZnO) 1EN—Fh ELEEAT B SAPRL, — B A MR . A IRER . S &5, 59— D7 T RDe I o A Fa e,
KRB T %M R SEBR R . ASCHE T —F ] B 55 4T (A S RAB 1 7 7%, 7T DA &8 1 ZnO FH T CO 6k 5 1)
A E T A e e k.

W SR KGR &R A 3R LA K ZnO 99K AR5 51 (ZnO-NRA), 4R Jr il 3 & f K SOz AR & =& 138 h
Bk (C-x) 1210, JE B ZnO-NRA/C-x 44K & & 450, [F) 0 S B ik (0 78 A B 45 2% . XS 2R A 9 45 R R B, ZnO 40 K #: K%
ZnO-NRA/C-x 9K A S5 H8 BAT R IO LT R0 T (Wartzite) £5 4405 110502 B S 28 MhIE S2 1 2840 SRR IO A7 AE. 1338
ML RS R, A K ZnO KB K B K2 2-5 um, ELAEA 400-700 nm, #5775 F[0001]4= 4, i B 75 S HE T (103)
A T2, 33— 25 EOWAEAE T ZnO [ SL A 45 4 i AL G5 MRS AE. 338 5 FE 1 A0 W 45 SRR W, ZnO-NRA/C-x 40K B & 4514
R SRR AEZEEE KL 8 nm. ZnO-NRA/C-x YK E & G/ X 5268 B 1 44 45 B I&IE T C-C, C-0 Al C=0
BERAFE S R R Z AR R T C—O-Zn8 19 H BLUE T8 7E ZnO B4 gl ke, MK Ah-mr Wi b mp il g2 3
ZnO [ SRR 7 32007 B 2492 385 nm, 17 Bk 6078 F145 4 T B0 ZnO-NRA/C-x 9K A S50 WISy 11k A= 4085, I R
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AT IS A S5

P 2 BTt A5 SR A 1 2R, ZnO-NRA/C-x 9K A 451 LL LAl ZnO-NRA 1) HL Ak 2% BHT A B B A, 1 B2
BAE R KIRE S 7R SERE, WA R TR T 100 S AL . 2 m s BRI, 55841 ZnO-NRA #
L, ZnO-NRA/C-x 9K 5 6 85 K (1) 58 Y650 FE R M 2 R B&, 3t — B ESE T ZnO-NRA/C-x 99K & 45 L 40 (1) ZnO-NRA
AR F AR F 104 & AL, e b2 RS R B, ZnO-NRA/C-x 40K 5 & 45K MBS G IR 4 5 T 5alifn
ZnO-NRA, [fii CO, Jid J5 P GEMNA 15 3 — B 45 R, KR 2438 CO, J6id J5 SEIRIIE 52, ZnO-NRA/C-x 44K & A 451
B RS E DG 5 P RIR 4 1) e R e ek

25 b, BATRIH —Fh ] 58 5547 K BIE AT ISR SBRAE M, BN FT K T ZnO-NRA/C-x K 5 & 454, %45 M R LA 57
[ A FL T A A R 3 B FIE R M A, AT AT S5 2 R TH I COL IR RS P e Ra e M. A TARIEMA, S50 Bpisifi 2 —
FRA] LT V2 A S 1 SR T 21 S R AR AT VAN G AR e 1 B AT AT 5 1%
FEER: LA, ZnO YUREERES; oA BEk; mmiE R, el AR B R
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