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CO, reforming or dry reforming of methane (DRM) produces syngas with a low carbon footprint, but the effi-
ciency and stability of DRM remains a challenge. Herein, we report an efficient photo-thermo-chemical DRM
(PTC-DRM) process on a Pt supported CeO, catalyst with Zn doping and surface atomic layer deposition (ALD)-
enabled MgO overcoating using concentrated sunlight as the energy input. Under 30 suns irradiation at 600 °C,
high syngas production rates of 356 and 516 mmol g~ h™ for H, and CO are achieved, which are more than 9
and 3 times larger than those obtained in the thermally driven DRM. Moreover, the light illumination stabilizes

the dry reforming process without deactivation, which results from the in situ generation of oxygen vacancy on
CeO, by photo-induced electrons that enables stable CO, thermo-activation. The ALD coating also reduces
surface charge recombination through passivating surface states, thereby enhancing photocatalytic activity.

1. Introduction

CO,, reforming of methane, also called drying reforming of methane
(DRM), is an alternative way of producing syngas (H, and CO) to
conventional steam reforming of methane. [1,2] Syngas is a valuable
product that can be further converted into liquid fuels through Fischer-
Tropsch processes [3]. However, DRM is an extremely endothermic
reaction and requires tremendous energy input to attain high equili-
brium conversions [1]. Thermocatalytic DRM using thermal energy
from fossil fuels has been widely studied, but it is extremely energy-
consuming and leads to the re-emission of greenhouse gases. Even when
renewable energy such as solar is applied in DRM, solar energy is used
as a heat source, neglecting the high energy potential of photons in the
UV or near UV regions. [4] Recently, a few photocatalytic DRM reports
are available in the literature, which utilizes photocatalytically induced
charges to accomplish the reaction [5-8]. Unfortunately, most research
in this direction was conducted at low temperatures using a low solar
irradiation intensity. As a result, the yield of syngas production is ty-
pically very low, far from industrial application requirements [6,9].

Very recently, a new approach of photo-thermo-chemical DRM
(PTC-DRM) has been proposed to improve DRM efficiency by coupling
solar energy and thermal energy in one reactor. [10-12] The PTC-DRM
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conducted at high temperatures has demonstrated a significant boost in
DRM activity under photo-illumination compared with that under dark
at the same temperature. However, the catalytic synergy between
photocatalysis and thermocatalysis is still not well understood, and the
application of using concentrated solar to power PTC-DRM reaction is
limited [10,11]. By using concentrated solar, the thermal energy
needed to activate thermocatalytic reactions and the low-wavelength
photons needed to activate photocatalytic reactions are simultaneously
available, and thus making PTC-DRM a potentially competitive tech-
nology for converting greenhouse gases into fuels at a large scale. The
development of an appropriate catalyst that can efficiently utilize both
thermal and photon energy is the key to the emerging PTC-DRM reac-
tion. Previous reports demonstrated that Pt supported CeO,, TiO,, or
TaN were appropriate catalysts, where Pt was the thermocatalytic DRM
catalyst and co-catalyst for photocatalysis while CeO,, TiO,, or TaN
were the DRM supports and semiconductor photocatalysts. [10-12]
Despite these advancements, developing high-performance photo-
thermally active catalysts is still highly needed to achieve improved
syngas production.

In general, a key factor limiting PTC-DRM performance is the fast
recombination of photo-generated electrons and holes, leading to low
numbers of available charge carriers and thus their utilization
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efficiency. [10,11] It has been widely proposed that appropriate doping
can suppress the charge carriers recombination by creating some lo-
calized band states. For example, introducing nitrogen, zinc, and iron as
secondary heteroatoms into TiO, or CeO, lattices can drastically boost
their photocatalytic activity in CO, photoreduction and organic pho-
todegradation. [13-17] Moreover, surface electronic states, formed
owing to the changed periodicity of the crystalline solid and the missing
binding partners, is also thought to be a trapping center for electrons
[18,19]. To reduce the surface state density, a passivating overlayer has
been applied [20]. Benefiting from the unique merits to enable atomic
layers with controllable thickness, atomic layer deposition (ALD)
technology is believed a powerful approach to deposit coating on cat-
alysts surface. For instance, ALD-deposited Al,O; and MgO coatings
have been employed to passivate surface states of TiO, for ambient
photocatalytic CO, reduction; [21,22] and an ALD-grown TiO, over-
layer has also been loaded on Ta3Ns photoanode to remove surface
state for photoelectrochemical water oxidation. [18] Besides benefits to
photocatalysis, ALD-enabled surface coating was also effective in im-
proving thermocatalytic DRM performance. Previous studies showed
that ALD-deposited MgO layer was capable of improving thermal DRM
activity and stability of nickel nanoparticles because MgO has high
affinity to CO, and high basicity to decrease carbon deposition via
promoting the reverse CO disproportionation [23].

Inspired by the above understanding, we hypothesized that the in-
tegration of both Zn doping and surface MgO coating would be effective
for propelling PTC-DRM activity of photothermally active catalysts
since these modifications could enhance catalytic capability for both
photocatalysis and thermocatalysis. In this work, as a proof of concept,
we selected Pt supported CeO, as a model catalyst to explore the effects
of Zn doping and surface MgO modification on PTC-DRM performance.
The in-situ Zn doping was achieved by introducing Zn during the
synthesis of CeO, support, and the surface MgO overcoating was ap-
plied by the ALD method. These modulations in catalyst morphology,
surface chemical states, optical properties, as well as PTC-DRM activity
was systematically investigated. Moreover, we explored the influences
of light irradiation on DRM stability, and the contribution from light
illumination in promoting PTC-DRM stability was elucidated by com-
paring the structure and compositions changes of spent catalysts with
and without light irradiation. Finally, the possible synergistic photo-
thermo-catalysis DRM mechanism was proposed.

2. Experimental section
2.1. Catalysts synthesis

2.1.1. Synthesis of Zn-CeO, support

The best-performing Zn-doped CeO, (Zn-CeO,) support with a Zn/
Ce molar ratio of 0.1 was prepared by a modified citrate sol-gel method.
Typically, a surfactant solution was prepared by dissolving 1.82 g of
cetyltrimethylammonium bromide (CTAB) in 15ml ethanol with ul-
trasound treatment. A precursor solution was prepared by dissolving
2.17 g Ce(NO3)3*6H,0, 0.1487 g Zn(NO3)36H,0, and 0.96 g citric acid
in 5ml ethanol. The precursor solution was then added into the sur-
factant solution drop-by-drop with vigorous stirring at room tempera-
ture. After stirring for another 4 h, the mixed solution was transferred to
a Petri dish covered with PE film, which was placed in an oven at 60 °C
to age for 48 h. The dried gel was then calcined at 500 °C for 5h at a
heating rate of 1°Cmin~' to crystallize CeO, and remove organic
precursor, [24] forming the final Zn-CeO,. To optimize PTC-DRM ac-
tivity, Zn/Ce molar ratio was tuned from 0.05 to 0.2 by adjusting Zn
(NO3)36H>0 amounts in the precursor solutions while fixing Ce
(NO3)3*6H,0 amount. For comparison, Zn-free CeO, was also prepared
using the same method as to Zn-CeO, except without adding Zn
(N03)3'6H20.
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2.1.2. Synthesis of Pt/Zn-CeO,

1 wt% Pt supported on Zn-CeO, (Pt/Zn-CeO,) was synthesized by a
wet impregnation method. Specifically, 100 mg as-prepared Zn-CeO,
was dispersed in 5 ml ethanol under sonication for 10 min. Then, 4.2 ml
H,PtClg aqueous solution (0.5 mgp; ml™ 1) was added into the above
solution. The mixture was continuously stirred at room temperature
until the formation of dried powder, followed by calcination at 500 °C
for 2h with a heating rate of 1°Cmin~! to produce the final Pt/Zn-
CeO,, catalyst. CeO, and other Zn-CeO, supports were also used to load
pt.

2.1.3. Synthesis of MgO/Pt/Zn-CeO2

To obtain 5 layers MgO coated Pt/Zn-CeO, (MgO/Pt/Zn-CeO,), a
commercial ALD system (Savannah S200, Ultratech) was applied. For
each coating process, Pt/Zn-CeO, powders were loaded into a home-
designed particle holder, which was placed in the middle of the reaction
chamber of the ALD. To ensure adequate coating on porous materials,
the ALD system was set in an “expo mode” assisted with a soft pump,
which can prolong the time for precursor molecules to contact with the
surface of ANR by slowing down the pressure decreasing rate. The pulse
time of both H,O and bis(ethylcyclopentadienyl)magnesium was 2s
with 5 cycles, and the reaction chamber was set at 200 °C. After ALD
coating, the powder catalyst was further calcined at 500 °C for 1 h to
remove any potential organic residues from the ALD process. [22] We
also adjusted ALD cycles from 2 to 15 cycles to optimize PTC-DRM
activity.

2.2. Catalysts characterization

The morphology, crystal structure, and chemical composition of the
prepared catalysts were characterized by scanning electron microscopy
(SEM, JEOL JSM7500 F), transmission electron microscopy (TEM, FEI
Tecnai G2 F20 ST), X-ray diffraction (XRD, BRIKER D8), and X-ray
photoelectron spectroscopy (XPS, Omicron). UV-vis diffuse reflectance
spectra were collected by a Hitachi U4100 UV-vis-NIR
Spectrophotometer with Praying Mantis accessory. Photoluminescence
(PL) spectra were recorded on a PTI QuantaMaster series
Spectrofluorometer using 300 nm incident light, and a 380 nm long pass
filter was applied to the detector. Because PTC-DRM activity was
evaluated after reducing catalysts in H,/Ar mixture at 600 °C for 2 h, all
catalysts were characterized after H,/Ar post-treatment.

2.3. PTC-DRM experiments

PTC-DRM reaction was carried out in a tube reactor system as il-
lustrated in Fig. S1, which mainly includes a concentrated solar simu-
lator (ScienceTech Inc.) and a split tube furnace-powered quartz tube
reactor (Applied Test Systems). A Sciencetech 200-1K lamp housing
with custom modular optics enclosures was used to provide controllable
continuous concentrated broad spectrum. The irradiance can be ad-
justed by tuning working power (Fig. S2); operating at 300, 600, 900,
and 1200 W are equivalent to 8, 15, 23, and 30 suns, respectively. There
is a window on the furnace, which allows the incident light to irradiate
catalyst surface. The quartz tube reactor with an inner diameter of
22 mm is placed in the chamber of the tube furnace. The catalyst holder
is a piece of quartz frit (QPD30-0, Technical Glass Products) hosted in a
quartz tube with an oval shape (24 mm X 16 mm) and a 45° bevel
angle, giving an effective area of 3 cm?® exposed to the incident light. A
thermocouple in contact with the catalyst surface was directly con-
nected to the furnace to monitor temperature and provide feedback to
the power supply, ensuring the same reaction temperature in the dark
and under light. For example, the light only can reach about 420 °C
under light irradiation at 1200 W. To reach 600 °C under light, the
furnace temperature was set to 600 °C, and thus the furnace would
provide additional heat to reach the designated reaction temperatures.
In the dark or the light was off, the thermal energy was only supplied
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from the furnace itself.

In each experiment, 5 mg catalyst powder was first dispersed in 4 ml
water and sonicated to form a uniform ink, which was then dropped on
a piece of Whatman™ Quartz grade Filter paper and suspended on the
oval catalyst holder, followed by drying at 60 °C overnight. The catalyst
holder loaded with dried catalyst was then transferred into a quartz
tube reactor. In each DRM experiment, the catalyst was first reduced in
a mixed flow of Hy (23 sccm) and Ar (28 scem) for 2 h at 600 °C. The
reactor was then purged by Ar for 1h at 100 sccm to remove residual
H,, followed by introducing reaction gas (10%C0O,/10%CH,/80%Ar) at
a flow rate of 14 sccm. The gas mixture after reaction in the dark or
under light was analyzed by an on-line Gas Chromatograph (GC 2010,
Shimadzu) equipped with an automated gas valve and a thermal con-
ductivity detector (TCD, to measure CO,, CO, and H,) and a flame io-
nization detector (FID, to measure CH,4). Only CO and H, were detected
as the products; no other products such as hydrocarbons were detected.

The gas production rate normalized by the catalyst mass (n, mol
g~ 'h™1) was calculated based on the following formula:

n=(PV-vy)/(RT)/m x 3600

Where P is the pressure (1.01 x 10° Pa), V is the gas volumetric flow
rate (2.3 x 1077 m®s™1), v; is the volume concentration of gas product
determined by GC, T is the temperature (298.15K), R is the gas con-
stant (8.314J mol 'K~ 1), and m is the catalyst mass used (5 X 1073

8)-

3. Results and discussion
3.1. Structure, composition, and optical properties of catalysts
The structure of catalysts was first investigated by X-ray diffraction

(XRD), which identifies the typical face-centered cubic fluorite struc-
ture of CeO, for Pt/CeO,, Pt/Zn-CeO,, and MgO/Pt/Zn-CeO, (Fig. 1a).
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Note that no diffraction peaks for Pt, Zn, and MgO were detected by
XRD, probably owing to their low volume fractions. Morphology of
MgO/Pt/Zn-CeO, was characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). An SEM image
shows the spherical, irregular shape of powder samples, and the ele-
mental mapping images identify the existence of Ce, Mg, Zn, and Pt
(Fig. S3). A TEM image of MgO/Pt/Zn-CeO, exhibits the aggregated
particles with an average particle size of 10 nm (Fig. 1b), and a high-
resolution TEM image further demonstrates a typical interplanar lattice
spacing of 0.31 nm (Fig. 1c), corresponding to the (111) plane of CeO,
at 28.6° in the XRD pattern. Moreover, no noticeable MgO overcoating
was observed, because 5 cycles of ALD is only able to deposit sub-
nanometer MgO overcoating. [22] To further confirm this, we did TEM
characterization for Pt/Zn-CeO, which did not have ALD-coated MgO.
As shown in Fig. S4, Pt/Zn-CeO, exhibited the same feature as com-
pared to MgO/Pt/Zn-CeO, (Fig. 1b,c), directly indicating that MgO
coating does not change the surface morphology of Pt/Zn-CeO,. Due to
the atomic thin nature, it has been widely demonstrated that ALD-de-
posited overcoating will not block the light penetration and can be used
to facilitate charge carriers separation by passivating surface states
density. [18,21,22]

X-ray photoelectron spectroscopy (XPS) was further carried out to
detect the surface composition. As shown in Fig. 1d, Pt/Zn-CeO, and
MgO/Pt/Zn-CeO, showed obvious peaks at 1020.8eV of Zn 2ps,,
whereas Pt/CeO, did not show Zn peak. This suggests the successful
incorporation of Zn into CeO,. Accordingly, only MgO/Pt/Zn-CeO,
displayed Mg 2p peak at 49.8 eV corresponding to Mg>* oxidation state
(Fig. 1e), indicating the coating of MgO on the surface of Pt/Zn-CeO, by
ALD. In addition, the existence of Pt on all three catalysts can be
manifested from Pt 4f XPS spectra (Fig. S5), where the peak at 73.7 eV
represents metallic Pt. Based on composition and preparation strategy,
we proposed a schematic in Fig. 1f showing the structure of MgO/Pt/
Zn-CeO,. The photoactive support was composed of Zn-doped CeO,
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Fig. 1. XRD patterns of Pt/CeO,, Pt/Zn-CeO,, and MgO/Pt/Zn-CeO,. (b) TEM and (c) HRTEM images of MgO/Pt/Zn-CeO,. (d) Zn 2p and (e) Mg 2p XPS spectra of Pt/
CeO,, Pt/Zn-Ce0,, and MgO/Pt/Zn-CeO,. (f) Proposed structural schematic of MgO/Pt/Zn-CeO,.
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prepared using a modified citrate sol-gel method; Pt, uniformly loaded
on Zn-CeO, through wet impregnation, served as thermocatalytic
component and co-catalyst for photocatalysis, and atomic MgO layers
were covered on the surface of Pt/Zn-CeO, by ALD. This unique
structure thus realizes the integration of Zn doping and surface MgO
overcoating for Pt/CeO, modification, which are expected as sy-
nergistic promoters to boost PTC-DRM.

The optical properties were determined by recording UV-vis ab-
sorption spectra (Fig. S6a,6¢), which show that the light absorption of
Pt/Zn-CeO, is highly dependent on Zn contents in precursors and
numbers of ALD cycles used to deposit MgO layers. We found that the
small amount of Zn doping with a Zn:Ce molar ratio of 0.05 delivers the
highest light absorption. This can be attributed to the generation of
defects (such as oxygen vacancy) that has been demonstrated to be
beneficial for increasing light adsorption capability of metal oxide
photocatalysts. [25] However, more Zn doping had a negative influence
on light absorption. As for effects of MgO coating, it was observed that
the 2 cycle MgO coating declines the UV-vis absorption, while it can be
enhanced with increased ALD cycles above 5.

The band gaps were further calculated based on Kubelka — Munk
plots (Fig. 2a, Fig. S7b,S7d), which shows that Zn doping narrows the
band gap of Pt/CeO,, whereas MgO coating increases the band gap of
Pt/Zn-CeO,. Specifically, Pt/CeO, showed a band gap of 2.89 eV, which
decreases to 2.83 eV with a Zn:Ce molar ratio of 0.1 and to 2. 73 eV
with a Zn:Ce molar ratio of 0.2. On the other hand, the band gap of Pt/
Zn-CeO, increases from 2.83 to 2.87 eV after 5 cycles MgO coating and
to 2.92 €V after 15 cycles MgO overcoating. The reason for the decrease
in band gap upon Zn doping might be because incorporating Zn into
CeO,, lattice could make oxygen atoms to be removed more easily as a
result of enhanced lattice relaxation and decrease in the coordination
around the Ce cations in the lattice of CeO, [26,27]. Conversely, the
MgO coating on the surface of Pt/Zn-CeO, slightly inhibits the elim-
ination of oxygen atoms due to surface protection, leading to less
oxygen vacancy generated and therefore larger band gaps. [21] Un-
expectedly, we found that Pt/0.2Zn-CeO, showed the lowest light ad-
sorption but the smallest band gap. This may be because that, when
more Zn was incorporated in CeO,, the ZnO/CeO, composite may be
formed, which may significantly alter the intrinsic light adsorption
ability and electronic structure of CeO,. The similar phenomenon has
been observed on BiVO,/CeO, composite reported by Chen and co-
workers, [28] in which the BiVO,4/CeO, composite showed lower light
adsorption and a smaller band gap as compared to BiVOy,.

Photoluminescence (PL) was further carried out to examine the in-
fluence of Zn doping and MgO overcoating on charge recombination
properties. Since PL emission spectrum is derived from the re-
combination of excited charges, a lower PL intensity suggests a pro-
moted charge separation. [29,30] As shown in PL spectra (Fig. 2b), Pt/
Zn-CeO, displayed a lower intensity of emission peak than Pt/CeO,,
which was further lowered on MgO/Pt/Zn-CeO,. It was also found that
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a higher Zn concentration and a larger ALD MgO cycle gave rise to
lower PL intensities (Fig. S7). This implies that a promoted separation
of photogenerated electrons and holes was achieved upon Zn doping
and MgO coating. The role of Zn can be attributed to the creation of
more defects, which serve as electron trap to suppress the recombina-
tion of electrons and holes. [30] Regarding the role of MgO layers, it is
widely accepted that atomic metal oxides can promote charge carriers
separation by passivating surface state [18], which might also work in
our case. The enhanced charge carriers separation can improve the
utilization efficiency of photogenerated charge carriers, providing more
available charge carriers that can participate in the activation of CO,
and CH, in the PTC-DRM process. [25]

3.2. Photo-thermo-catalytic DRM activity

The PTC-DRM activity was then evaluated using a custom-made
reactor with a flow-bed mode powered by concentrated solar and fur-
nace. The solar simulator, operated at 1200 W, can provide light irra-
diation equivalent to approximately 30 suns, which results in a tem-
perature of 420°C on the catalyst surface. Auxiliary heat from the
furnace was thus supplied to reach designated reaction temperatures.
For comparison purposes, DRM was also conducted in the dark to de-
monstrate the positive effects of photocatalytic contribution. Fig. 3a,3b
display the H, and CO production rates in the dark and under light at
600 °C. Pt/CeO, exhibited initial H, and CO yields of 31 and 119 mmol
¢ 1h™! in the dark, respectively. The thermal DRM yields further
reached 35 mmol g~ ' h~? for H, and 127 mmol g~*h ™" for CO on Pt/
Zn-Ce0,, as well as 37 mmol g~ 1h~? for H, and 134 mmol g~ Th= for
CO on MgO/Pt/Zn-CeO,. These results suggest that Zn doping and
surface MgO decoration slightly expedites the thermocatalytic DRM
process, which can be partially attributed to the enhanced interaction
between Pt and CeO, after incorporating Zn doping and atomic MgO
surface coating on Pt/CeO,. The previous report has demonstrated that
the strong metal-support interaction (such as Ni-CeO,) could be able to
promote the reactivity of metals towards thermocatalytic methane
dissociation. [31]

When the DRM was carried out under light irradiation at the same
temperature of 600 °C, the H, and CO production rates were sig-
nificantly increased compared with those obtained in the thermal-
driven DRM. The enhancement factors, calculated by dividing products
yields obtained in the dark by products yields recorded under light, on
Pt/Ce0, and Pt/Zn-CeO, are 1.9 and 4.7 for H, as well as 1.5 and 2.6
for CO, respectively. More typically, MgO/Pt/Zn-CeO, showed H, and
CO production rates reaching 356 and 516 mmol g~ *h ™!, which are
9.5 and 3.9 times higher compared to those obtained in the dark. It is
obvious that both Zn doping and surface MgO modification play crucial
roles in boosting the PTC-DRM activity of Pt/CeOs. This can be ascribed
to the integrated modification that creates defects and passivates sur-
face states, thus facilitating the separation of photogenerated electrons
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Fig. 2. (a) Band gap measurement using Tauc plot and (b) Photoluminescence spectra for Pt/CeO,, Pt/Zn-CeO,, and MgO/Pt/Zn-CeO,.
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and holes and providing abundantly available charge carriers partici-
pating in the activation of CO5 and CHy, as evidenced by PL tests. The
PTC-DRM activities were also collected at different irradiances but at
the same temperature (600 °C) (Fig. S8), where the irradiance at O sun
corresponds to the dark condition at 600 °C. It can be seen that the CO
and H, production rates show a positive linear tendency with the in-
creasing of irradiance, suggesting a light-dependent characteristic and
an increasing photocatalytic contribution to the PTC-DRM process since
the temperature was maintained the same. The similar phenomenon has
also been observed for PTC-DRM on Pt/TiO, at 600 °C [11] and Pt/TaN
catalyst at 500 °C [12].

On the other hand, it was found the CO production rates are larger
than those of H, on all catalysts. In the DRM process, the reaction
stoichiometry of CO, and CHy is 1:1, which ideally gives the same
yields for both CO and H,. Because we did not observe other products,
the higher CO yield might be as a result of the occurrence of the reverse
water-gas shift reaction (RWGS). In RWGS on Pt-based catalysts, CO,
reacts with H, generating CO and H,O (CO, + H, — CO + H,0),
which has been widely observed and suggested to be a major reason for
the lower H, yield as compared to CO in the DRM process. [11,32-34]
To further confirm this hypothesis, we conducted RWGS on the best-
performing MgO/Pt/Zn-CeO, by feeding CO, and H, (3%CO,/4%H,/
93%Ar) under light irradiation at 600 °C (Fig. S9). The CO generation
was confirmed with a rate of about 195 mmol g~ *h~'; no other pro-
ducts were observed, which is in a good agreement with previous re-
ports that Pt is very active and selective for CO generation in RWGS.
[33,34] This control experiment directly demonstrates that the occur-
rence of RWGS is responsible for the higher CO yield than H,.

In the concentrated solar-driven DRM process, there are two pos-
sible reactions: thermocatalytic DRM and photocatalytic DRM. The
occurrence of thermocatalytic DRM can be evidenced by the production
of CO and H, in the dark when the reaction temperature is higher than
500 °C (Fig. 4). To demonstrate the photocatalytic effect, we did two
control experiments [10]. Firstly, instead of using photoactive CeO,

semiconductor that can generate photo-excited electrons and holes, we
used SiOs, an insulator, as support to load Pt. As shown in Fig. S10a,b,
the H, and CO production rates on Pt-SiO, under light were almost the
same as those obtained in the dark at the same temperature of 600 °C.
This demonstrates that the light illumination did not affect the DRM
activity on Pt-SiO, or cause any photo-thermal effect (i.e. increasing
local temperature of Pt due to light illumination). Namely, only the
photocatalyst such as CeOs as the support is able to enhance DRM ac-
tivity. Secondly, we conducted the DRM on Pt-free catalysts (Si-doped
CeO,) to further investigate the photocatalytic effects by excluding any
possible thermocatalytic effects from Pt. As shown in Fig. S10c,d, the
DRM reaction could not occur in the dark; in contrast, both H, and CO
were produced under light, despite it showed much lower activity
compared to Pt-loaded catalysts. This again demonstrates the photo-
catalytic effects to DRM induced by the photoactive CeO, support. The
photocatalytic DRM phenomena have also been reported in the litera-
ture using different photocatalysts. Hu et al., has demonstrated that
photocatalytic DRM can occur on Pt-supported TiO, catalyst but not Pt-
supported Al,03 above 350°C [11]. Also, Ye et al., observed photo-
catalytic DRM on Pt/TaN at 500 °C [12].

We further investigated the effects of Zn contents and ALD cycles on
the syngas production rates. As shown in Fig. 3c, Pt/Zn-CeO, with a Zn/
Ce molar ratio of 0.1 showed the best PTC-DRM activity among other
counterparts having various Zn/Ce molar ratios from 0 to 0.2. The H,
and CO production rates increase gradually as the Zn/Ce ratio increases
from O to 0.1, which coincides with the trend in the decreased electron-
hole recombination, as reflected by PL spectra (Fig. S7a). However, the
PTC-DRM activity decreases when the Zn/Ce ratio is larger than 0.15,
which is potentially resulted from the declined light absorption (Fig.
S6a). As for ALD cycles number that affects the thickness of MgO layers,
it was found that the 5 cycles give rise to the highest activity (Fig. 3d).
A thin MgO layer may not provide enough contribution to passivate
surface states, while a thick MgO coating can prevent the efficient
contact between reactants with active CeO, surface, as evidenced by
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weaker Ce 2p XPS intensity when more ALD cycles were applied (Fig.
S11). Therefore, the balance between optical properties and surface
compositions of catalysts governs the overall PTC-DRM activity.

To further understand the photocatalysis contribution in PTC-DRM,
we performed DRM at different temperatures both in the dark and
under light irradiation conditions. As depicted in Fig. 4, DRM cannot
occur at 400 °C or below without light irradiation on MgO/Pt/Zn-CeOs,,
which is a typical thermocatalytic characteristic that requires high
temperature to activate CO, and CH, [1]. When the reaction tem-
perature was increased to 500 °C, extremely low yields of 1 and
13mmol g~ ' h™! for H, and CO were obtained in the dark. By contrast,
when the catalyst was irradiated by light, the reaction could occur at a
low temperature of 400 °C, which is 100 °C lower relative to that in the
dark. At 500 °C under light, the H, and CO production rates are 97 and
211 mmol g~'h~%, which are 88 and 17 times higher than those ob-
tained in the dark at the same temperature. Furthermore, H, and CO
yields increase with increasing of reaction temperatures, indicative of
the endothermic nature of thermocatalytic DRM. The higher yields
under light as compared to the thermal-driven DRM unambiguously
confirm the positive contribution from the photocatalysis process in
lowering the reaction temperatures for CO, and CH, activation and
boosting the syngas production rates. The photocatalytic contribution
can be further evidenced by higher CO, and CH4 conversions under
light irradiation as compared to those obtained in the dark (Fig. S12).
Typically, CO, and CH, conversions were 20.4 and 9.2% in the dark at
600 °C, which increased to 52.6 and 38.8% when MgO/Pt/Zn-CeO, was
irradiated by light at the same reaction temperature of 600 °C. How-
ever, we did not observe the H, and CO generated at a temperature
below 300 °C, which agrees with the Hu's discovery that photocatalytic

DRM can only occur when the reaction temperature is higher than
350 °C on the Pt/TiO, catalyst. [11] Both of the literature reports as
well as our work reveal an interesting finding that there is a threshold
temperature for the photocatalytic effects to have significant con-
tribution, which is against the common wisdom that photocatalytic
reaction should occur at room or low temperatures. It is likely because
that the initial activation and dissociation of CO, and CH, are activated
mainly by thermocatalytic processes while the photocatalytic processes
contribute to the reaction of intermediate products. However, there is
no direct evidence at this moment and we will further investigate the
mechanism in our future studies.

3.3. Photo-thermo-catalytic DRM stability

In addition to the great enhancement in DRM activity under light
illumination, the catalytic stability is also an important concern which
describes its capacity for long-term utilization. We further investigated
the effects of light irradiation on DRM stability, and the stability in the
dark was also measured as references. As shown in Fig. 5, Fig. §13, all
three catalysts showed severe deactivation when the reaction was car-
ried out in the dark at 600 °C. By contrast, it is interesting that these
catalysts exhibited outstanding PTC-DRM stability without obvious
decay when light irradiation was introduced at 600 °C in a 20 h con-
tinuous test. This implies that light illumination can improve the dur-
ability of thermocatalytic DRM, as also reflected by the stable CO, and
CH,4 conversions under the light condition but the decreased conver-
sions in the dark (Fig. S14). When further increasing the reaction
temperature to 700 °C, it took a long time (2.5 h) to reach stable syngas
production (Fig. S15), probably due to severe sintering of CeO, and
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aggregation of Pt at the beginning of the DRM reaction at 700 °C. This
finding is believed to be of great importance for achieving stable syngas
production by using the PTC-DRM method because activity deactiva-
tion is commonly a big challenge hindering the application of the
thermo-driven DRM technique. [32,35]

Generally, there are four main factors that may cause the deacti-
vation in the high-temperature DRM reaction: sintering of CeO, sup-
port, aggregation of Pt particle, carbon deposition, and consumption of
active sites. [32] To figure out why light irradiation can stabilize DRM
reaction, the spent catalysts at 600 °C under light irradiation and in the
dark were first examined by TEM and XRD. Taking MgO/Pt/Zn-CeO, as
an example, we found that the spent catalysts showed similar CeO,
particles sizes (Fig. S16) in the dark and under light illumination.
Furthermore, no noticeable Pt aggregation was observed after long-
term reaction in both dark and under light (Fig. S16,S17), which are
probably because of the enhanced interactions between Pt and CeO,
support. [1,36,37] In addition, there are no carbon observed after long-
term reaction in both dark and under light (Fig. S16,S17). There are two
possible reasons to explain the coke-free phenomenon. Firstly, Pt is
known as a typical catalyst in DRM having superb ability to resist
carbon formation due to the poor catalytic nature towards the C—C
bond coupling. [1] Secondly, CeO, has been widely demonstrated to be
able to remove the deposited carbon via the reaction: 2CeO5 + C —
Ce,03 + CO CeO, [38,39]. Therefore, it is likely that light irradiation
did not cause changes in CeO, sintering, Pt aggregation, and carbon
deposition as compared to the thermal-driven condition.

We thus considered the influences of active sites consumption on
long-term DRM stability. In the thermocatalytic DRM process on Pt/
CeOq-based catalyst, Pt is considered as the catalytic site for the
breakage of C—H bonds in the CH,4 dissociation. [1,40,41] The CO,
activation is proposed to occur over the oxygen vacancies of CeO,
support, [18,37,42] which is believed to be strongly dependent on the
contents of oxygen vacancies. Thereby, we performed XPS to analyze
the changes in oxygen vacancies concentrations before and after reac-
tions by measuring Ce 3d chemical states for fresh and spent catalysts.
To maintain the original states of spent catalysts, we kept the flow of Ar
when DRM was terminated until the reaction temperature cooled
naturally to the room temperature to prevent the CeO, support from
being re-oxidized by air at high temperatures, and the spent catalysts
were also stored in the Ar atmosphere. As shown in Fig. 6, the Ce 3d
XPS spectra can be well split into two species: Ce** and Ce®", where
Ce®* suggests the formation of oxygen vacancies and a larger Ce** /
(Ce®* + Ce*') value indicates a higher oxygen vacancies
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concentration on catalysts surface. [37,43-45] From these spectra, it
can be seen that the u2 and v2 peaks, which represent Ce**, of spent
catalysts in the dark have significantly larger percentages than those in
pristine and light-spent ones, suggesting that the concentration of Ce**
species increased after the long-term DRM reaction in the dark. Based
on the calculated Ce®* / (Ce®™ + Ce*™) ratios, it was found that DRM
reaction in the dark lead to drastic decreases in Ce3* / (Ce®™ + Ce*™)
ratios for all these three catalysts. Notably, the Ge>* / (Ce®** + Ce**)
ratios are maintained their initial values when the reaction was con-
ducted under light, implying that the generation of oxygen vacancies
took place under light irradiation. Previous studies have shown that the
light irradiation could help the effluence of surface oxygen atoms due to
the decreased metal-oxygen bond [46,47] and that Ce*™ ions can trap
photo-excited electrons to form Ce®>* and oxygen vacancies. [43] For
example, light-induced in situ evolution of oxygen vacancies have been
discovered on TiO, [47], ZnO [48], CeO4 [43,45], and BiOCl [46,49].
In our high-energy light irradiation condition, it is inferred that the
generation of oxygen vacancies may become easier.

During the thermo-driven DRM, the decrease in oxygen vacancies is
resulted from the reoxidation of Ce*" to Ce** in the CO, activation
process through Ce,O3 + CO, — 2CeO, + CO, [32,37] in which an
oxygen vacancy will be filled up by the O atom from CO,, dissociation. It
is thus more likely that the consumption of oxygen vacancies results in
the observed activity decay in the thermocatalytic DRM due to the
suppression of CO, dissociation. In contrast, in the photo-thermo-cat-
alytic DRM process, although thermocatalytic CO, dissociation can
consume oxygen vacancies, they can be regenerated simultaneously
under light irradiation, thus retaining the stable activation of CO,.
Therefore, it might be the light-induced recovery of oxygen vacancies
on CeO, that maintains the stable PTC-DRM activity, as compared to
the serious deactivation in the dark condition. In view of these results,
the enhanced PTC-DRM activity and stability might stem from the po-
sitive contribution from both photocatalysis and thermocatalysis in the
solar-thermal process.

3.4. Photo-thermo-catalytic DRM mechanism

As described above, well-designed MgO/Pt/Zn-CeO, exhibited ex-
cellent photo-thermo-catalytic activity and stability towards CO, re-
forming of CH,4. We here try to discuss the possible catalytic mechan-
isms. In the thermocatalytic pathway, CH, is regarded to be activated
on the Pt sites and splitted into C and H (step 1); and the chemical
coupling of two H species generates H, (step 2). [1,40,41] As for CO,
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Fig. 6. Ce 3d XPS spectra of pristine and spent catalysts in the dark and under light after 20 h DRM reaction at 600 °C for (a) Pt/CeO,, (b) Pt/Zn-CeO,, and (c) MgO/
Pt/Zn-Ce0,. u3, u2, u, v3, v2 and v peaks correspond to ce**, and ul, u0, v1, and vO refer to Ce3*.
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thermal activation, the dissociation of C — O takes place on the oxygen
vacancies (Vo) sites and produce CO and O (step 3), in which the O is
mobile and can take part in the removal of step 1-generated C by oxi-
dizing C into CO (step 4). [18,37,42] In the step 3, despite oxygen
vacancies are consumed under thermocatalysis, they can be re-
generated simultaneously under light irradiation (step 5, step 6), thus
stabilizing the thermo-driven DRM process [43,45]. In addition, the
reverse water-gas shift reaction (step 7) also occurs accompanying with
the DRM process, where CO, reacts with H, and generate CO and H,O.
[32]

In the photocatalytic DRM process, CeO, first adsorb visible and UV
light and generate electron (e 7) and hole (h*) in the bulk of CeO (Step
5), which transport to the surface of CeO,. CH, or intermediates (CHy)
could be oxidized by holes to generate CHx.; and proton (H™") (step 8).
[6] The H* can be reduced by electrons to H (step (9)), [50] and the
CHx can be thermocatalytically oxidized by O from step (3) to CO and
H, (step (10)). [51] On the other hand, it is considered that CO, can be
photocatalytically reduced to CO,™~ by electron (step (11)), which can
be further reduced to CO in the presence of H* (step (12)). [52,53] In
the overall process, the high-temperature condition facilitates the
photocatalytic DRM process, and the light-induced recovery of oxygen
vacancies stabilizes the thermocatalytic DRM process. Therefore, the
synergy between photocatalysis and thermocatalysis results in the ap-
parent enhanced PTC-DRM activity and stability in the solar thermo-
chemical process as compared to the traditional thermo-driven DRM.
However, it has to be pointed out that the exact synergy mechanism
may be much more complicated and needs to be further explored in
future research.

CH, — CH3; + H — CH, + 2H — CH+3H — C+4H 1
H + H— H, @)
€O, = CO+0 3)
C+0 - CO “
CeO, + hv = CeO, + e~ + h* 5)
Ce*t + e~ = Ce" + Vo (6)
CO, + Hy — CO + H,0 %)
CH, + h* - CH,; + H* ®
H* + H" + 2e” — H, 9)
2CH, + 20 — 2CO+xH, 10)
CO, + e~ = COy~ 1)
CO,” +e” + 2H" — CO + H, 12)

4. Conclusions

In summary, we have developed a novel catalyst that comprises
atomic MgO layers over Pt supported Zn-doped CeO, for photo-thermo-
catalytic conversion of CO, and CH, into syngas. The Zn doping and
surface MgO modification promote the separation of charge carriers,
providing abundant available electrons and holes and thus accelerating
CO, reduction and CH,4 oxidation. Accordingly, this catalyst showed
outstanding PTC-DRM activity with H, and CO production rates
reaching 356 and 516 mmol g~ 'h~! under 30 suns irradiations at
600 °C, which are more than 9 and 3 times higher compared to those
obtained in the thermally driven DRM at the same temperature.
Meanwhile, we demonstrated that light irradiation can keep reforming
stability without deactivation in a 20 h test, while the thermocatalytic
DRM exhibited the severe deactivation. The mechanistic investigation
revealed that light irradiation can induce the in situ generation of
oxygen vacancies during the DRM process, which balances the
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consumption of oxygen vacancies as catalytic sites in the CO, thermo-
activation process, thus maintaining a durable PTC-DRM process. The
findings pave a new way towards the sustainable conversion of green-
house gases into valuable chemicals via the solar-powered photo-
thermo-chemical catalysis process.
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