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Abstract: Direct conversion of methane to its oxygenate derivatives remains highly attractive while
challenging owing to the intrinsic chemical inertness of CH4. Photocatalysis arises as a promising
green strategy which could stimulate water splitting to produce oxidative radicals for methane C–H
activation and subsequent C–C coupling. However, synthesis of a photocatalyst with an appropriate
capability of methane oxidation by water remains a challenge using an effective and viable approach.
Herein, ceria nanoparticles with abundant oxygen vacancies prepared by calcinating commercial CeO2

powder at high temperatures in argon are reported to capably produce ethanol and aldehyde from
CH4 photocatalytic oxidation under ambient conditions. Although high-temperature calcinations lead
to lower light adsorptions and increased band gaps to some extent, deficient CeO2 nanoparticles with
oxygen vacancies and surface CeIII species are formed, which are crucial for methane photocatalytic
conversion. The ceria catalyst as-calcinated at 1100 ◦C had the highest oxygen vacancy concentration
and CeIII content, achieving an ethanol production rate of 11.4 µmol·gcat

−1
·h−1 with a selectivity of

91.5%. Additional experimental results suggested that the product aldehyde was from the oxidation
of ethanol during the photocatalytic conversion of CH4.

Keywords: ceria; oxygen vacancy; photocatalysis; methane conversion

1. Introduction

Methane, as the main constituent of natural gas and shale gas, is widely used as an important
and clean fuel [1]. With large-scale exploitation of unconventional natural gas, especially shale gas,
direct conversion of methane as a chemical feedstock to valuable chemicals is highly attractive [2,3].
Nevertheless, the CH4 molecule exhibits a perfectly symmetrical tetrahedral structure with negligible
electron affinity and the highest C–H bond strength (434 ± 6 kJ·mol−1) in all hydrocarbons, implying
great difficulties in activating methane and breaking C–H bonds [4–7]. To date, large-scale methane
conversion applications are limited in thermal catalysis under harsh reaction conditions. For instance,
methane reformation occurs at high temperature with complicated facilities [8,9], where methane is
converted only to syngas (CO/H2) as a feedstock for the Fischer–Tropsch synthesis process [10,11].
Although oxidative coupling of methane can produce C2 hydrocarbons such as ethylene and
ethane [12,13], the existence of oxygen at high temperatures may present potential explosion risks and
irreversible overoxidation to generate CO2 with low carbon utilization [14]. The highly promising
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non-oxidative coupling of methane to olefins and aromatics recently reported [15,16] requires high
temperatures (~1000 ◦C) to activate methane. It is highly desired to develop a new approach for
methane conversion.

Using renewable solar energy to drive methane conversion by photocatalytic processes remains
highly attractive, as they feature both solar energy storage and direct utilization of methane as feedstock.
Moreover, water is the most naturally abundant source of oxidative species, which is available and
low-cost for CH4 photooxidation [17]. Photocatalysis arises as a promising green strategy which could
stimulate water splitting to produce oxidative radicals for methane C–H activation and subsequent
C–C coupling [17–20]. Synthesis of photocatalysts with appropriate capabilities of water splitting and
methane oxidation remains a challenge under an effective and viable approach.

In the past few decades, cerium-based materials gained increasing attention as photocatalysts
alternative to conventional titania, both for wastewater treatment [21–25] and water splitting [26–28].
As a representative cerium-based material, ceria is a wide-band-gap semiconductor (3.2–3.4 eV), which
is used in various industrial applications such as solar energy for water splitting [29], as an oxygen
storage material [30], and in solar cells, luminescent materials, and photocatalytic applications [31–33].
The usability of ceria for most of these applications depends on its ability to release or take up
oxygen. Ceria has large oxygen storage capacity depending on Ce3+/Ce4+ redox cycles. More recently,
some studies [34,35] reported that increasing the surface defect concentration of ceria by calcination
enhanced the photocatalytic degradation of dyes. The surface defects such as oxygen vacancies
can promote the generation of hydroxyl radicals from water splitting under light irradiation. Based
on this principle, modification of oxygen vacancy defects on ceria is theoretically beneficial for the
photocatalytic oxidation of methane with water. Herein, we report commercially available ceria
nanoparticles that behave inertly for methane photocatalytic conversion, which are then evoked and
become active via high-temperature calcination in Ar atmosphere. Oxygen vacancies and surface CeIII

species in the as-prepared ceria catalysts are proposed to be crucial for generating oxidative radicals
for methane oxidation under simulated solar light irradiation. The present study illustrates a simple
and effective approach for fabricating active ceria catalysts for direct methane conversion and solar
energy utilization fields.

2. Results and Discussion

2.1. Characterizations of the Catalysts

A series of ceria catalysts were synthesized by simple calcination of commercial CeO2

nanoparticles in Ar at 500–1100 ◦C (see Section 3.1 for details). The oxygen signal (m/z = 32)
from a temperature-programmed calcination indicated that lattice oxygen removal started around
600 ◦C (Figure S1A, Supplementary Materials), and the actual variation of the CeO2 crystal structure
potentially occurred at lower temperature. The thermogravimetry (TG) curve of CeO2-raw (Figure S1B,
Supplementary Materials) showed a very slow mass decrease until 580 ◦C, followed by rapid mass loss
in the range of 580–1040 ◦C, implying lattice oxygen removal in Ar flow. The TG results further indicate
that an inert atmosphere is more beneficial for oxygen removal to form oxygen vacancies, compared to
the oxygen-rich atmosphere (Figure S1B, Supplementary Materials). At 500 ◦C and higher temperatures
with an interval of 100 ◦C, CeO2-x catalysts were obtained, where x represents the preserved calcination
temperature. Figure 1 shows the typical photographs of as-prepared CeO2-x samples at different
temperatures. The yellowish colors of CeO2-500, CeO2-600, and CeO2-700 seem highly similar to that
of CeO2-raw. Apparent color darkening started from CeO2-800, and then gradually changed to brown
with increasing calcination temperature. A possible reason may be derived from the variation of lattice
structures, especially oxygen vacancy (vide infra), in agreement with previous reports [34].
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Figure 1. The typical photographs of CeO2-raw and as-prepared CeO2-x catalysts at different 
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X-ray diffraction (XRD) patterns of CeO2-raw and CeO2-x are displayed in Figure 2. The 
diffraction peaks corresponding to (111), (200), (220), (311), (222), (400), (331), and (420) planes of 
cubic ceria with a space group of Fm-3m (JCPDS no.34-0394) were detected, and no peaks from the 
other ceric and cerous oxide species were manifested in all samples. This implies that the 
high-temperature calcinations, even as high as 1100 °C, in Ar did not cause phase transformation. 
The average particle sizes of CeO2-x were affected by the calcination temperature, especially high 
temperatures. The particle size of CeO2-500 (18.4 nm), as calculated using the Scherrer equation on 
the basis of the (111) peak, was close to that of CeO2-raw (18.0 nm), although CeO2-500 was 
subjected to the calcination treatment of 500 °C. Subsequently, the particle sizes of CeO2-x 
exponentially increased with increasing calcination temperature, that is, particle sizes from 20.7 nm 
of CeO2-600 rapidly increased to 29.3 nm (CeO2-700), 48.5 nm (CeO2-800), 65.9 nm (CeO2-900), 78.7 
nm (CeO2-1000), and 93.2 nm (CeO2-1100). 
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size based on the calculation using the Scherrer equation on the basis of the (111) peak. 

According to previous reports [35–38], the total concentrations of oxygen vacancy in CeO2-raw 
and CeO2-x can be calculated using Equations (6) and (7) (vide infra, see Section 3 for full details). 
With increasing calcination temperatures, the concentrations of oxygen vacancy of CeO2-x slowly 
increase initially, and then rapidly increase at higher temperatures, as shown in Figure S2 
(Supplementary Materials). The oxygen vacancy concentration of CeO2-500 was 0.6 × 1018 
vacancies/cm3, only slightly higher than that of CeO2-raw (0.3 × 1018 vacancies/cm3). CeO2-600 had a 
much larger oxygen vacancy concentration (2.1 × 1018 vacancies/cm3). From the catalyst CeO2-700 
(6.5 × 1018 vacancies/cm3), the oxygen vacancy concentrations of CeO2-x further linearly increased to 
13.8 × 1018 vacancies/cm3 (CeO2-800), 19.6 × 1018 vacancies/cm3 (CeO2-900), 26.2 × 1018 vacancies/cm3 
(CeO2-1000), and 32.5 × 1018 vacancies/cm3 (CeO2-1100). These results demonstrate that the 

Figure 1. The typical photographs of CeO2-raw and as-prepared CeO2-x catalysts at different calcination
temperatures in Ar.

X-ray diffraction (XRD) patterns of CeO2-raw and CeO2-x are displayed in Figure 2. The diffraction
peaks corresponding to (111), (200), (220), (311), (222), (400), (331), and (420) planes of cubic ceria
with a space group of Fm-3m (JCPDS no.34-0394) were detected, and no peaks from the other ceric
and cerous oxide species were manifested in all samples. This implies that the high-temperature
calcinations, even as high as 1100 ◦C, in Ar did not cause phase transformation. The average particle
sizes of CeO2-x were affected by the calcination temperature, especially high temperatures. The particle
size of CeO2-500 (18.4 nm), as calculated using the Scherrer equation on the basis of the (111) peak,
was close to that of CeO2-raw (18.0 nm), although CeO2-500 was subjected to the calcination treatment
of 500 ◦C. Subsequently, the particle sizes of CeO2-x exponentially increased with increasing calcination
temperature, that is, particle sizes from 20.7 nm of CeO2-600 rapidly increased to 29.3 nm (CeO2-700),
48.5 nm (CeO2-800), 65.9 nm (CeO2-900), 78.7 nm (CeO2-1000), and 93.2 nm (CeO2-1100).
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Figure 2. (A) X-ray diffraction (XRD) patterns of CeO2-raw and CeO2-x; (B) comparison of particle size
based on the calculation using the Scherrer equation on the basis of the (111) peak.

According to previous reports [35–38], the total concentrations of oxygen vacancy in CeO2-raw
and CeO2-x can be calculated using Equations (6) and (7) (vide infra, see Section 3 for full
details). With increasing calcination temperatures, the concentrations of oxygen vacancy of
CeO2-x slowly increase initially, and then rapidly increase at higher temperatures, as shown in
Figure S2 (Supplementary Materials). The oxygen vacancy concentration of CeO2-500 was 0.6 × 1018

vacancies/cm3, only slightly higher than that of CeO2-raw (0.3 × 1018 vacancies/cm3). CeO2-600
had a much larger oxygen vacancy concentration (2.1 × 1018 vacancies/cm3). From the catalyst
CeO2-700 (6.5 × 1018 vacancies/cm3), the oxygen vacancy concentrations of CeO2-x further linearly
increased to 13.8 × 1018 vacancies/cm3 (CeO2-800), 19.6 × 1018 vacancies/cm3 (CeO2-900), 26.2 × 1018
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vacancies/cm3 (CeO2-1000), and 32.5 × 1018 vacancies/cm3 (CeO2-1100). These results demonstrate
that the high-temperature calcinations in Ar facilitated the formation of oxygen vacancies. The high
concentrations of oxygen vacancies from the calcination at 800 ◦C also led to a darkened yellowish
appearance, as recognized previously [39].

The surface electronic states of CeO2-raw and CeO2-x were studied by X-ray photoelectron
spectroscopy (XPS), as shown in Figure 3A. The Ce 3d spectrum of CeO2-raw shows the main Ce 3d5 /2
and 3d3 /2 core peaks at binding energies of 881.6 and 901.8 eV, respectively, indicating the CeIV state
in CeO2. Two CeO2 shake-up satellite 3d5 /2 peaks including the CeIV satellite (i) and CeIV satellite
(ii) at 889.7 and 897.5 eV, respectively, also appeared for CeO2-raw. As for CeO2-x, in addition to
CeO2 peaks, new peaks located at 879.6 (Ce 3d5 /2) and 897.7 eV (Ce 3d3/2) were the characteristic CeIII

peaks, along with the CeIII satellite 3d5 /2 peak at 886.0 eV. However, XRD characterizations showed
only CeO2 phase as the bulk composition in all CeO2-x catalysts, implying that the surface CeIII oxide
layers evidenced by XPS were too thin to be detectable. Variations of the relative intensity ratios of
CeIII/CeIV with respect to CeO2-raw and individual CeO2-x are displayed in Figure 3B. In the lower
calcination temperature range from 500 ◦C to 800 ◦C, the CeIII/CeIV ratios increased relatively quickly
from 0.08 (CeO2-500) to 0.33 (CeO2-800). Subsequently, the CeIII/CeIV ratios continuously increased to
0.5 (CeO2-1100) with a relatively slow rate, implying potential surface/interface configuration inflexion
in CeO2-800.

Catalysts 2020, 10, 196 4 of 11 

 

high-temperature calcinations in Ar facilitated the formation of oxygen vacancies. The high 
concentrations of oxygen vacancies from the calcination at 800 °C also led to a darkened yellowish 
appearance, as recognized previously [39]. 

The surface electronic states of CeO2-raw and CeO2-x were studied by X-ray photoelectron 
spectroscopy (XPS), as shown in Figure 3A. The Ce 3d spectrum of CeO2-raw shows the main Ce 
3d5/2 and 3d3/2 core peaks at binding energies of 881.6 and 901.8 eV, respectively, indicating the CeIV 
state in CeO2. Two CeO2 shake-up satellite 3d5/2 peaks including the CeIV satellite (i) and CeIV 
satellite (ii) at 889.7 and 897.5 eV, respectively, also appeared for CeO2-raw. As for CeO2-x, in 
addition to CeO2 peaks, new peaks located at 879.6 (Ce 3d5/2) and 897.7 eV (Ce 3d3/2) were the 
characteristic CeIII peaks, along with the CeIII satellite 3d5/2 peak at 886.0 eV. However, XRD 
characterizations showed only CeO2 phase as the bulk composition in all CeO2-x catalysts, implying 
that the surface CeIII oxide layers evidenced by XPS were too thin to be detectable. Variations of the 
relative intensity ratios of CeIII/CeIV with respect to CeO2-raw and individual CeO2-x are displayed 
in Figure 3B. In the lower calcination temperature range from 500 °C to 800 °C, the CeIII/CeIV ratios 
increased relatively quickly from 0.08 (CeO2-500) to 0.33 (CeO2-800). Subsequently, the CeIII/CeIV 
ratios continuously increased to 0.5 (CeO2-1100) with a relatively slow rate, implying potential 
surface/interface configuration inflexion in CeO2-800. 

 
Figure 3. (A) Ce 3d X-ray photoelectron spectroscopy (XPS) spectra, and (B) the relatively intensity 
ratios of CeIII/CeIV of CeO2-raw and CeO2-x. 

The absorption edges and band properties for CeO2-raw and CeO2-x were studied using UV–
Vis diffuse reflectance spectra (DRS) (Figure 4). One can see that CeO2-raw showed an intense 
adsorption band from 200 nm to 380 nm and a trailing adsorption band until 480 nm. As for CeO2-x, 
the intensities of the low-frequency region gradually decreased with increasing calcination 
temperatures, while the trailing adsorption widths of CeO2-x in the high-frequency region 
fluctuated to some extent, implying the effective influences of calcination on the band structures of 
ceria. Tauc plots based on DRS absorption edges show that the band gaps were sharply broadened 
from 2.97 eV of CeO2-raw to 3.01 eV (CeO2-500), 3.03 eV (CeO2-600), 3.05 eV (CeO2-700), 3.08 eV 
(CeO2-800), 3.12 eV (CeO2-900), 3.15 eV (CeO2-1000), and 3.18 eV (CeO2-1000) (inset I in Figure 4). 
The band-gap values increased almost linearly with increasing calcination temperatures (inset II in 
Figure 4). The oxygen vacancies derived from oxygen atom effusion during the calcination process 
caused the band gaps to broaden stepwise [40,41], implying the effective influence of calcination on 
the band-gap structures of ceria. 

Figure 3. (A) Ce 3d X-ray photoelectron spectroscopy (XPS) spectra, and (B) the relatively intensity
ratios of CeIII/CeIV of CeO2-raw and CeO2-x.

The absorption edges and band properties for CeO2-raw and CeO2-x were studied using UV–Vis
diffuse reflectance spectra (DRS) (Figure 4). One can see that CeO2-raw showed an intense adsorption
band from 200 nm to 380 nm and a trailing adsorption band until 480 nm. As for CeO2-x, the intensities
of the low-frequency region gradually decreased with increasing calcination temperatures, while
the trailing adsorption widths of CeO2-x in the high-frequency region fluctuated to some extent,
implying the effective influences of calcination on the band structures of ceria. Tauc plots based on
DRS absorption edges show that the band gaps were sharply broadened from 2.97 eV of CeO2-raw to
3.01 eV (CeO2-500), 3.03 eV (CeO2-600), 3.05 eV (CeO2-700), 3.08 eV (CeO2-800), 3.12 eV (CeO2-900),
3.15 eV (CeO2-1000), and 3.18 eV (CeO2-1000) (inset I in Figure 4). The band-gap values increased
almost linearly with increasing calcination temperatures (inset II in Figure 4). The oxygen vacancies
derived from oxygen atom effusion during the calcination process caused the band gaps to broaden
stepwise [40,41], implying the effective influence of calcination on the band-gap structures of ceria.
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All CeO2-raw and CeO2-x catalysts exhibited excellent photocurrent response abilities in the
light on and off cycles, as demonstrated in Figure 5. Moreover, the photocurrent density of CeO2-raw
was about 0.061 µA·cm−2 in the first light on stage, before gradually decreasing to 0.041 µA·cm−2

in the last light on stage. The photocurrent densities of CeO2-x were larger than those of CeO2-raw
in all light on stages. Furthermore, the intensities of the photocurrent densities of CeO2-x stepwise
increased with increasing calcination temperatures. The initial photocurrent densities of CeO2-x
were 0.085 µA·cm−2 (CeO2-500), 0.10 µA·cm−2 (CeO2-600), 0.115 µA·cm−2 (CeO2-700), 0.120 µA·cm−2

(CeO2-800), 0.137 µA·cm−2 (CeO2-900), 0.163 µA·cm−2 (CeO2-1000), and 0.183 µA·cm−2 (CeO2-1100).
CeO2-x also showed attenuating photocurrent densities in the following light on stages, and CeO2-800
retained a relatively slow attenuating rate compared to the other CeO2-x catalysts. These results
adequately prove that calcination can effectively affect the band structures of ceria, resulting in the
promoted photo-response.
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light on and light off.
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2.2. Photocatalytic Conversion of CH4

Photocatalytic methane oxidation reactions were conducted over CeO2-raw and CeO2-x catalysts
stirred/dispersed in pure water under simulated sunlight irradiation. As shown in Figure 6, the aldehyde
and ethanol products were reproducibly generated, and no other products were detected over CeO2-x
catalysts. In contrast, no products were generated over CeO2-raw from CH4 photooxidation. CeO2-x
produced a small amount of aldehyde with relatively stable production rates of about 1.0µmol·gcat

−1
·h−1

with ~10% fluctuation. Note that ethanol production rates over CeO2-x catalysts quickly increased from
0.9 µmol·gcat

−1
·h−1 (CeO2-500) to 2.3 µmol·gcat

−1
·h−1 (CeO2-600), 4.6 µmol·gcat

−1
·h−1 (CeO2-700), and

8.5 µmol·gcat
−1
·h−1 (CeO2-800) initially, and then further increased to 9.4 µmol·gcat

−1
·h−1 (CeO2-900),

10.3 µmol·gcat
−1
·h−1 (CeO2-1000), and 11.4 µmol·gcat

−1
·h−1 (CeO2-1100) with relatively slow rates

at the higher temperature range. Such variations of aldehyde and ethanol production rates over
CeO2-x resulted in an asymptotic curve for ethanol selectivity. That is, the ethanol selectivity increased
quickly from 50.2% (CeO2-500) to 71.3% (CeO2-600), 80.9% (CeO2-700), and 88.0% (CeO2-800), and
then slowly to 90.4% (CeO2-900), 90.7% (CeO2-1000), 91.5% (CeO2-1100). Note that the changes in
the ethanol selectivity and production rate were highly similar to those of CeIII/CeIV ratios in CeO2-x,
indicating that the activity of producing ethanol was sensitive to the surface CeIII species on the
as-prepared ceria. Recently, Murali et al. reported that an optimal CeOx layer in the ceria nanoparticle
catalyst was obtained via tuning the molar ratio of CeIII, exhibiting an enhanced photocatalytic
performance [34,35,37,42]. The quantum efficiency of ethanol production over the catalyst CeO2-1100
was about 0.3% (Table S1, Supplementary Materials).
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Based on the results and discussion above, we propose a hypothetic radical mechanism for
photocatalytic CH4 conversion over CeO2-x catalysts according to previous reports [17,34]. Oxidative
species O2− and/or hydroxyl radicals (·OH) are firstly formed on the surface of CeO2-x catalysts,
which are derived from the interaction between water and holes induced by active oxygen vacancies
under simulated solar light irradiation. These ·OH radicals interact with CH4 to produce methyl
radicals (·CH3) (Equation (1)), and then some of the as-formed ·CH3 undergoes radical coupling to
generate ethane (Equation (2)), which is further attacked by ·OH to produce ethyl radicals (·CH2CH3)
(Equation (3)). Ethanol is produced from the reaction between ·CH2CH3 and H2O (Equation (4)),
while the reaction between hydrogen radicals (·H) and ·OH to produce water (Equation (5)) is a chain
termination reaction.

CH4 + ·OH → ·CH3 + H2O. (1)

·CH3 + ·CH3 → C2H6. (2)
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C2H6 + ·OH → ·CH2CH3 + H2O. (3)

·CH2CH3 + H2O → C2H5OH + ·H. (4)

·H + ·OH → H2O. (5)

Furthermore, it was demonstrated that the formation of aldehyde is attributed to the oxidation of
the product ethanol under the photocatalytic conditions via additional experiments of photocatalytic
ethanol conversion. As shown in Figure S3 (Supplementary Materials), the initial ethanol concentrations
were 1.03, 1.54, 2.57, and 3.86 µmol·L−1 in Test 1, Test 2, Test 3, and Test 4, respectively. After simulated
solar light irradiation for 2 h with Ar flow instead of methane flow, the post-reaction liquid products
were found to be aldehyde and unreacted ethanol. Moreover, the amount of aldehyde in different
tests remained almost constant (0.23 µmol·L−1). Note that the sums of the unreacted ethanol and
as-generated aldehyde were equal to the initial ethanol in the individual test. This implies that certain
amount of the product ethanol was converted to the equivalent aldehyde under the CH4 photocatalytic
conditions. That is, the oxidative species also led to the occurrence of an ethanol oxidation side
reaction, resulting in a nearly constant amount of aldehyde in the CH4 photocatalytic conversion
process. The cycling performance tests showed that the production rates of aldehyde over CeO2-1100
remained constant (maintaining at 1.1 µmol·gcat

−1
·h−1) at different cycles (Figure S4, Supplementary

Materials). The ethanol production rates were relatively stable with only about 6% stepwise decay
from Cycle 1 to Cycle 3, but they decreased rapidly at Cycle 4 with about 20% decay. In addition,
the catalyst CeO2-1100 showed comparable photocatalytic activities with the best photocatalysts under
mild reaction conditions (Table S2, Supplementary Materials).

3. Materials and Methods

3.1. Preparation of Catalysts

In this work, a calcination method in Ar atmosphere was adopted, and the details were as follows:
commercial CeO2 samples (about 0.1 g) were put in a U-type quartz tube and purged with Ar (99.999%,
200 mL·min−1) for 30 min before heating. Then, the samples were calcined in flowing Ar at a heating
rate of 5 ◦C·min−1 to target temperatures (500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C, 900 ◦C, 1000 ◦C, and 1100 ◦C)
and held at the individual target temperatures for 4 h. After cooling down to room temperature in Ar
flow, the as-obtained catalysts were stored in airtight glass bottles.

3.2. Physical Characterizations

The crystal structures of the catalysts were determined by X-ray diffraction (XRD) patterns
performed on an X-ray diffractometer (Ultima IV, Rigaku Corporation, Tokyo, Japan) employing Cu Kα

radiation (λ = 1.54056 Å) at 40 kV and 40 mA. XRD patterns were recorded at a scan rate of 5◦·min−1

and in the range of 20◦–80◦. The concentrations of oxygen vacancy were calculated using Equations (6)
and (7).

√
3

4
(a− a0) = c

[
rCe3+ − rCe4+ +

1
4

(
rV0 − rO2−

)]
, (6)

V0 = 2c, (7)

where a is the lattice constant based on the full width half maximum (FWHM) of the (111) diffraction peak
of individual samples, and the a values for CeO2-x were 0.5411 nm (CeO2-raw), 0.54112 nm (CeO2-500),
0.54115 nm (CeO2-600), 0.54126 nm (CeO2-700), 0.54145 nm (CeO2-800), 0.5416 nm (CeO2-900),
0.54177 nm (CeO2-1000), and 0.54192 nm (CeO2-1100); a0 is the lattice parameter (0.5411 nm) of CeO2

(JCPDS no.34-0394), c is the coefficient of vacancy concentration, rCe3+ and rCe4+ are the radii of Ce3+

and Ce4+, respectively ( rCe3+ = 0.1283 nm, rCe4+ = 0.1098 nm), rV0 and rO2− are the radii of oxygen
vacancy and O2−, respectively (rV0 = 0.138 nm, rO2− = 0.124 nm), and V0 is the oxygen vacancy
concentration. UV–visible absorption spectra were recorded on a UV–visible spectrophotometer
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(UV-2700, Shimadzu Co., Ltd., Kyoto, Japan). XPS spectra were obtained using an X-ray photoelectron
spectrometer (Quantum 2000 Scanning ESCA Microprobe instrument, Thermo Fisher Scientific Inc.,
Waltham, MA., USA) with a monochromatic excitation source of Al Kα radiation (hν = 1486.6 eV)
performed under 12 kV and 4 mA. The binding energies in all XPS spectra were calibrated according to
the C 1s peak (284.8 eV). The XPS spectra were deconvolved using a commercially available data-fitting
program (Advantage 5.967 software (2016), Thermo Fisher Scientific Inc., Waltham, MA, USA) after
a Shirley background subtraction procedure. The photocurrent response tests of the catalysts were
carried out on an electrochemical workstation (VMP3, Bio-Logic Inc., Seyssinet-Pariset, France) using
the chronoamperometry method at a fixed potential of 0 mV vs. Ag/AgCl under chopped illumination
periods of 60 s. The catalysts coated on the carbon paper pieces (2 cm × 2 cm) were used as the
working electrode, a Pt wire was used as the counter-electrode, and KCl-saturated Ag/AgCl was
used as the reference electrode. The CH4-saturated 0.1 M NaOH aqueous solution was used as the
electrolyte solution.

3.3. Photocatalytic Activity Tests

In a typical photocatalytic CH4 oxidation reaction, the catalyst (2 mg) was suspended in ultra-pure
water (15 mL) with continuous magnetic stirring in a gas-tight glass cell equipped with a constant
temperature circulator (25 ◦C). The set-up of the CH4 photocatalytic conversion is shown in Figure S5
(Supplementary Materials), and the glass cell with a volume of 20 mL was covered with a quartz
window (effective irradiation diameter of 5 cm). The pure CH4 (99.999%) was delivered into the
cell at a constant rate of 4 mL·min−1 and was allowed to purge for 30 min prior to the beginning of
experiments. The pressure of the reaction cell remained at 0.2 bar. A 300-W Xe lamp (CEL-HXF300,
Beijing CeAuLight Co., Ltd., Beijing, China) with an air mass (AM 1.5 filter, 100 mW·cm−2) was used
as the simulated light source, which possessed a similar solar spectrum (Figure S6, Supplementary
Materials). In the methane photocatalytic conversion, there were two kinds of products, i.e., one in the
gas phase, and the other in the liquid phase. The gas-phase products were measured by the on-line GC
(GC-2014, Shimadzu Co., Ltd., Kyoto, Japan) equipped with a Molecular sieve-13X 60/80 column and a
Plot-Q80/100 column using the flame ionization detector (FID). The amount of the possible gas-phase
products was too little to be detected by the on-line GC, resulting in no gas-phase product detected in
all CH4 photocatalytic oxidation tests. On the other hand, products such as ethanol and aldehyde were
dissolved in the suspension, which could not be detected by the on-line GC. Instead, these liquid-phase
products were detected by the off-line GC. In brief, after filtration of the suspending particles (using
an injector with the 0.02-µm polytetrafluoroethylene (PTFE) membrane), liquid products from each
photocatalytic experiment for 2 h were analyzed using the off-line GC-2014 (Shimadzu) equipped with
an autosampler and an OVI-G43 capillary column (Supelco®, Sigma-Aldrich Inc., St. Louis, MO, USA).
The production rates of liquid products were calculated as follows:

Production rate =
Cproduct ×V × ρproduct

Mproduct ×mcatalyst × t
, (8)

where Cproduct (ppm) is the concentration of the product (aldehyde or ethanol), V is the liquid volume
(15 mL), ρproduct is the density of the products aldehyde (0.7834 g·cm−3) or ethanol (0.7893 g·cm−3),
Mproduct is the molar mass of aldehyde (44 g·mol−1) or ethanol (46.03 g·mol−1), and t is the reaction
time (2 h). Control experiments including no photocatalysts or no light irradiation were carried out,
and no products were detected.

Furthermore, additional experiments for investigating aldehyde origin were conducted with
ethanol as an initial reactant in water under the same photocatalytic reaction conditions except
for replacing methane with Ar. Briefly, the catalyst (2 mg) and specific amounts of ethanol with
concentrations of 1.03, 1.54, 2.57, and 3.86 µmol·L−1 were added to ultra-pure water (15 mL) with
continuous magnetic stirring in the cell. The Ar flow (4 mL·min−1) was delivered into the cell, and light
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irradiation was applied to the cell for 2 h after Ar purging for 30 min. The post-reaction liquid products
were analyzed after filtration by the off-line GC.

4. Conclusions

In summary, we presented an effective approach for the selective conversion of methane to
C2 products ethanol and aldehyde in ambient conditions and simulated solar light irradiation.
Commercially available ceria nanoparticles that behave inertly for methane photocatalytic conversion
were evoked and became active after modification with oxygen vacancies via calcination at high
temperatures in Ar atmosphere. Higher temperatures led to quickly growing particle sizes with
abundant oxygen vacancies, as well as higher ratios of CeIII/CeIV, resulting in higher activities for
methane conversion. The production of ethanol was found to be more sensitive to the surface CeIII

species on as-prepared ceria. The aldehyde formation can be attributed to the oxidation of the product
ethanol. The present study provides an effective approach to create oxygen vacancies and surface CeIII

species in commercial ceria for evoking methane photocatalytic conversion to C2 oxygenates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/2/196/s1:
Figure S1: (A) Oxygen signal (m/z = 32) of mass spectrometry in Ar flow (20 mL/min), and (B) TG curves during
the temperature-programmed calcinations of commercial CeO2 nanoparticles at a heating rate of 5 ◦C·min−1 in air
and Ar flow (20 mL/min), respectively; Figure S2: Concentrations of oxygen vacancies of CeO2-raw and CeO2-x;
Figure S3: Photocatalytic ethanol conversion to aldehyde over CeO2-1100 under simulated sunlight irradiation
in pure water. Initial ethanol concentrations were 1.03, 1.54, 2.57, and 3.86 µmol·L−1 in the experiments Test1,
Test2, Test3, and Test4, respectively; Figure S4: Cycling performances of CH4 photocatalytic conversion over
CeO2-1100; Figure S5: The photographs of (A) the methane photocatalytic conversion set-up and (B) the gas-tight
glass cell; Table S1: Calculation of quantum efficiency of ethanol production over the catalyst CeO2-1100; Table S2:
Comparison of the photocatalytic activities.
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