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ABSTRACT: Solar-driven photothermochemical dry reforming of methane (PTC-DRM) that integrates thermocatalysis and
photocatalysis in one catalyst system is an emerging approach that has demonstrated higher efficiency than thermocatalytic DRM.
However, how photocatalysis contributes to the PTC-DRM process at high temperatures remains elusive. Herein, we systematically
investigated the photocatalytic effects in PTC-DRM using a photoactive CeO,-supported Pt catalyst (Pt/CeO,). The Pt/CeO,
catalyst showed significant photocatalytic contributions in PTC-DRM, producing CO and H, at rates under light irradiation 2.0 and
2.9 times as much as those obtained in the dark at the same temperature, 650 °C. Wavelength-dependence investigation by applying
various long-pass filters reveals that the contributions of photocatalysis are mainly from lights less than 435 nm in wavelength,
coincident with the band-gap energy of CeO,, while those longer than 435 nm merely provide heat to drive thermocatalysis.
Mechanistic studies from in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and from materials
characterization before and after the PTC-DRM reaction suggest that photoirradiation regenerates surface oxygen vacancies, thus
boosting CO, activation and promoting formate and carbonate intermediates conversion to final products. Understanding the
photocatalytic effects in PTC-DRM from this work provided insights in designing high-performance catalysts for more efficient solar
energy utilization.

1. INTRODUCTION photocatalyst (e.g., titanium dioxide, carbon nitride, tantalum
Significant emissions of greenhouse gases (GHGs) such as oxynitride, etc.) to exploit high-energy photons in the UV light
carbon dioxide (CO,) and methane (CH,) from shale gas or near-UV lig}}t regions to generate charge carriers for
reserves, biogas, and landfill gas have been contributing to activating DRM.”™"" The drawback of this process is the low
global warming," Dry reforming of methane (DRM) utilizes utilization of solar energy as long-wavelength lights are wasted,
CO, and CH, to produce syngas (CO and H,), a valuable resulting in low CO and H, production rates.

industrial feedstock to produce liquid fuels through Fischer— Recently, an integrated photothermochemical DRM (PTC-
Tropsch processes,” presenting a promising technology to DRM) has been developed, which incorporates photocatalysis
alleviate the impacts of GHGs. Traditional thermochemical into thermochemical DRM and can significantly boost catalytic

DRM generally requires considerable thermal energy input
from burning fossil fuels, which leads to the reemission of
GHGs. Instead, solar energy could be a more sustainable and
promising energy source to drive DRM.”~® The literature has
reported a few approaches in solar-assisted DRM.” One
approach is a solar-driven thermochemical process similar to
the traditional thermocatalytic DRM except that concentrated
solar energy rather than fossil fuel energy is used to reach the
required high temperatures.”® Another approach is operated at
room or low temperatures and applies a semiconductor

activities at high temperatures (600—800 °C) compared to
12—-22

traditional thermo-driven DRM alone. The selection of
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catalysts, either the metal or the support, is vital in determining
the exact role of light and corresponding mechanisms in PTC-
DRM. In terms of Pt-based catalyst systems for PTC-DRM,
there are still discrepancies in the literature regarding the
experimental findings and mechanisms with light involvement.
Our previous work demonstrated that Pt nanoparticles (NPs)
supported on CeO, can achieve highly efficient and stable
PTC-DRM performance under concentrated solar energy.'>"
Han et al.' reported black TiO,-supported Pt that can activate
DRM by visible-light-driven photocatalysis, but the stability is
yet to improve. Liu et al.'* also suggested the electron—hole-
mediated photocatalytic effect in DRM under visible light
irradiation at 500 °C on a Pt/TaN catalyst via both
experimental and DFT calculations. On the other hand, Mao
et al. reported that the activity of a Pt/CeQO, nanorod catalyst
under concentrated solar energy originated from light-driven
thermocatalysis and surface plasmon resonance effects of Pt
NPs.”” Their conclusion was based on the experimental
findings that activities decreased in a cascade manner when
applying different long-pass filters (>420, >560, and >690 nm),
but they did not maintain the operating temperature when
filtering out short-wavelength light, making it challenging to
discover the exact light contributions since DRM activities
would change with temperature.23 Nevertheless, the origin of
the photocatalytic effects, if any, and how the experimental
parameters such as reaction temperature, light intensity, and
light wavelength would influence those effects have not been
systematically studied. Furthermore, there is a lack of studies
on the activation of reactants and the evolution of
intermediates during the PTC-DRM reaction through in situ
spectroscopic approaches.

In this work, we aimed to conduct a more systematic
exploration of the photocatalytic effects in PTC-DRM over a
CeO,-supported Pt NPs catalyst (Pt/CeO,). The catalytic
DRM performance of Pt/CeO, was measured under light
irradiation and in the dark at various temperatures, which was
further compared to that of ZrO,-supported Pt (Pt/ZrO,) as a
photoinactive control. To study wavelength-dependence
characteristics, three long-wavelength pass filters (495, 43S,
and 400 nm) were applied to cut off short-wavelength light,
and PTC-DRM activities were measured at 700 °C with the
corresponding light condition. Moreover, in situ diffuse
reflectance infrared Fourier transform spectroscopy (in situ
DRIFTS) with light on—off experiments under different filters
was performed to understand the photocatalytic effects toward
the generation and conversion of reaction intermediates on Pt/
CeO,.

2. METHODS

2.1. Catalyst Synthesis. CeO, was prepared by a modified
sol—gel method.'” A surfactant solution was prepared by
dissolving S mmol of cetyltrimethylammonium bromide
(CTAB) in 15mL of ethanol with sonication until the white
powder was fully dissolved. A precursor solution was prepared
by dissolving S mmol of Ce(NO;);-6H,0 and S mmol of citric
acid in SmL of ethanol. The precursor solution was then
added dropwise into the surfactant solution under stirring at
room temperature. After stirring for another 4h, the mixed
solution was transferred to the oven at 60 °C to age until
ethanol was completely dried. The dried gel was then calcined
in the air at 500 °C for Sh at a heating rate of 1 °C min™" to
crystallize CeO, and remove organic precursors. The powder
was then obtained and is denoted as CeO,. ZrO, was prepared

using the same method as for CeO, while using ZrOCl,-8H,0
as the precursor.

Pt/CeO, was synthesized by a wet impregnation method.
Specifically, 100 mgof as-prepared CeO, was dispersed in
S mL of ethanol under sonication for S min and transferred to a
hot plate. Then, 4.2 mL of a 0.5 mgmL™" H,PtCl; aqueous
solution was added into the above solution. The mixture was
stirred under S0 °C until the solvent was completely
evaporated, followed by calcination at 500 °C for 2h with a
heating rate of 5°Cmin™" to produce the final Pt/CeO,
catalyst. Pt/ZrO, was prepared using the same method by
replacing CeO, with ZrO,.

2.2. Catalyst Characterization. The structure and
composition of the as-prepared catalysts were characterized
by transmission electron microscopy (TEM, JEOL
JEM2100F), X-ray photoelectron spectroscopy (XPS, Omi-
cron), X-ray diffraction (XRD, Bruker-AXS D8 Advanced
Bragg—Brentano X-ray powder diffractometer), and Raman
spectroscopy (Horiba Jobin-Yvon LabRam HR, 633 nm laser
source). UV—vis diffuse reflectance spectra were collected by a
Hitachi U4100 UV—vis—NIR Spectrophotometer with a
Praying Mantis accessory. Because PTC-DRM activity was
evaluated after reducing catalysts in a H,/Ar mixture at 600 °C
for 2 h, all catalysts were characterized after the same reduction
step.

2.3. PTC-DRM Experiments. As shown in Figure S1I, the
PTC-DRM reaction was carried out in a tube (22 mm id.)
reactor system. A 1.2 kW concentrated solar simulator
(ScienceTech Inc.) with custom modular optics enclosures
provided a controllable continuous concentrated broad
spectrum, and a split tube furnace-powered quartz tube reactor
(Applied Test Systems) served as the assistive thermal source.
Three long-wavelength pass filters (495, 435, and 400 nm,
Edmund Optics) can be placed at the exit of the solar
simulator to filter corresponding wavelength ranges. When the
concentrated solar simulator was operated at 1.2 kW without
auxiliary heat from the furnace, the catalyst surface could reach
as high as 480 °C. The irradiance spectrum at 1.2 kW is shown
in Figure S2a, which was equivalent to around 30 suns. By
tuning the power to 400 and 800 W, the irradiance could be
adjusted to 10 and 20 suns, respectively (Figure S2b). A
window on the quartz tube reactor provided the channel for
light irradiation. The quartz catalyst holder consisted of a
modified quartz frit (QPD30-0, Technical Glass Products) in
the front and a quartz tube with an oval shape of 24 mm X 16
mm and a 45° inclination angle to make sure that the whole
surface was illuminated by the concentrated light. A
thermocouple (TC) was in direct contacted with the surface
of the catalyst and was connected with the furnace to provide
feedback to the heating program, thus ensuring the same
reaction temperature under light and dark conditions and
eliminating the possible local heating effect. The outlet of the
reactor was connected to an online gas chromatograph (GC
2010, Shimadzu) equipped with an automated gas valve and a
thermal conductivity detector (TCD) to measure CO,, CO,
and H, and a flame ionization detector (FID) to measure CH,.
In this work, only CO and H, were detected as the products by
GC.

In each PTC-DRM experiment, S mg of catalyst powder was
dispersed in 5 mL of deionized water under ultrasound
sonication to form a uniform ink, and then the ink was
dropped onto a piece of Whatman Quartz filter paper and
placed on the catalyst holder before being transferred into the
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tube reactor. The reactor was first purged with 150 standard
cubic centimeters per minute (scem) Ar for 30 min to remove
air under room temperature, followed by reducing the catalyst
under a mixed flow of 23 sccm H, and 28 sccm Ar at 600 °C
for 2 h. Then the reactor was purged with 150 sccm Ar to
remove H, residue. After that, the reactant gases 10% CO,/
10% CH,/80% Ar (Airgas) were introduced into the reactor
with a flow rate of 14 sccm.

2.4. In Situ DRIFTS Experiments. In situ DRIFTS spectra
were collected on a Nicolet iS50 infrared spectrometer
equipped with an MCT detector and a Praying Mantis
DRIFTS environmental chamber with a ZnSe window that
allows light irradiation from the concentrated solar source
through an optical fiber."” The maximum allowable operating
temperature of the cell was 600 °C. The detailed procedure
and results of the in situ DRIFTS experiments are described
later in this paper.

3. RESULTS AND DISCUSSION

The morphology and structure of Pt/CeO, and Pt/ZrO, were
characterized by transmission electron microscopy (TEM).
The TEM images of Pt/CeO, (Figure la) and Pt/ZrO,

Figure 1. (a) TEM and (b) HRTEM image of Pt/CeO,, (c) zoomed-
in HRTEM image with inverse FFT image regions of Pt and CeO,,
(d) inverse FFT image of CeO, in the green region (d spacing = 0.32
nm), and (e) inverse FFT image of Pt in the yellow region (d spacing
= 0.23 nm).

(Figure S3a) exhibit aggregated particles with similar particle
sizes averaging around 10 nm. High-resolution TEM
(HRTEM) images (Figure 1b and 1c for Pt/CeO, and Figure
S3b and S3c for Pt/ZrO,) as well as the inverse fast Fourier
transform (FFT) reconstruction (Figures 1d for Pt/CeO, and
Figure S3d for Pt/ZrO,) further demonstrate that CeO,
particles have a lattice spacing of 0.32 nm, corresponding to
the (111) facet,'> while the ZrO, particles have a lattice
spacing of 0.25 nm (Figure S3d), also corresponding to the
(111) facet.”* The Pt NPs with a size of around 2 nm and a
typical interplanar lattice spacing of 0.23 nm, corresponding to
the (111) facet,” were deposited on CeO, (Figure le) and
ZrO, (Figure S3e). The Pt particles on Pt/ZrO, are more
obvious than those on Pt/CeO, from the TEM images, which
could be due to partial encapsulation of the Pt nanoparticles by

CeO, because of the stronger interaction between Pt and
CeO, support.26’27

The structure of the catalysts was further investigated by X-
ray diffraction (XRD) (Figure S4). Pt diffraction peaks were
not obvious for both samples, probably due to the low volume
fraction. The (111) plane of CeO, at 28.6° and (111) plane of
ZrO, at 28.2° are clearly identified in the XRD and have the
typical face-centered cubic fluorite structure, which is in
agreement with the TEM results.

The optical properties were measured by UV—vis absorption
spectra (Figure 2a), and the band gap was estimated by a Tauc
plot using the Kubelka—Munk method (Figure 2b).** Pt/ZrO,
showed relatively weak UV absorption and a large band gap,
suggesting that it was not responsive to the UV light, while Pt/
CeO, exhibited strong UV absorption and had a band gap of
2.84 eV. However, the absorption in the visible light region for
Pt/CeO, was slightly lower. The surface element composition
was further characterized by performing X-ray photoelectron
spectroscopy (XPS). The XPS survey spectra in Figure SS
confirm the existence of Pt, O, and support metal. The surface
Pt loading of Pt/CeO, was measured to be 0.92 wt %, slightly
lower than that of Pt/ZrO, (1.28 wt %) (Table S1). This may
be because some Pt NPs were supported in the bulk of CeO,
due to the strong interaction between Pt and Ce0,.”" The
relatively low surface Pt amount might be a cause for the
weaker visible light absorption of Pt/CeO, than Pt/ZrO, as
the previous report demonstrated that the surface Pt NPs
would increase visible light absorption.”

We studied DRM behaviors over Pt/CeO, under both light
irradiation and dark conditions. With the solar simulator
operating at 30 suns intensity, the surface temperature on the
catalyst was measured to be 480 °C. The equilibrium CO and
H, production rates were 22.4 and 3.7 mmol g h7},
respectively, under light irradiation at 480 °C (Figure S6),
while no CO or H, peaks were detected in the dark at the same
temperature. The observation indicates the positive effects of
light to initiate the DRM reaction at a lower temperature, at
which the conventional thermocatalytic DRM cannot occur.
Furthermore, PTC-DRM experiments were performed by
varying reaction temperatures from 500 to 700 °C under both
light (30 sun plus auxiliary heat from the furnace) and dark
(heat only from the furnace) conditions to investigate the light
irradiation contributions at different temperatures. The CO
and H, production rates and the CO, and CH, conversion
from the 10 h experiments are presented in Figures S7 and S8.
The 10 h average values at different temperatures were
calculated and are summarized in Figure 3a and 3b. It is clear
that the CO and H, production rates increase with reaction
temperatures under both light and dark conditions, but the
difference between light and dark decreases when the
temperature was over 650 °C. Specifically, CO and H,
production rates under light were 2.0 and 2.9 times of those
obtained in the dark, respectively, at 650 °C, suggesting the
significant contribution from light irradiation to improve the
DRM activity. By contrast, CO and H, production rates under
light condition were 1.4 and 1.6 times those obtained in the
dark, respectively, at 700 °C, which further went down to 1.2
and 1.4 times at 750 °C. The decrease in the light contribution
at above 650 °C can be attributed to the favorable
thermocatalytic DRM at a higher temperature due to the
endothermic nature of DRM.” It is also noted that the
production rates of CO were consistently higher than those of
H,. Since no other products were observed, the higher CO
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pairs actively boost the activity. Moreover, Pt/CeO, can
maintain a relatively stable DRM performance under both light
and dark conditions from 500 to 750 °C (Figures S7 and S8),
suggesting that Pt/CeO, was able to hinder deterioration,
probably due to a stronger metal—support interaction.””**
To further confirm the light contributions from the support
to PTC-DRM, DRM activities of Pt/ZrO, were measured
(Figure S10) and compared to those of Pt/CeO,, where the Pt
loading amount was close to each other. The average CO and
H, production rates of the 10 h experiment are displayed in
Figure 4, and those of CO, and CH, conversions are in Figure
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Figure 3. (a and b) Production rates of CO and H, on Pt/CeO, in
the range from 500 to 750 °C under full-spectrum solar irradiation
and dark conditions; (c and d) 10 h stability for CO and H,
production at 700 °C.

production rates might be a result of the occurrence of the
reverse water—gas shift (RWGS) reaction (CO, + H, » CO +
H,0), which has been widely observed and suggested to be a
major side reaction for the lower production rates of H,
compared to CO in the DRM process.'**"*

The light irradiation intensity was further tuned from 0 to
10, 20, and 30 suns while the temperature was maintained at
700 °C, where 0 sun represents the dark condition. As depicted
in Figure S9, both CO and H, production rates present a
positive linear tendency as the light irradiance increases from 0
to 30 suns, confirming the light-dependent characteristic of
PTC-DRM. This linear tendency was also observed in previous
works for PTC-DRM on Pt/TaN at 500 °C'* and Pt—Au/
SiO, at 400 °C."* Considering that the reaction temperature
remained unchanged with varying light intensities, the linear
relationship between activity and light intensity agrees well
with the photocatalytic effect that photoinduced electron—hole
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Figure 4. CO and H, production rates on Pt/CeO,, Pt/ZrO,, CeO,,
and ZrO, under full-spectrum solar and in the dark conditions at 700
°C.

S11. Pt/CeO, showed significant enhancements in CO and H,
production rates under light condition as compared to those in
the dark. For Pt/ZrO,, there are no obvious differences in the
CO and H, production rates under light and dark conditions,
likely because the large band gap of ZrO, limited the
generation of charge carriers from photocatalysis. The CO
and H, production rates on Pt/CeO, reached 482 and 387
mmol g~' h™" under light condition, which are only 281 and
255 mmol g=' h™' on Pt/ZrO,, respectively. We further
performed PTC-DRM on Pt-free CeO, and ZrO, supports at
700 °C (Figure 4 and Figure S11). For CeO,, the CO and H,
production rates reached 9.9 and 6.9 mmol g~' h™" under light
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condition, which are 1.9 and 3.8 times those collected in the
dark, verifying the photoactivity of the semiconductor support
CeO,. On the contrary, ZrO, yielded 6.1 and 2.1 mmol g~' h™*
for CO and H, production rates under the light condition,
which are almost the same as those obtained in the dark, again
verifying the nonphotoactive nature of ZrO, under the solar
spectrum. The significantly larger yields of Pt-supported
catalysts than Pt-free catalysts indicate that the supports
alone were not efficiently active and that Pt NPs play critical
roles in PTC-DRM, particularly for CH, activation.”® All of the
above comparisons demonstrate the important contributions
from photocatalysis to the overall PTC-DRM via a photoactive
support (e.g,, CeO,).

The spent catalysts after 10 h DRM experiments at 700 °C
under the full spectrum and in the dark (Figure S12) were
characterized to reveal the possible change in the properties of
Pt/CeO, under light irradiation. It was found that the average
particle size of Pt/CeO, was similar under these two
conditions. Also, no carbon deposition was observed, as
confirmed by the Raman spectroscopy results in Figure S13.
Carbon formation was believed to be mainly from the CH,
dissociation on the metal surface,’® while a noble metal, like Pt,
was demonstrated to have a good carbon resistance. Moreover,
the enhanced CeO, ability to remove carbon (2CeO, + C —
Ce,0; + CO) could be beneficial for strong coke resistance
over Pt/CeQ,.*” Therefore, catalyst sintering, Pt aggregation,
and carbon deposition were ruled out as possible reasons for
the activity enhancement under the light irradiation. Previous
studies suggested that Pt NPs have weak surface plasmon
resonance (SPR) effects.””*®*” In our case, Pt/ZrO, did not
show a photoinduced contribution but Pt/CeO, did. Thus, Pt-
based SPR effects had little contribution to the photocatalytic
activity observed in this work.

We then evaluated the possibility that photocatalytic effects
would alter the surface property of CeO,. The surface oxygen
vacancy on CeO, has been reported to be the site where CO,
activation happens,lz’ls’21 and light irradiance can assist in the
desorption of surface oxygen atoms by weakening the metal—
oxygen bond and trapping photoexcited electrons on Ce*" to
form Ce® and oxygen vacancies (Ce** + e~ — Ce®* + V).*
Since the CO, conversion and CO production were lower
under dark condition compared with light condition, it is
possible that more oxygen vacancies on CeO, were generated
under light condition. Oxygen vacancies, generally generated
by the removal of O atoms at the surface of oxygen carriers,
serve as potential sites for reactant adsorption and subsequent
activation*' and provide pathways for oxygen transport
through the bulk lattice for surface reaction.”” For the supports
(CeO, and ZrO,), a higher concentration of oxygen vacancies
could enhance their reducibility.”” We measured the Ce 3d
chemical states for fresh and spent catalysts by XPS to
investigate the change in oxygen vacancies concentration
before and after DRM reaction. The pristine and used catalysts
were all collected and tested right after the reduction process
or DRM at room temperature in an Ar atmosphere to prevent
reoxidation by air at high temperatures. As shown in Figure S,
the Ce 3d XPS spectra can be well split into two species, Ce**
and Ce*, and a larger ratio of Ce**/(Ce®" + Ce*") represents a
higher concentration of oxygen vacancies.'”***> On the basis
of the calculated ratios on fresh and spent catalysts, it was
found that thermo-driven DRM reactions result in a huge
decrease in Ce*"/(Ce** + Ce*"), while under light illumination,
the Ce**/(Ce®" + Ce*") ratio even increases compared to their

Pristine

Ce¥/(Ce¥*+Ce*)=0.31

Ce¥/(Ce+Ce*)=0.21

Intensity / a.u.

Ce¥*/(Ce¥*+Ce*)=0.36

920 910 900 890 880
Binding Energy / eV
Figure 5. Ce 3d XPS spectra of pristine and spent catalysts after 10 h
DRM reaction at 700 °C. u'’’, u"’, u, v'"’, v'’, and v peaks correspond
to Ce*; u/, u0, v/, and v0 peaks corresponds to Ce*". “Pristine”:
sample was characterized after H, reduction but without the DRM
reaction. “Spent, dark”: sample was characterized after 10 h DRM

reaction in the dark. “Spent, light”: sample was characterized after 10
h DRM reaction under light.

initial values, suggesting that oxygen vacancies were generated
under light irradiation. On the contrary, the Zr 3d spectra in
Figure S14 reveal that Zr maintained a 4+ oxidation state
under both light and dark conditions. Therefore, CO,
activation and reduction could be sustained through the
regeneration of oxygen vacancies on Pt/CeO,, resulting in
higher DRM performance under light than in the dark.

To further probe the origin of the photocatalytic effect, we
selected Pt/CeO, as the model catalyst to study the
wavelength-dependent characteristic in PTC-DRM. Since the
band gap of 2.84 eV for Pt/CeO, corresponds to the cutoff
wavelength being 437 nm, we conducted PTC-DRM at 700 °C
by applying three long-wavelength pass filters with a cutoft
wavelength (495, 435, and 400 nm) longer than, close to, and
shorter than that of the absorption edge of Pt/CeO,,
respectively. The PTC-DRM performance of these three
groups is presented in Figure 6 and can be compared with
Figure 3¢ and 3d where the dark and full-spectrum activities
are displayed. The average values within the 10 h period are
also plotted in Figure S15. These results demonstrate that the
activities follow the order of full spectrum > 400 nm cutoff >
43S nm cutoff > 495 nm cutoff & dark, the trend of which is
especially more apparent for CO, conversion. By referring to
the light absorption characteristic of CeO, (Figure 2a and 2b),
the above wavelength-dependent activity data strongly suggest
that the origin of the photocatalytic DRM effect is from the
band-gap excitation of CeO,.

Finally, we performed in situ DRIFTS to study the
intermediate species during PTC-DRM on Pt/CeO, under
different light conditions at 600 °C. In order to observe
stronger signal changes of the carbonate and formate peaks, the
in situ DRIFTS spectra were measured after the CO, and CH,
reaction gases were purged out by Ar gas before conducting
the light on/off in situ experiments. The experiment sequence
was as follows: (1) the catalyst was first reduced at 600 °C with
a mixed flow of 23 sccm H, and 28 sccm Ar until no peak
change in the spectra was observed; (2) the chamber was then
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Figure 6. (a) CO, and (b) CH, conversion and (c) CO and (d) H,

production on Pt/CeO, at 700 °C under solar irradiation with the
application of different long-pass filters.

purged with pure Ar to remove remaining H, and kept at 600
°C for all following processes; (3) the reactant gases were
introduced with a flow rate of 14 sccm until the catalyst was
fully saturated with adsorbed species; (4) the chamber was
purged with pure Ar to remove reactant gases until the spectra
showed no change in order to observe stronger signal changes
of potential intermediates in the subsequent light on/off
procedures; (S) the chamber was closed and was illuminated,
and the spectra were collected for S min; (6) the light was
turned off, and the spectra were collected for another 5 min.
The in situ DRIFTS spectra in the wavenumber range from
1000 to 3000 cm™ for Pt/CeQ, at 600 °C is illustrated in
Figure S16. Other regions except that from 1200 to 1700 cm ™
had little changes during the light on/off process, where two
strong peaks with observable changes are identified at 1457
and 1374 cm™!, corresponding to unidentate carbonate and
formate, respectively.*® In Figure 7, the evolution of surface-
adsorbed species in the region from 1200 to 1700 cm™, e.g,
carbonate and formate, during the light on/off process with the
application of different optical filters is presented. Under the
full-spectrum solar irradiation condition (Figure 7a), the
intensity of the two peaks decreased when illuminated for
0.5 min and decreased further when illuminated for 5 min,
indicating the dissociation of the two adsorbed species under
the light. When the light was turned off, the intensity of these
two peaks increased but could not return to the original level,
which suggests readsorption of the two species to a certain
extent. With the 400 nm long-pass filter (Figure 7b), the peak
intensity decreased but to a lesser degree compared to the full-
spectrum illumination when the sample was illuminated for 0.5
min, and the readsorption was not obvious when the light was
turned off. With the 435 nm filter (Figure 7c), the peak
intensity slightly decreased when the catalyst was illuminated
for 0.5 min but remained almost unchanged when the light was
off. With the 495 nm filter (Figure 7d), there was almost no
difference in the spectra regardless of light on or off. A clear
wavelength-dependent tendency can be concluded from the

above in situ DRIFTS results, namely, the more UV or near-
UV lights in the illumination that serves as the photoexcitation
source for CeO,, the more carbonate and formate
intermediates dissociated. A portion of the dissociated
intermediates is likely converted to the final CO."” However,
CO was not observed here, probably because the amount was
too small since the gaseous reactants were purged away before
the light was illuminated. The in situ DRIFTS results agree
with the activity data in Figure 6 that shorter wavelength lights
(those shorter than the CeO, band-gap excitation cutoff
wavelength) contribute most to the enhanced PTC-DRM
activity compared to the thermo-DRM alone. By contrast,
when in situ DRIFTS light on—off procedure was carried out
on Pt/ZrO, under full-spectrum solar irradiation (Figure S17),
only one strong peak at 1304 cm™' appears, corresponding to
bidentate carbonate.® Compared to those in the dark, no
obvious changes were observed under light, which is consistent
with the result that there is no photocatalysis effect by Pt/
Zr0O,.

In view of the photocatalysis effects mentioned above, a
possible reaction mechanism was proposed as follows. During
the PTC-DRM process, CeO, was first excited by UV and
near-UV lights whose energy is greater than its band-gap
energy to generate electron—hole pairs and oxygen vacancies
(reactions 1 and 2). In addition to conventional thermocata-
lytic DRM reaction routes, the photogenerated electron—hole
could promote the reaction through the following mechanisms.
First, CH, dissociation could be boosted by h" to generate
CH, and H* (reaction 3),"® where photogenerated electrons
could further reduce H* to yield H, (reaction 4). CH, is likely
converted to C and H" as the dissociation reaction progresses.
Second, CO, dissociation over oxygen vacancies'~ or hydro-
genated on CeO,"” could be enhanced due to the sustained
and even increased number of oxygen vacancies under light
illumination, yielding CO, O, carbonate, and formate
intermediates (reactions S and 6). The produced O is mobile
and could help convert C from CH, dissociation to CO
(reaction 7),*** and the formate species could further
decompose into CO (reaction 8). In the overall PTC-DRM
process, solar irradiation induces high-energy charge carriers
and oxygen vacancies that assist in activating the reactant gases
and converting intermediates. Thus, light irradiation could
initiate PTC-DRM at a lower temperature and significantly
enhance performance compared to the thermo-driven DRM.

CeO, + hv > CeO, + ¢~ + h' (1)
Ce*t +e - C + Vo + O (2)
CH, + xi" - CH, + (4 — x)H" 3)
2H" +2¢” - H, (4)
CO, +V, —» CO (5)
CO, + H' + 2¢” - HCOO™ (6)
C+0 - CO (7)
HCOO + H' - CO + H, (8)

4. CONCLUSION

In summary, we probed the photocatalytic effects involved in
PTC-DRM over Pt/CeO, by comparing the DRM perform-
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Figure 7. In situ DRIFTS spectra of the Pt/CeO, light on—off procedure at 600 °C with (a) full spectrum (no filter), (b) 400 nm filter, (c) 435 nm

filter, and (d) 495 nm filter.

ance under light irradiation and dark conditions at a wide
range of temperatures. Pt/CeO, was an efficient catalyst for
PTC-DRM, showing more than doubled catalytic activities
under 30 suns irradiation than in the dark. The photocatalytic
effects are proved to originate from the semiconductor CeO,
support through the generation of electron—hole pairs, as
evidenced by (1) almost no enhancement in activity when
eliminating photons with energy larger than the band gap of
CeO, using a 435 nm long-pass filter or using a photoinactive
ZrO, support and (2) photoinduced enhancement in activity
proportional to solar intensity when operated at the same
temperature. In situ DRIFTS experiments under PTC-DRM
reaction conditions and comparison of pre- and postreaction
catalyst properties reveal that the photocatalytic effects mainly
contribute to (1) inducing the regeneration of oxygen
vacancies on CeQO, that promote CO, activation and (2)
boosting the conversion of formate and carbonate intermedi-
ates, which could be formed at high temperatures via
thermocatalytic DRM. As a result, the PTC-DRM performance
on Pt/CeO, under concentrated solar irradiation is synergisti-
cally enhanced compared to thermocatalytic DRM alone.
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