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Flame spray pyrolysis synthesized ZnO/CeO2 nanocomposites for
enhanced CO2 photocatalytic reduction under UV–Vis light irradiation
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A B S T R A C T

CO2 photocatalytic reduction over semiconductor materials has attracted worldwide attentions. In this
paper, ZnO/CeO2 nanocomposites with different Zn/Ce molar ratios were one-step synthesized through
flame spray pyrolysis (FSP) and their photocatalytic activities for CO2 reduction were investigated. The
results indicate that the addition of CeO2 enhances the surface area and extends the light response to
visible light region. The introduction of ZnO enhances the interaction between CO2 and the
nanocomposites. In addition, the formation of ZnO/CeO2 heterojunction and co-existence of Ce4+/Ce3+

remarkably promote the separation of photogenerated electron-holes pairs within the composites. Due
to the special composition and structure, the ZnO/CeO2 nanocomposites exhibited enhanced CO2

photocatalytic reduction under UV–Vis light irradiation.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The CO2 emission from the consumption of fossil fuels has been
widely recognized as the main contributor to global warming. One
of the best solutions to this issue is to convert CO2 into solar fuels,
which can not only reduce CO2 emission but also provide valuable
fuels [1–4]. Since Inoue et al. [5] first reported CO2 photocatalytic
reduction on semiconductors in 1979, the photocatalytic proper-
ties of different semiconductors such as ZnO [6,7], TiO2 [8–11],
SnO2 [12], CdS [13,14], WO3 [15,16], and C3N4 [17,18] have been
reported in succession. Among them, ZnO has attracted wide
attention due to its high catalytic activity, high photosensitivity,
low cost, and environmental friendliness [19–21]. However, the
properties of ZnO still cannot meet the requirements of practical
application because of low quantum efficiency and low utilization
rate of visible light, resulting from fast recombination of photo-
generated charges and wide band gap of ZnO (3.37 eV) [22].

In the past decade, researchers found that the combination of
ZnO with other semiconductor materials [19,23–25] or carbon
materials can not only promote the separation of photogenerated
charges but also enhance the visible light absorption of ZnO,
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resulting in enhanced photocatalytic activity. Among these
composites, ZnO/CeO2 composite is one of the most promising
materials since the introduction of CeO2 can maintain their original
features and give the composites additional properties [24,26].
Recently, Ma et al. [24] reported enhanced UV and visible light
photocatalytic activity of porous ZnO/CeO2 composited for
Rhodamine B degradation because of the co-existence of Ce3+

and Ce4+ on the surface of the composites as well as enhanced
visible light absorption. Li et al. [27] reported the synthesis of ZnO/
CeO2 nanofibers through electrospinning and their results showed
that ZnO/CeO2 nanofibers demonstrated excellent photocatalytic
activity for Rhodamine B degradation due to the effective
separation of photogenerated electron-hole pairs caused by the
formation of ZnO/CeO2 heterojunction. However, to the best of our
knowledge, few papers reported CO2 photocatalytic reduction over
ZnO/CeO2 composites.

The synthesis method also has great influence on the structural
and physico-chemical properties of nanomaterials. Binary metal
oxide nanocomposites have been synthesized by wet chemistry
routes including sol-gel method [28] and hydrothermal method
[24], etc. However, these methods have significant limitations,
which usually need multiple steps of washing, purification, drying
and annealing. In recent years, flame spray pyrolysis (FSP)
processes has received much interest as they enable the
production of a broad range of materials in the form of
nanostructured powders with high specific surface area and
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primary particle size in the range of few nanometers. FSP allows a
precise control over the powder structural characteristics.
Properties such as crystallite size, crystalline phase, degree of
aggregation and agglomeration, surface area and porosity can be
controlled by flame conditions [29–31]. Compared to wet
chemistry routes, flame synthesis can produce binary metal oxide
nanocomposites in a single step by mixing different metallorganic
precursors before feeding them into the spray nozzle, which is very
simple and convenient. For example, Choi et al. [32] reported the
flame synthesis of core-shell structured NiO@TiO2 nanopowders
and Pratsinis’ group [33] reported one-step flame made WO3/
CeOx-TiO2 catalysts. However, to date, one-step flame synthesis of
ZnO/CeO2 nanocomposites has not been reported.

Here, for the first time, we reported the one-step synthesis of
ZnO/CeO2 nanocomposites through FSP and examined their
photocatalytic activities for CO2 reduction under UV–vis light.
The effect of ZnO/CeO2 molar ratio on the physico-chemical
properties and CO2 reduction activities of ZnO/CeO2 composites
was analyzed. The roles of ZnO and CeO2 during CO2 photocatalytic
reduction were investigated. Finally, the cycle performance and the
deactivation of ZnO/CeO2 composites were discussed.

2. Experimental

2.1. Catalyst preparation

The experimental apparatus for FSP is shown in Fig. 1. The
apparatus consists of an external-mixing atomizing nozzle that is
made of a capillary tube that lies in an opening orifice creating an
annular gap. The solution containing precursor and fuel flows
through the capillary tube, while the dispersion gas rapidly passes
through the annular gap. Thereby, the solution is dispersed into
small droplets and then is ignited by a supporting flame. The
resulting droplets of dissolved precursor are combusted and
generated small clusters of the product powder, which grow up by
agglomeration and sintering processes occurring in the high
temperature environment of the flame. The powders are collected
in a glass fibre filtering system placed above the flame. In this work,
the precursor solution was prepared by dissolving 50 mmol of Zn
(NO3)2�6H2O and Ce(NO3)3�6H2O with different Zn/Ce molar ratios
(0.5, 1.0, and 2.0) into 100 mL of absolute ethanol. The feed rate of
precursor solution was 5 mL min�1. The oxygen dispersion gas,
methane for supporting flame, and oxygen for supporting flame
were 5 SLM (with atomization pressure of 1.5 bar), 0.75 SLM, and
1.5 SLM, respectively. The obtained ZnO/CeO2 nanocomposites
Fig. 1. Experimental setup for flame spray pyrolysis.
with different initial Zn/C molar ratios (0.5, 1.0, and 2.0) were
donated as ZnCe-0.5, ZnCe-1, and ZnCe-2, respectively. For
comparison, pure ZnO and pure CeO2 were also prepared by the
same method.

2.2. Catalyst characterization

For all samples, X-ray diffraction (XRD) patterns were recorded
on an Empyrean diffractometer using Cu Ka radiation
(l = 0.1542 nm) in the range of 20–80�. Transmission electron
microscopy (TEM) images were obtained by using an FEI Tecnai G2

F30 instrument. The specific surface areas and pore size distribu-
tion were measured by a Micrometrics ASAP 2020 surface area and
porosity analyzer. X-ray photoelectron spectra (XPS) were
recorded on a Shimadzu/KRATOS AXIS-ULTRA DLD-600W instru-
ment equipped with Al/Mg Ka radiation. Steady and time-resolved
photoluminescence (PL) spectra were recorded on a confocal laser
Raman microscope (Horiba JobinYvon, LabRAM HR800) and a
time-resolved fluorescence spectrometer (Edinburgh Instruments,
F900), respectively, by using a 325 nm excitation light source. The
photocurrent response and electrochemical impedance spectra
(EIS) measurements were performed in three-electrode quartz
cells with a 0.1 mol/L Na2SO4 electrolyte solution. Platinum wire
was used as the counter electrode, and saturated calomel
electrodes were used as the reference electrodes. The sample
coated ITO glass served as the working electrode. The photo-
electrochemical test results were recorded by an electrochemical
system (CHI-660D, China). A 500W Xe lamp was used as a light
source. UV–vis absorbance spectra were measured by a UV–vis
spectrophotometer (Perkin Elmer, Lambda 950). The molar ratio of
Zn to Ce in the bulk was measured by an X-ray fluorescence (XRF)
spectrometer (EDAX Inc., EAGLE III).

In order to verify the behavior of the catalysts in the presence of
CO2, all samples were analyzed by temperature programmed CO2

desorption (TPD-CO2). This technique enables us to analyze the
types of CO2 species adsorbed on the materials. For the procedures
in detail, 50 mg sample of powder was placed into a quartz tube
reactor first, which was heated under ultra-high purity He flow
(30 mL min�1) up to 300 �C at a rate of 25 �C min�1 for 1 h and then
cooled to ambient temperature. After the pretreatment, CO2 flow
(30 mL min�1) passed through the catalyst bed for 30 min,
subsequently the sample was flushed by He flow (30 mL min�1)
for 1 h. Finally, the TPD analysis was performed under He flow
(30 mL min�1) by heating the reactor up to 750 �C (Rate: 10 �C
min�1). The effluent gas flow was monitored by a TCD detector.

2.3. Photocatalytic reduction of CO2

CO2 photocatalytic reduction under UV–vis light irradiation
(300 nm < l < 400 nm, 18.7 mW cm�2; 400 nm < l < 800 nm,
45.0 mW cm�2) was carried out in an internal circulated reaction
system reported in our previous work [34]. The system mainly
includes a 500 mL Pyrex glass reactor, a 300 W Xe lamp positioned
10 cm above the reactor, and an online gas chromatography (GC).
10 mL of deionized water was added in the bottom of the reactor,
and then 20 mg of catalyst powders was placed on a Petri plate
positioned 2 cm above the water in the reactor. Prior to
illumination, the reactor was first vacuumed and then was purged
by ultra-pure CO2 (99.999%). The pressure in the reactor was 71 kPa
and the temperature of the reactor was kept at 20 �C by cooling it
with circulating water. The vapour pressure of water was 2.3 kPa
under such a situation. During 4 h UV–vis light irradiation, the
amounts of H2, CO, and hydrocarbons in the reactor were analyzed
by the GC/FID/TCD every 15 min. The GC was equipped with a
carbon molecular sieve column (TDX-01) and a molecular sieve 5A
column.



Fig. 2. XRD patterns of ZnO/CeO2 nanocomposites.
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A series of blank tests were proceeded to ensure that any
carbon-containing products measured by GC indeed originated
from purged CO2. First, tests using CO2 and water as reactants were
conducted in the empty reactor. No hydrocarbons were detected in
the dark or under light irradiation in this case. This indicated that
the CO2 reduction reaction could not happen in the absence of
catalyst. Also, when the reactor was vacuumed (without purged
CO2), no hydrocarbons were detected under light irradiation in the
presence of water and catalyst.

3. Results and discussion

3.1. Characterization of the catalysts

Fig. 2 shows the XRD patterns of the ZnCe nanocomposites. The
monocomponent samples were confirmed to be wurtzite ZnO and
cubic phase CeO2. The nanocomposites samples were found to
consist of both wurtzite ZnO and cubic phase CeO2. The intensity of
the characteristic peaks of wurtzite ZnO decreased with the
increase of Ce/Zn molar ratio, while those of cubic phase CeO2

gradually increased, suggesting the successful preparation of the
ZnO/CeO2 nanocomposites. The crystalline sizes of ZnO and CeO2

were calculated by Scherrer’s equation. The crystalline size of ZnO
was larger than that of CeO2 and the introduction of CeO2

decreased the crystalline size of ZnO, which may be caused by the
formation of Ti��O��Ce bonds at the ZnO��CeO2 interface. Similar
phenomenon was observed in TiO2/CeO2 composites [35]. The
molar ratios of Zn to Ce in the bulk of the samples were measured
by XRF (Table 1) and the results are in consistent with the original
amounts of Ce and Zn nitrate added in the precursor.

The TEM and HR-TEM images of the ZnO/CeO2 nanocomposites
are shown in Fig. 3, which revealed that ZnO/CeO2 nanocomposites
are consisted of ZnO and CeO2 nanoparticles according to the
interplanar spacing. As shown in HR-TEM images, the interplanar
distances of different particles are 0.31 and 0.28 nm, which
Table 1
Textural properties and energy band gap (Eg) of ZnO/CeO2 nanocomposites.

Samples Crystalline size/nma Zn/Ce molar ratiob Ave

ZnO CeO2

ZnO 12.8 – – 12.4
ZnCe-2 8.3 3.0 2.03 4.3 

ZnCe-1 8.2 3.3 1.03 4.2 

ZnCe-0.5 8.5 3.1 0.52 3.3 

CeO2 – 3.2 0 3.4 

a Calculated by Scherrer’s equation from XRD patterns.
b Measured by XRF.
c Measured by TEM.
corresponded to (111) planes of CeO2 and (100) planes of ZnO,
respectively. And the formation of CeO2-ZnO heterojunction can be
clearly observed in the HR-TEM images of Zn/CeO2 nanocompo-
sites (Fig. 3F). The particle size distribution of the composites was
obtained by randomly analyzing 50 nanoparticles from the
corresponding TEM images. Average particle size of the composites
was calculated and listed it in Table 1. It is notable that the average
particle size of the composites gradually decreased with the
increase of Ce content, suggesting the introduction of CeO2

inhibited the growth of the particle. As a result, the particle size
of ZnCe-0.5 sample is smallest among all the composites, even
smaller than that of pure CeO2. This is in line with the results
reported in the literature [24].

N2 adsorption-desorption was used to explore the textual
properties of the ZnO/CeO2 nanocomposites. The BET surface area,
pore volume, and pore size of the samples were summarized in
Table 2. The surface area, pore size, and pore volume of the ZnO/
CeO2 composites were all enlarged with the increase of Ce content.
Sample ZnCe-0.5 possesses the largest surface area (64.0 m2g�1)
among all the samples. The enhanced surface area can be
attributed to the decreased particle size caused by the introduction
of CeO2, as shown in the TEM images (Fig. 3).

XPS was used to investigate the chemical states of Ce, Zn and O
on the surface of the samples. As shown in Table 3, the surface Zn/
Ce molar ratio of ZnO/CeO2 nanocomposites was much higher than
the Zn/Ce ratio in the bulk of the composites, suggesting the
enrichment of Zn on the surface of ZnO/CeO2 nanocomposites.
Fig. 4A shows the high-resolution Zn 2p XPS spectra of the samples.
There are two peaks at �1022 eV and �1045 eV in the binding
energy region of Zn 2p, which corresponds to the 2p3/2 and 2p1/2

levels of Zn, resulting from the spin orbit interactions in ZnO
[24,36]. The high-resolution Ce 3d XPS spectra of the samples are
shown in Fig. 4B. The peaks denoted as u, u00, u00 0, and v, v00, v00 0 were
attributed to Ce4+, while u0 and v0 were ascribed to Ce3+, following
the convention established by Burroughs et al. [37]. Therefore, a
mixture of Ce3+/Ce4+ exists on the surface of the ZnO/CeO2

composites. The surface concentrations of Ce3+ of CeO2 and the
composites calculated by deconvolution of the XPS spectra were
summarized in Table 3. It is notable that the surface Ce3+

concentrations in ZnO/CeO2 composites were much higher than
that of CeO2, and gradually increased with the concentration of Zn
in the composites, suggesting that the introduction of ZnO into
CeO2 promotes the partial reduction of Ce4+. Fig. 4C shows the
high-resolution O 1s XPS spectra of the samples. The O 1s spectra
can be deconvoluted into three peaks: the one with the lowest
binding energy is ascribed to lattice oxygen (OL) in the samples, the
one with the highest binding energy is assigned to the
chemisorbed oxygen or/and weakly bonded oxygen species (OC),
and the third peak is attributed to surface oxygen by hydroxyl
species (OH). The ratios of OL, OC, and OH to OT (OT = OL + OC + OH) for
all samples were calculated based on the area of the peaks and
shown in Table 3. It can be noticed that the incorporation of CeO2

obviously enhanced the OC on the surface of ZnO/CeO2 composites,
rage particle size/nmc Eg/eV CO2 adsorption amounts/mmol g�1

 2.98 4.37
2.73 5.96
2.62 4.88
2.68 5.41
2.76 4.64



Fig. 3. TEM and HR-TEM (inset) images of ZnO (A), ZnCe-2 (B), ZnCe-1 (C), ZnCe-0.5 (D), CeO2 (E) and ZnO/CeO2 heterojunctions (F).
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while the addition of ZnO increased the superficial OH concentra-
tion of the composites.

The steady PL spectra of the catalysts are shown in Fig. 5A. The
ZnO sample exhibits two characteristic emissions at around
430 nm and 570 nm, respectively. The formal one is assigned to
the recombination of excitons bound to shallow donors and the
latter one is ascribed to the radiative recombination of a
photogenerated hole with an electron occupying the singly ionized
oxygen vacancies [38]. The PL peaks at around 430 nm disappeared
after adding CeO2 because the electrons supplied by shallow
donors could be captured by CeO2, suppressing the recombination
of the excitons. It is notable that the intensity of PL spectra for ZnO/



Table 2
The BET surface area, pore volume, and pore size of the samples.

Samples BET surface area/m2 g�1 Pore volume/cm3g�1 Pore size/nm

ZnO 45.3 0.32 27.5
ZnCe-2 51.7 0.39 30.2
ZnCe-1 59.6 0.44 29.8
ZnCe-0.5 64.0 0.46 28.6
CeO2 48.7 0.34 27.8

Fig. 4. Zn 2p (A), Ce 3d (B), and O 1s (C) XPS spectra of the samples.
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CeO2 composites was much lower than that of ZnO, indicating the
introduction of CeO2 could effectively decrease the recombination
of photogenerated electron-hole pairs. Fig. 5B shows the time-
resolved PL spectra of the samples. The fluorescence lifetimes of
the ZnO/CeO2 composites are longer than those of pure ZnO and
CeO2, indicating effective separation of photogenerated charges
within ZnO/CeO2 composites, which may be caused by the
formation of ZnO/CeO2 heterojunction, which can promote the
spatial separation of photogenerated electrons and holes.

Fig. 6A shows the photocurrent of the samples irradiated under
UV–vis light. Obviously, the ZnO/CeO2 composites exhibited
enhanced photocurrent, implying enhanced separation of photo-
generated electrons and holes [39]. This is in line with the results of
PL spectra. Fig. 6B shows the EIS of the samples. It is clear that the
diameters of the arc radius on the EIS Nyquist plot of the ZnO/CeO2

composites are smaller than those of pure ZnO and CeO2,
indicating a decrease in the interface layer resistance and charge
transfer resistance on the surface [40]. Among all the composites,
the ZnCe-1 shows the strongest photocurrent and most efficient
separation efficiency of photogenerated charges. Overall, the
recombination of photogenerated charges was inhibited and
charge transfer was accelerated due to the combination of ZnO
and CeO2, which contributes to the high photocatalytic activity of
ZnO/CeO2 composites.

The UV–vis absorbance spectra of the ZnO/CeO2 composites are
shown in Fig. 7A. The absorption edges of ZnO/CeO2 composites
exhibited red shift compared to that of ZnO, owing to the
photosensitizing effect of CeO2 [41]. The energy band gap of the
samples was calculated by using (Ahn)n = k(hn-Eg), where A is the
absorbance, k is the parameter that related to the effective masses
associated with the valence and conduction bands, n is 0.5 for a
direct transition, hn is the absorption energy, and Eg is the energy
band gap [42]. Fig. 7B shows the function of (Ahn)0.5 to hn, and Eg of
the samples was summarized in Table 1. The results show that the
energy band gaps of ZnO/CeO2 composites are smaller than that of
ZnO and CeO2. The results indicate that ZnO/CeO2 composites have
enhanced visible light response, which makes them a promising
solar-driven photocatalyst.

CO2-TPD was performed to investigate the CO2 species
adsorbed on the catalysts. The CO2 adsorption amounts of different
samples were calculated based on the curve in Fig. 8 and shown in
Table 1. The results showed that CO2 adsorption amounts of ZnO
and CeO2were close to each other, and the combination of ZnO and
CeO2 slightly enhanced the CO2 adsorption amount on the
composites. According to the desorption temperature, the peaks
in Fig. 8 can be assigned to desorption of molecularly adsorbed CO2
Table 3
The chemical states of Zn, Ce, and O on the surface of ZnO/CeO2 nanocomposites.

Samples Surface Zn/Ce molar ratio Ce3+/(Ce3+ + Ce4+)/% OH/OT/% OC/OT/% OL/OT/%

ZnO – – 26.5 44.6 28.9
ZnCe-2 5.7:1 45.1 26.6 48.7 24.7
ZnCe-1 3.7:1 33.6 23.7 54.6 21.7
ZnCe-0.5 2.2:1 31.7 23.6 53.2 24.2
CeO2 0 20.4 21.7 41.9 39.6



Fig. 5. Steady (A) and time-resolved (B) PL spectra of ZnO, CeO2, and ZnO/CeO2

composites.
Fig. 7. UV–vis absorbance spectra (A) and energy band gap (B) of ZnO, CeO2, and
ZnO/CeO2 nanocomposites.
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(50–180 �C), bidentated bicarbonates (b-HCO3
�, 180–380 �C),

bidentated carbonates (b-CO3
2�, 380–570 �C), and monodentated

carbonates (m-CO3
2�, 550–780 �C) [43–45]. Compared to CeO2, the

intensity of peak for molecularly adsorbed CO2 on ZnO was weaker
Fig. 6. Transient photocurrent response (A) and electrochemical impedance
spectroscopy Nyquist plots (B‘) of ZnO, CeO2, and ZnO/CeO2 composites.
while those for b-HCO3
� and b-CO3

2�were much larger, indicating
stronger interaction between CO2 and ZnO than CeO2. This
phenomenon can be attributed to the higher surface hydroxyl
concentration on ZnO (confirmed by XPS), which can react with
CO2 to generate b-HCO3

� and b-CO3
2� [46,47]. Therefore, with the

increase of ZnO content in ZnO/CeO2 composites, the intensity of
peaks for b-HCO3

� and b-CO3
2� increased gradually, indicating

enhanced CO2 chemisorption on the surface of ZnO/CeO2

composites compared with CeO2. This is helpful for CO2 reduction
because the adsorbed b-HCO3

� and b-CO3
2� can transform into

CO2
�, which is deemed to be a key intermediate in the CO2

photocatalytic reduction [48].

3.2. CO2 photocatalytic reduction

The photocatalytic activity of ZnO, CeO2, and ZnO/CeO2

composites for CO2 reduction was evaluated under UV–Vis light
irradiation. CO and CH4 were found to be the main products and no
other gaseous products such as H2were detected. Fig. 9 and Table 4
show CO and CH4 yields of the catalysts. For all samples, the CO
yield is higher than that of CH4. It has been widely accepted that the
selective formation of CH4 or CO is the compromise between
charge transfer and thermodynamics [49,50]. The formation of CH4

is thermodynamically more feasible than that of CO [51]. That
means CH4 will be selectively formed if enough protons and
electrons are supplied. In addition, CH4 can also be formed by the
reduction of CO [47,52], which implies the formation of CH4 is more
difficult than that of CH4. In our work, CO was mainly obtained
possibly due to the paucity of electrons or protons. Similar results
were also reported in the literatures that CO was the main product
over ZnO [25] and CeO2 [53] catalysts.

It can be seen that ZnO/CeO2 nanocomposites exhibit higher
photocatalytic activity than ZnO and CeO2, suggesting that the
combination of ZnO and CeO2 can effectively enhance the
photocatalytic activity of pure ZnO or CeO2. The enhanced UV–



Fig. 8. TPD-CO2 profiles for the catalysts.

Table 4
Photocatalytic activity and quantum yield of ZnO/CeO2 nanocomposites.

Samples CO
/mmol g�1 h�1

CH4

/mmol g�1 h�1
FCO/% FCH4/%

ZnO 0.119 0 0.11 0
ZnCe-2 0.258 0.045 0.25 0.17
ZnCe-1 0.526 0.069 0.51 0.27
ZnCe-0.5 0.203 0.046 0.20 0.18
CeO2 0.094 0 0.09 0
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vis light activity of ZnO/CeO2 nanocomposites can be ascribed to
their favourable properties. First, the introduction of CeO2 species
increases the surface area of ZnO/CeO2 nanocomposites and
extended the light response of ZnO to visible light region. Second,
the PL spectra show that the formation of ZnO/CeO2 heterojunction
and coexistence of Ce4+ and Ce3+ can effectively promote the
separation of photogenerated electron-hole pairs, which also
contributes to the improvement of photocatalytic efficiency
[24,41]. Finally, ZnO addition increases the concentration of
superficial hydroxyl group and enhances the interaction between
CO2 and the composites, resulting in high photocatalytic activity of
the composites.
Fig. 9. CO (A) and CH4 (B) yields of the catalysts.
Quantum yield of the CO2 photocatalytic reduction over the
composites were calculated by the following equations [54].

FCH4% = 100% � 8 � CH4 yield/moles of photon reached the catalyst

FCO% = 100% � 2 � CO yield/moles of photon reached the catalyst

As shown in Table 4, for ZnCe-1, the quantum yield was
calculated to be 0.51% and 0.27% for CH4 and CO, respectively,
which are much higher than those of ZnO and CeO2, indicating
higher photon utilization efficiency of ZnO/CeO2 composites. The
quantum yield of our ZnO/CeO2 composites is higher than the
similar catalysts (Cu/TiO2, 0.13%; Au/ZnO, 0.03%; ZnO/CuO,
0.0035%) reported in the literatures [55–57].

Fig. 10 shows the cycle performance of ZnCe-1 catalyst. After
the first cycle, the reactor was vacuumed and the same
experimental process was repeated. Compared to the first cycle,
the CH4 and CO yields in the second and the third cycle decreased,
suggesting deactivation of the ZnCe-1 catalyst. In order to figure
out the reason for this phenomenon, XPS was used to analyze the
surface chemical states of ZnCe-1 catalyst before and after
photocatalytic reaction. As shown in Fig. 11 and Table 5, the
chemical states of Zn on the surface of ZnCe-1 were stable during
reaction. Zn in fresh and spent ZnCe-1 both existed as Zn2+. Also,
the superficial Ce3+/Ce4+ ratio only slightly decreased after
reaction, indicating the mutual conversion between Ce3+ and
Ce4+ basically reaches balance. It is notable that the OC/OT ratio
increased while the OH/OT ratio decreased rapidly after photo-
catalytic reaction. The increased OC/OT can be attributed to the
incomplete desorption of oxygen produced from reaction, which
may lead to the oxidation of carbon-containing products in the
second cycle. The decreased OH/OT indicated the consumption of
superficial hydroxyl group after the first cycle, which is unfavor-
able to the CO2 reduction in the second and third cycles because
the superficial hydroxyls help the adsorption of CO2 on the surface
of the catalyst [42,47]. Based on the above results, the deactivation
of ZnCe-1 catalyst after the first cycle can be attributed to the
Fig. 10. Cycle performance of ZnCe-1 catalyst.



Fig. 11. XPS spectra of ZnCe-1 before and after photocatalytic reaction.

Table 5
The chemical states of Zn, Ce, and O on the surface of ZnCe-1 before and after
reaction.

Ce3+/(Ce3+ + Ce4+)/% OH/OT/% OC/OT/% OL/OT/%

Fresh ZnCe-1 33.6 23.7 54.6 21.7
Spent ZnCe-1 29.4 4.7 73.2 22.1
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consumption of superficial hydroxyl group and the incomplete
desorption of oxygen after reaction, which may lead to decreased
CO2 chemisorption and re-oxidation of the products, respectively.

4. Conclusions

ZnO/CeO2 nanocomposites were one-step synthesized through
Flame spray pyrolysis (FSP). The results of TEM and BET analysis
reveal that the addition of CeO2 decreases the particle size and
increases surface area of the nanocomposites. Meanwhile, the
incorporated CeO2 species effectively extends the light response of
ZnO from UV to visible light region. Meanwhile, the ZnO in the
composites increases the concentration of superficial hydroxyl
group on the catalysts and enhances the interaction between CO2

and the composites. The formation of ZnO/CeO2 heterojunction
and the co-existence of Ce4+/Ce3+ remarkably promote the
separation of photogenerated electron-holes pairs within the
composites. Due to the special composition and structure, the ZnO/
CeO2 nanocomposites exhibited enhanced CO2 photocatalytic
reduction under UV–Vis light irradiation.
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