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Abstract

In this work, a Pt catalyst supported on equimolar Al,03-CeO, binary oxide (Pt-Al-Ce) was prepared and
applied in photo-thermo-chemical dry reforming of methane (DRM) driven by concentrated solar
irradiation. It was found that the Pt-Al-Ce catalyst showed good stability in DRM reactions and significant
enhancements in H, and CO production rates compared with Pt/CeO, (Pt-Ce) and Pt/Al,O5 (Pt-Al)
catalysts. Under a reaction temperature of 700 °C with 30-sun equivalent solar irradiation, the Pt-Al-Ce
catalyst exhibits a stable DRM catalytic performance at a H, production rate of 657 mmol-g-!-h-! and a
CO production rate of 666 mmol-g-!-h-!, with the H,/CO ratio almost equal to unity. These production
rates and the H,/CO ratio were significantly higher than those obtained in the dark at the same temperature.
The light irradiation was found to activate photocatalytic activities on Pt-Al-Ce and reduce the reaction
activation energy. /n situ diffuse reflectance infrared Fourier transform spectroscopy (in situ DRIFTS)
was applied to identify the active intermediates in the photo-thermo-chemical DRM process, which were
bidentate/monodentate carbonate, absorbed CO on Pt, and formate. The benefits of the binary Al,05-CeO,
substrate could be ascribed to that Al,O; promoted methane dissociation while CeO, stabilized and

eliminated possible coke formation, leading to high catalytic DRM activity and stability.
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1. Introduction

Synthesis gas, or syngas, a mixture of H, and CO, is an important material for a number of
industrial applications as fuel gas or the raw material for varied chemical synthesis processes.! Currently,
the most widely used technique for syngas produce is the steam methane reforming (SMR) processes,?
where water vapor interacts with methane under high temperature and pressure conditions (700-1000 °C
and 3-25 atm)? and produces H, and CO. One of the drawbacks of the SMR process is the excessive
amount of energy input required for water steam generation and reaction gas compression.>* The recent
research progress has turned the spotlight on a milder syngas production technique, dry reforming of
methane (DRM). The DRM process converts the two major greenhouse gases, CO, and CH, into syngas
under the atmospheric pressure and a relatively mild temperature range (650-850 °C),* making it less
energy-demanding from the industrial application perspective. DRM has been suggested as an
environmental strategy to utilize CO, molecules for valuable chemical/fuel production.> ¢ In addition,
DRM makes it possible to directly use the CO, impurities that already exist in natural gas,” which is
particularly favorable for oil field gas that contains a significant concentration of CO,. The ideal H,:CO
ratio of DRM syngas is 1:1, which fits an industrial hydroformylation process.® Despite the advantages of
DRM and the reduced energy consumption compared with SMR, a relatively high temperature is still
needed to initiate the traditional thermal-driven DRM process,’!! which, again, demands extensive energy
input.'> 13 Further innovations to lower the energy demand are necessary.

Recently, our research group introduced a photo-thermo-chemical approach for the DRM
process,'* 15 where concentrated sunlight was applied to partially provide thermal energy and photoactive
Pt/CeO,-based catalysts (Pt decorated Si-doped'* and Zn-doped CeO,'’) were used to make better use of
the concentrated sunlight and further improve the DRM performance. The Pt-CeO,-based catalysts show

highly efficient and stable DRM catalyzing capabilities and exhibit substantial DRM reaction rate
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enhancements under concentrated sunlight irradiation, compared to those under dark conditions. The Pt-
CeO,-based catalysts convert photon energy into chemical energy through the photo-induced activities on
the metal oxide substrate.!% 1% 17 The high performance and stability of the photo-thermal driven DRM
reaction on Pt-CeO,-based catalysts benefit from both the photoactivity.!® and the high surface oxygen
mobility!® of the CeO, substrate, which also promotes the coke resistance capacity of the catalysts.

In addition to the high energy consumption, another issue involved in the DRM process is the
H,/CO ratio that is lower than 1.0 in the products, which is likely related to a side reaction: reverse water-
gas shift (RWGS) reaction (H, + CO, = H,0 + CO).'%20 DRM process on numbers of noble metal-based
catalytic materials, including Ru-based,?!- > Pt-based,!> 2> Rh-based,>* and Pd-based®> 26 catalysts,
observes deteriorated H,/CO ratios. For example, Damyanova et al.?’ applied a type of Pt/CeO,-ZrO,
catalyst for DRM reaction; only a low H,/CO ratio of 0.51 was observed, which is likely associated with
the presence of basic centers on ZrO, material.?® Wysocka et al.?° studied and compared the DRM
performance of Ru-Ni/ZrO, and Ru-Ni/Al,O; catalysts. However, due to the tendency of Ru catalyst in
promoting RWGS reactions,’® only a H,/CO ratio of ~0.7 was obtained. Advanced catalyst design is
demanded to improve H, selectivity in the DRM process.

In efforts to design high H,/CO ratio generation catalysts, Benrabaa et al.3! recently reported the
application of SiO, supported nickel ferrite catalysts in the DRM process, where it was demonstrated that
H,/CO production ratio can be promoted by Lewis acidic sites on the catalyst surface. However, Hambali
et al3? later indicated that strong catalyst surface acidity may lead to, despite enhanced H, selectivity,
catalyst coking, and deactivation. In light of these two studies, it seems that an improved H,/CO ratio can
be achieved by coupling a catalyst with a weak acidic promoter. Al,Os, a type of abundant and low-cost
chemical compound with intrinsic mild acidic characteristics®> 34 that has long been in catalyst design in

a number of industrial processes including hydrocarbon isomerization,** catalytic cracking,® etc., can be
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an ideal addition on DRM catalysts to improve hydrogen production selectivity in DRM process.

In this work, Pt decorated equimolar Al,O3-CeO, catalyst was prepared and applied for the photo-
thermal driven DRM process. The first objective of this study is to introduce a facile and economic
approach in catalyst design to improve the catalytic activity and H,/CO ratio in the DRM process. Based
on the aforementioned literature review, it is expected that Pt/Al,03;-CeO, material promotes H,
generation and enhances the H,/CO ratio in the DRM process catalyzed compared with Pt-CeO, based
catalyst. Additionally, although alumina has been long applied as a substrate material in DRM process,3
37 there are still knowledge gaps regarding the synergetic effects between Al,O; and CeQ, in photo-driven
DRM processes. Therefore, more importantly, the second objective of this work is to investigate the
synergetic effects of Al,O; and CeO, as substrate in photo-driven DRM process. Thirdly, although a
number of studies'® 15 384l have demonstrated light irradiation promotes DRM performance on
photoactive catalysts, the mechanism behind the performance enhancement is still not fully understood.
For this reason, the third objective of this work is to uncover the role of light irradiation in the photo-

thermo-chemical DRM process.

2. Experimental

2.1 Catalyst preparation

Metal oxide substrates were prepared according to previous reports'4 1> with minor modifications.
To prepare CeO, substrate, two solutions were made. Solution A was prepared by dissolving 5 mmol cetyl
trimethyl ammonium bromide (CTAB, C;9yH4,NBr, high purity, VWR) in 7.9 g reagent alcohol (>96%
ethanol, VWR). Solution B was made by mixing 5 mmol cerium nitrate hexahydrate [Ce(NOs3);-6H,0,
99.99%, BTC] and 5 mmol citric acid (CcHgO7, 99.5+%, Alfa Aesar) in 7.9 g reagent alcohol. Solution

A and B were then mixed and stirred for 3 h before being placed in an oven maintained at 60 °C overnight
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to allow the solvent to evaporate. The solidified gel was then calcined in air at 500 °C for 5 h. Al,O4
substrate was prepared by using 5 mmol aluminum nitrate nonahydrate [Al(NO3);-9H,0, >98%, Sigma-
Aldrich] instead of cerium nitrate hexahydrate to prepare solution B. Al,03-CeO, hybrid substrate was
prepared by using 5 mmol Al(NO;);-9H,0 and 5 mmol Ce(NO3);-6H,0 (nominal atomic ratio Al : Ce =
1:1) instead of solely Ce(NOj3);-6H,0 or AI(NOj3);-9H,0 to prepare solution B.

A wet impregnation method was applied to deposit 1 wt.% Pt on the metal oxide substrates and
prepare the DRM catalysts. 100 mg metal oxide substrate was dispersed in a liquid mixture containing 5
g deionized water, 4 g methanol (CH;O, >99.98%, VWR), 4 g acetone (C;H¢O, VWR), and 2.1 mg
chloroplatinic acid (H,PtCls, 99.9%, Alfa Aesar, equivalent to 1 mg Pt) in an alumina crucible. The
crucible was then placed on a hot plate maintained at 100 °C, and the suspension was stirred with a
magnetic bar to allow the solvent to evaporate. After the evaporation, the solid was collected and calcined
in air at 500 °C for 2 h. The materials prepared with CeO, substrate, Al,O; substrate, and Al,0;-CeO,

hybrid substrate are denoted as Pt-Ce, Pt-Al, and Pt-Al-Ce, respectively.

2.2 Catalyst characterization

X-ray diffraction (XRD) patterns were obtained on a Bruker-AXS D8 advanced Bragg-Brentano
X-ray powder diffractometer. Energy-dispersive X-ray spectroscopy (EDS) analysis was conducted with
a JEOL JSM-7500F field emission scanning electron microscope (FE-SEM). The morphology of catalyst
samples was investigated on a JEOL JEM2100F transmission electron microscope (TEM). X-ray
photoelectron spectroscopy analyses were conducted on an Omicron DAR 400 XPS/UPS system. UV-Vis

light absorption data were obtained on a Hitachi U-4100 UV-Vis-NIR spectrophotometer.

2.3 Photo-thermal driven DRM performance measurements

The experimental setup of the photo-thermal driven DRM catalyst performance measurements is
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similar to that employed in our previous studies.'* !> As shown in Figure S1, a ScienceTech solar simulator
(operated at 1200W, equivalent to 30-sun irradiation, the light spectrum is shown in Figure S2) was used
as the light source. 5 mg catalyst sample was dispersed in 2 ml deionized water to form a catalyst
suspension. The suspension was then dripped onto a piece of oval quartz fiber, which was later placed
onto an oval catalyst holder. The catalyst holder was then placed into a quartz tube reactor (Figure S1).
The position of the catalyst holder was carefully aligned inside the reactor to ensure the thermocouple tip
contacts the quartz filter surface and aligns with the centerline of the catalyst holder and the reactor. The
tube reactor was heated by a tube furnace, where a window was made to allow sunlight to irradiate on the
catalyst. Prior to the performance test, the catalyst was firstly reduced at 700 °C by a gas mixture of H,
(20.2 standard cubic centimeter per minute, or 20.2 sccm) and Ar (43.6 sccm) for 1 h, while two mass
flow controllers controlled the gas flow rate. After the reduction process, the furnace was powered off,
and the tube reactor was then purged with Ar (150 sccm) to eliminate H, in the reactor. After 30 min of
Ar purging, the solar simulator was powered on at 1200 W and the tube furnace was turned on and set at
a desired reaction temperature while maintaining Ar gas flow. The solar lamp operated at 1200 W alone
can only heat up the reactor to ~ 450 °C. Therefore, auxiliary heating from the furnace is needed. Once the
reactor reached the desired reaction temperature, Ar gas was turned off and a premixed gas mixture (10%
CH,, 10% CO,, balanced Ar, hereinafter referred to as “reaction gas”) was introduced into the reactor at
a gas flow rate of 12 sccm. The outlet of the reactor is connected to a Shimadzu GC-2014 gas
chromatograph to determine the chemical composition of the produced gas. Similar tests were conducted

without concentrated solar irradiation.

2.4 In situ diffuse reflectance infrared Fourier transform spectroscopy (in situ DRIFTS) analyses

A similar setup reported in our previous study was applied to conduct the in situ DRIFTS
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analyses.*? The data acquisition was performed with a Nicolet 6700 spectrometer (Thermo Electron)
equipped with a Praying Mantis DRIFTS accessory and a reaction chamber (Harrick Scientific, HVC-
DRP). Figure S3 shows the diagram of the in sifu DRIFTS reaction chamber. The highest temperature the
reaction chamber can reach is 600 °C. Prior to each in situ DRIFTS test, the catalyst sample was firstly
reduced by a gas mixture of H; (20.2 sccm) and Ar (43.6 sccm) for 15 min at 600 °C in the DRIFTS
reaction chamber. After the reduction process, H, gas flow was turned off and the reaction chamber was
allowed to cool down naturally to the target testing temperature while Ar protected the catalyst sample at
a flow rate of 43.6 sccm. Once the DRIFT chamber reached the target temperature, the FTIR background
was then taken, followed by introducing the same reaction gas used in the DRM performance test at 12
sccm. The catalyst sample was then allowed to interact with the reaction gas (under continuous flow)
while multiple DRIFTS data was taken and recorded under the dark conditions over the next 10 min. It
normally takes ~ 3 min before the catalyst surface gets saturated with the reaction gas. Therefore, 10 min
is adequate for the catalyst to reach the adsorption equilibrium. After the dark equilibrium DRIFTS spectra
were taken, concentrated sunlight was then applied to the sample through the quartz window. The same
solar lamp used in the DRM performance test was applied as the light source, the power of the lamp was
set at 1200 W. An optical fiber was used to direct the light into the DRIFTS reaction chamber. The
intensity of the light exiting the optical fiber was measured to be close to 1 sun, and the light spectrum is
shown in Figure S4. Immediately after the concentrated sunlight was applied to the DRIFTS cell, another
set of DRIFTS data acquisition was conducted. Multiple DRIFTS data were taken and recorded over the
next 5 minutes, which is adequate for the catalyst to reach a new absorption equilibrium under solar
irradiation (normally takes less than 1 min). Similar in situ DRIFTS analyses were also performed with a

CO; : Ar=10: 90 gas mixture and a CHy4 : Ar =10 : 90 gas mixture.
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3. Results and discussion

3.1 Crystal structure

The XRD patterns of Pt-Ce, Pt-Al-Ce, and Pt-Al are displayed in Figure 1. The characteristic XRD
pattern of CeO, was found on both Pt-Ce and Pt-Al-Ce, while the characteristic peaks of Pt were not found
in the XRD patterns of either sample. The Pt nanoparticles are likely tiny and well distributed on the
surface of Pt-Ce and Pt-Al-Ce. By comparing the XRD patterns of Pt-Ce and Pt-Al-Ce, it was noted that
the XRD peaks of Pt-Al-Ce are broadened. This observation is likely related to the decreased CeO,
crystalline size due to the combination of CeO, and Al,O;. The XRD pattern of Pt-Al indicates that the
phase of the A1,Oj; support as y-Al,Oj3, elementary Pt [111] peak was found at 20 =~39.7°, which confirms
the existence of Pt in Pt-Al catalyst. Since the weight percentage of Pt is the same in all of the three

catalysts, the observation of Pt [111] in Pt-Al suggests that the size of Pt nanoparticles is significantly

Journal of Materials Chemistry A

larger than that on Pt-Ce and Pt-Al-Ce.

Intensity (a. u.)
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Figure 1. XRD patterns of Pt-Ce, Pt-Al and Pt-Al-Ce.

9



Journal of Materials Chemistry A Page 10 of 39

Interestingly, no characteristic peaks of y-Al,0; were found in the XRD pattern of Pt-Al-Ce,
similar results were also previously observed in several studies in Al,03-CeO, hybrid metal oxide
materials.*3-% This is likely related to the low crystallinity of the y-Al,O; substrate, as evidenced by the
wide and less-defined peaks in the XRD pattern of Pt-Al. Since the CeO, phase in Pt-Ce shows sharp and
well-defined peaks, it is likely that in Pt-Al-Ce, the highly crystallized CeO, peaks overshadow those of

v-AL, O3, resulting in the absence of y-Al,O5 peaks.

3.2 Morphology

Figure 2 shows the TEM images of Pt-Ce, Pt-Al-Ce, and Pt-Al. As shown in Figure 2a, the particle
size of Pt decorated CeO, catalyst is ~20 nm, and the catalyst particles show sharp edges and corners. Pt-
Al-Ce material particles show a diameter of ~15 nm (Figure 2c) and the particles are oval-shaped.
Different from Pt-Ce and Pt-Al-Ce, the particle size of Pt-Al is significantly larger. As shown in Figure
2e, the particle size distribution of Pt-Al ranges from ~100 nm to several hundred nanometers. CeO, [111]
(0.31 nm) and CeO, [100] (0.27 nm) were noted in Pt-Ce and Pt-Al-Ce, according to Figures 2b and d,
which coincide with the XRD results. As shown in the CeO, lattice Figure 2b, the CeO, phase in Pt-Ce
material shows long-range order, while the CeO, phase in Pt-Al-Ce only exhibits short-range order (Figure
2d). It seems that Al,O; phase breaks down the long-range order of the CeO, crystalline in Pt-Al-Ce,
which verifies that the phases of Al,0; and CeO, are in segregated phases instead of solid solution form.
Pt [111] (0.21 nm) spacing was found in Pt-Ce, Pt-Al-Ce, and Pt-Al, confirming the existence of Pt. The
sizes of Pt nanoparticles on Pt-Ce, Pt-Al-Ce, and Pt-Al were measured with ImageJ based on a number of
TEM images. The average Pt particle size on Pt-Ce, Pt-Al-Ce, and Pt-Al was calculated as 1.9 nm, 1.4
nm, and 6.8 nm, respectively. The histograms of Pt nanoparticle sizes on the three catalysts are included
as Figure S5. The Pt nanoparticle sizes on Pt-Al are significantly greater than those on Pt-Ce and Pt-Al-
Ce. The large size of Pt nanoparticle size coincides with the XRD pattern of Pt-Al, where Pt [111] peak

10
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is prominent.

To confirm the existence of the Al element in Pt-Al-Ce, elemental mapping was performed by
energy-dispersive X-ray spectroscopy (EDS). The EDS result is included in the Supporting Information
as Figure S6. The elemental mapping of Pt-Al-Ce shows strong signals of Ce and Al, confirming Ce and
Al are major elements in Pt-Al-Ce. Pt was also found in the EDS mapping, while Pt signal is much weaker
compared to those of Ce and Al, which is reasonable due to the low concentration of Pt (1.0 wt.%) in Pt-

Al-Ce.

Figure 2. TEM images of Pt-Ce (a & b), Pt-Al-Ce (c & d), and Pt-Al (e & f); yellow arrows point to Pt

nanoparticles.

3.3 Surface chemical properties

X-ray photoelectron spectroscopy (XPS) analysis on Ce 3d orbital was conducted on Pt-Ce and

11
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Pt-Al-Ce to investigate the effect of Al,0;-CeO, incorporation on the chemical states of CeO,. Prior to
the XPS testing, the catalysts were pre-reduced in Ar/H, gas mixture as they would be in DRM
performance tests. XPS analyses on Pt or Al were not performed as the XPS binding energies of the two
elements overlap, making it impractical to reach meaningful results or conclusions. The existence of Ce3*
in the catalyst surface indicates the formation of oxygen vacancies, likely generated during the H,
reduction process. The oxygen vacancy has been deemed as a key factor for achieving high DRM
performance.'> 46 As shown in Figure 3, the Ce 3d spectra can be well deconvoluted into Ce** and Ce**,

299

where v,, v’, u,, and u’ correspond to Ce**; v, v’°, v’>’, u, u”’, and u””’ correspond to Ce**.15- 4749 Based
on the Ce 3d deconvolution results, the molar ratios of Ce3*/(Ce3" + Ce*") on Pt-Ce and Pt-Al-Ce are
calculated to be 24.3% and 24.7%, respectively. It seems that the incorporation of Al,O; into Pt-CeO,
does not significantly promote the formation of Ce3*. The Ce3*/(Ce3* + Ce*") value on both of the catalysts

are similar; however, if considering the high concentration of the Al,O3 incorporation in Pt-Al-Ce, the

oxygen vacancy concentration on Pt-Al-Ce can be significantly lower than that on Pt-Ce.

Pt-Ce Pt-Al-Ce
(a) Ce 3d (b) Ce 3d
3 3
8 8
= =
£ £
c c
2 2
= =
Ce*/(Ce*+Ce*) =24.3% Ce*/(Ce*+Ce*™)=24.7%
925 950 9;5 9;0 965 960 8&;5 8'.-"30 BE[i5 aéo 875 925 QZIG 9;5 91|0 9(|15 9{;0 89;5 8‘.130 8;35 sfljo 875
Binding energy (eV) Binding energy (eV)

Figure 3. Deconvolution of Ce 3d XPS spectra on Pt-Ce and Pt-Al-Ce catalysts.
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To better compare the surface oxygen vacancies concentrations between Pt-Ce and Pt-Al-Ce, the
deconvolution of O /s was also performed. The difference in binding energy values of the lattice oxygen
(Op) on Al,O3 and CeO, was found to be very close to each other.3->3 Therefore, the two types of lattice
oxygen atoms were considered as a whole, whose peak is located at ~ 529.9 eV. The peak at ~532.0 eV
was identified as adsorbed oxygen (O,) on oxygen vacancies, which can be applied to determine the
concentration of surface vacancies.’®5!. 34 Based on the O s deconvolution result shown in Figure 4, the
Ox concentrations on Pt-Ce and Pt-Al-Ce were calculated as 27.0% and 15.5%, respectively. Compared
with Pt-Ce, Pt-Al-Ce exhibits a relatively lower concentration of oxygen vacancies, which is reasonable
as only CeQ; is capable to produce oxygen vacancies in a reducing environment and CeO; is diluted due

to the existence of Al,O5 in Pt-Al-Ce.

Pt-Ce (b) Pt-Al-Ce .
l O 1s L

(a) O 1s ~_ A0
5 35
s 8
el =
= £
c c
8 0
£ £

T T T T T T T T T T
536 534 532 530 528 526 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

Figure 4. Deconvolution of O /s XPS spectra on Pt-Ce and Pt-Al-Ce catalysts.

3.4 Optical properties

To investigate the optical properties and calculate the bandgaps of the as-prepared catalysts, UV-
Vis diffuse reflectance spectra and bandgap analyses were performed. As shown in Figure 5a, Pt-Ce
absorbs light mainly in the wavelength range below 400 nm, showing two major absorption bands located

13
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at 250 nm and 351 nm, in agreement with the CeO, light absorption property reported in a previous study.>>
Pt-Al-Ce also shows a major light absorption to photons with a shorter wavelength than 400 nm, while
the absorption band at ~250 nm shows a slight intensity decline. Different from Pt-Ce and Pt-Al-Ce, Pt-
Al only shows absorption at ~258 nm, which is identified as the light absorption of alumina.’® The light

absorption of Pt nanoparticles likely causes the light absorption in the visible light range.

(a) —Pt.Ce (b) —PtCe
— Pt-Al-Ce — Pt-Al-Ce
—— Pt-Al — Pt-Al
3
) o
5 EI
o =
5 5
53 B
w
o
<
T T T T T T T T T T T T 7 T T T d T g
200 300 400 500 600 700 800 2.0 25 3.0 35 4.0
Wavelength (nm) Photon energy (eV)

Figure 5. UV-Vis light absorption spectra (a) and Tauc plots (b) of Pt-Ce, Pt-Al-Ce, and Pt-Al materials.

Bandgap analysis was performed with Tauc plot based on the procedure reported by Makula et al.
previously.>” Figure 5b shows the bandgap analyses for Pt-Ce, Pt-Al-Ce, and Pt-Al. The bandgaps of Pt-
Ce and Pt-Al-Ce were calculated as 2.3 eV and 2.4 eV, respectively. Pt-Al-Ce material only shows a
bandgap value change of 0.1 eV; it seems that the existence Al,0; does not cause a significant bandgap
variation on CeO, component in Pt-Al-Ce. However, according to the Tauc plot of Pt-Al, it is not plausible
to determine the bandgap value of Pt-Al. This result suggests Pt-Al catalyst is not photoactive. The
obtained bandgap value of Pt-Ce is lower compared with the calculated values in our previous reported

values.!* 15 As mentioned, the catalysts were reduced prior to the UV-Vis diffuse reflectance

14
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measurements. The oxygen vacancy generated from the reduction process is likely responsible for the

narrowed bandgaps of Pt-Ce and Pt-Al-Ce.>®

3.5 DRM performance

DRM performance data of Pt-Al-Ce, Pt-Ce, and Pt-Al at 700 °C under both dark conditions and
concentrated sunlight were presented in Figure 6. The three catalysts show structure and morphology
stability after the experiments, as shown in Figures S7 and S8. The numerical results of the DRM
performance are listed in Table 1, where the listed values are the averages of all DRM performance data
presented in Figure 6. Both Pt-Ce and Pt-Al-Ce showed good stability under both dark and light conditions
for the DRM process at 700 °C. Both catalysts showed DRM performance enhancement under light
conditions compared with those in dark conditions, as shown in Figure 6. Notably, under concentrated
solar irradiation, Pt-Al-Ce delivered a near-unity H,/CO production ratio of 0.99, which is significantly

improved compared with that of Pt-Ce (0.77 under light conditions).
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Figure 6. DRM performance: (a) H, production and (b) CO production of Pt-Ce, Pt-Al and Pt-Al-Ce at

700 °C under light and dark conditions.

15



Table 1. DRM performance of Pt-Ce, Pt-Al-Ce and Pt-Al at 700 °C (average of data in Figure 6).

Journal of Materials Chemistry A

H, production rate | CO production rate | H,/CO
Sample ID (nzngol-g'l-h'l) (mnf)ol-g'l-h'l) raiio
Under dark conditions
Pt-Ce 218 351 0.62
Pt-Al-Ce 535 588 0.91
Pt-Al 42 28 1.50
Under solar irradiation
Pt-Ce 365 477 0.77
Pt-Al-Ce 657 666 0.99
Pt-Al 43 30 1.44

Page 16 of 39

Contrastingly, Pt-Al deactivates fast under both reaction conditions within less than 2 h in the
DRM process. No significant difference in DRM performance was observed related to solar irradiation.
AlL,Oj5 is not considered photoactive. It is, therefore, reasonable that the concentrated sunlight does not
make a significant difference in the DRM performance of the Pt-Al catalyst. Regarding the DRM
catalyzing stability of Pt-Al, as previously reported by Hambali et al.,> a DRM catalyst with an over-
acidic surface may result in deactivation in the DRM process to coke accumulation. Although Al,O5 is a
type of material showing only weak surface acidity under DRM reaction conditions,?? it seems that the
surface acidity of pure Al,O; support is already too high for the DRM process to maintain a stable catalytic
activity. As shown in Table 1, the H,/CO ratios on Pt-Al under light and dark conditions were calculated
to be 1.50 and 1.44, respectively. A value of H,/CO ratio higher than 1.0 in the DRM process suggests a
faster methane dissociation rate than coke carbon gasification rate, which leads to coke accumulation and
causes performance deactivation.

As determined by the TEM analyses, there is a difference between the size of Pt nanoparticles on
Pt-Ce (1.9 nm) and Pt-Al-Ce (1.4 nm). The size of Pt nanoparticles deposited on the catalysts is a crucial

factor in determining the DRM reaction rate. However, little information was found in the literature on

16



Page 17 of 39 Journal of Materials Chemistry A

the Pt nanoparticle sizes on the reaction rate of DRM reactions. In a similar materials system, however,
Gascon et al.% investigated the role of Rhodium (Rh) particle size on DRM reaction rates, where the Rh
nanoparticles were deposited on three substrates, namely CeO,, CeO,-ZrO,, and ZrO,. It was found that
the DRM reaction rates on the catalysts showed a linear correlation with the Rh nanoparticle size in the
range of 1.6 - 8.0 nm. This study applied a similar catalyst system and conducted the same reaction process
as in the present work. More importantly, as a type of noble metal, Rh nanoparticles promote the DRM
reaction rate in a similar way as Pt does. Based on the work of Gascon et al., given the fact that Rh is
generally more active as an active species than Pt in the DRM process,®! the small difference in Pt
nanoparticle sizes between Pt-Ce and Pt-Al-Ce is unlikely to make a significant difference in the DRM
reaction rates on Pt-Ce and Pt-Al-Ce.

An apparent synergy effect of Al,O3; and CeO, as catalyst support is observed on Pt-Al-Ce. Pt-Al-
Ce considerably outperforms both Pt-Ce and Pt-Al in H, and CO production rate. Compared with Pt-Ce,
Pt-Al-Ce shows significant enhancement in CO and H, production rate under both light and dark
conditions (67.2% and 144.8% enhancements in CO and H, under dark, respectively; 39.6% and 80.0%
improvements in CO and H, under light, respectively). Compared with Pt-Al, Pt Al-Ce exhibits good
stability, in addition to the notably promoted H, and CO production rates. The significant improvement in
H, generation rate on Pt-Al-Ce suggests that methane dissociation was strongly promoted. In this sense,
the incorporation of Al,O; with CeO, is advantageous due to the high efficiency of CeO, in the oxidation
of surface deposited coke into CO.?7> 2. 63 In this regard, in Pt-Al-Ce material, Al,05-CeO, support is
likely bi-functional: firstly, Al,O; promotes methane dissociation on Pt nanoparticles, resulting in
improved H, generation; secondly, CeO, acts as catalyst performance stabilizer by eliminating any
possible coke formed from methane dissociation. It is likely that the two possible mechanisms work jointly

to promote the DRM performance on Pt-Al-Ce catalyst.
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To confirm the above hypotheses and further investigate the synergy effect of Al,O; and CeO, in
the Al,0;-CeO; binary substrate, a CeO,-rich Pt-Al-Ce catalyst (Al : Ce molar ratio =2 : 10, noted as Ce-
Rich-PAC) and an Al,O;-rich Pt-Al-Ce catalyst (Al : Ce molar ratio = 10 : 2, noted as Al-Rich-PAC)
were prepared and tested for DRM performance under solar irradiation at 700 °C, and the results are shown
in Figure S9. Ce-Rich-PAC shows stable catalytic activities, and the 10-h average of CO and H,
production rates of Ce-Rich-PAC are 602 mmol-g-!-h"! and 549 mmol-g-!-h’!, respectively. Even with a
low Al,O; incorporation concentration in the catalyst, Ce-Rich-PAC shows notable enhancements in
catalytic performance than those of Pt-Ce. The H,/CO production ratio of Ce-Rich-PAC was 0.91,
considerably higher than that of Pt-Ce and only slightly lower than that of Pt-Al-Ce. In contrast to the
stable DRM performance of Ce-Rich-PAC, Al-Rich-PAC shows a deteriorating catalytic performance
over time: the initial CO and H, production rates are 641 mmol-g'-h"! and 728 mmol-g-!-h-!, respectively,
which dropped to 581 mmol-g!-h"! and 596 mmol-g-!-h! after 10 h, respectively. Interestingly, the initial
CO production rate on Al-Rich-PAC is slightly lower than that of Pt-Al-Ce, but the initial H, production
rate on Al-Rich-PAC is ~9% higher than that of Pt-Al-Ce. This result again implies that Al,O; promotes
H, generation from methane dissociation. Over the 10 h test, the H,/CO production ratio on Al-Rich-PAC
is always greater than 1.0, suggesting a faster methane dissociation reaction rate and coke accumulation
on the catalysts, which leads to deactivation in DRM performance. Despite the DRM catalytic deactivation
of Al-Rich-PAC over time, compared with Pt-Al, Al-Rich-PAC exhibits remarkable improvements in both
catalytic performance and stability, even with a low CeQO, incorporation concentration. The enhancements
are likely related to the superior coke gasification ability of CeO,,which minimizes coke accumulation
and preserves the activity of the catalyst.** However, with a low CeO, incorporation amount, Al-Rich-
PAC still shows deterioration in catalytic performance over time.

To determine the effect of Pt concentration of Pt-Al-Ce catalyst on the DRM process, varied
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amount of Pt (0.25 wt.%, 0.5 wt.%, and 2 wt.%) was loaded on the equimolar Al,0;-CeO, hybrid substrate
(denoted as 0.25-Pt-Al-Ce, 0.5-Pt-Al-Ce, and 2-Pt-Al-Ce, respectively) and applied for the DRM process.
All of the catalysts showed a stable DRM catalyzing performance, the averaged DRM performances were
listed and compared in Table 2. It is clear that a higher Pt loading concentration is favorable in promoting
the H, and CO production rate as well as the H,/CO ratio. However, by comparing Pt-Al-Ce with 2-Pt-
Al-Ce, especially those under solar irradiation, the increase in the H,/CO ratio is marginal when Pt loading
is over 1.0 wt.%, despite the slight enhancement in H, and CO production. Since Pt is a noble metal and
expensive, by taking the cost of Pt into consideration, it is safe to reach the conclusion that 1.0 wt.% of Pt

loading is optimal.

Table 2. DRM catalytic performance of Pt-Al-Ce catalyst with varied Pt loading amount.

Sample D | M2 production e | CO production it | 11 i
Under dark conditions

0.25-Pt-Al-Ce | 225 337 0.67

0.5-Pt-Al-Ce 446 528 0.85

Pt-Al-Ce 535 588 0.91

2-Pt-Al-Ce 682 685 0.99
Under solar irradiation

0.25-Pt-Al-Ce | 313 424 0.74

0.5-Pt-Al-Ce 489 554 0.88

Pt-Al-Ce 657 666 0.99

2-Pt-Al-Ce 729 717 1.02

To further investigate the role of solar irradiation in the DRM process on Pt-Al-Ce catalyst, DRM
performance tests at 650 °C and 600 °C under both dark and light conditions were conducted on Pt-Al-Ce
catalyst, the performance results of the test are listed along with the 700 °C data in Table S1. The In(r) —

1000/T correlations were plotted in Figure 7 according to the Arrhenius equation based on the data listed
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in Table S1. The In(r) - 1000/T regression plots show a good linear correlation, and the linear regressions
of the four datasets returned R? values close to 1.0, indicating accurate regression results. The apparent

activation energy values were listed in Table 3 based on the calculated slopes of each regression curve.
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Figure 7. Arrhenius In (r) - 1000/T plot for H, and CO gas production rate in DRM process on Pt-Al-Ce

catalyst under both dark and light conditions.

Table 3. The apparent activation energy of H, and CO production on Pt-Al-Ce under dark and light

conditions.
Gas Apparent E, (kJ/mol)
species | Dark Light
H, 62.3 39.8
CO 41.9 27.8

As shown in Table 3, the apparent activation energy for H, and CO production under dark
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conditions is 62.3 kJ/mol and 41.9 kJ/mol, respectively. The apparent E, of H, and CO production under
solar irradiation are 39.8 kJ/mol and 27.8 kJ/mol, which is significantly lowered compared with those
calculated under dark conditions, similar observations on the reactant activation effect of light irradiation
in DRM process has also been documented by Yoshida et al.%°> and Miyauchi et al.°6-%% It seems that the
sunlight assisted in the activation of the reactants in the DRM process on Pt-Al-Ce catalysts. However,
according to Figure 6 and Table 1, H, and CO production efficiency on Pt-Al is insensitive to light
irradiation. Therefore, irradiation alone does not directly activate the reactants. Photoactive CeO, seems
to be the media assisting the conversion of photon energy into chemical energy and facilitating the reaction.
To determine the photoactivities of CeO, in Pt-Ce and Pt-Al-Ce, XPS deconvolution of Ce 3d of spent Pt-
Ce and Pt-Al-Ce under both light and dark conditions under 700 °C was performed, the results are shown
in Figure S10. The light excitation can weaken the Ce-O bonds in CeO, and lead to the generation of Ce**
and oxygen vacancies (Ce*" + hv 2> Ce*" + V().!15 % After DRM reaction under the dark conditions, both
Pt-Ce and Pt-Al-Ce exhibit lower molar ratios of Ce3*/(Ce** + Ce*"), valued at 17.4% and 15.6%,
respectively, compared with fresh catalysts (fresh Pt-Ce: 24.3%, fresh Pt-Al-Ce: 24.7%) in Figure 3, which
is likely due to the oxidation of Ce** to Ce*" by CO, in the DRM process.!> ® Contrastingly, significantly
higher molar ratios of Ce3*/(Ce3" + Ce*") on both catalysts was observed after the DRM reaction under
the irradiation of the concentrated sunlight (Pt-Ce: 39.1%, Pt-Al-Ce: 49.8%). This result suggests that the
photoactive CeO, component in Pt-Ce and Pt-Al-Ce could contribute to the DRM performance under light
irradiation through photocatalysis.

To further verify the role of photocatalysis in the photo-driven DRM process on Pt-Al-Ce catalyst,
a control experiment was conducted at 700 °C with a 530-nm long-pass filters. The cut-off photon energy
of the 530-nm filter is 2.34 eV, which is slightly lower than the bandgap energy of Pt-Al-Ce (2.4 eV).

Table 4 shows the comparison of 10-h average Pt-Al-Ce DRM performance under full-spectrum, 530 nm
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cut-off, and dark conditions. Under 530 nm cut-off condition, where the photon energy is lower than the
bandgap energy of Pt-Al-Ce, the DRM performance is almost the same as that under dark conditions. This
result suggests that light irradiation enhances the DRM reaction through photocatalytic excitation of the
catalyst, where photon energy is converted to chemical energy conversion and leads to the significantly

lower apparent activation energy for the production of H, and CO.

Table 4. DRM catalytic performance of Pt-Al-Ce at varied light irradiation conditions at 700 °C.

Reaction H, production rate | CO production rate
conditions (mmol-g-'*h!) (mmol-g-l*h!)

Full spectrum 657 666

>530 nm cut-off | 531 593

Dark 535 588

3.6 In situ DRIFTS analysis

To understand the effect of solar irradiation and investigate the intermediates involved in the
photo-thermal driven DRM process, in situ DRIFTS analysis was conducted at various temperatures on
Pt-Ce, Pt-Al-Ce, and Pt-Al under dark and light conditions in three gas environments: (1) DRM reaction
gas (CO,, and CHy), (2) CO, only, and (3) CH, only.

As shown in Figure 8, the exposure of DRM reaction gas to Pt-Ce and Pt-Al-Ce led to the
generation of surface intermediates including formate (HCOO-),’%7? bidentate carbonate (b-CO;2),7>73
and monodentate carbonate (m-COs%).7% 77 The peaks located at 1338 cm™! and 1308 cm! were identified
as gaseous CH,4’? in the reactions. The doublet bands found at 2069 cm™! and 1971 cm! were identified as
CO molecules linearly bonded on Pt atoms (Pt-CO).7>-%2 The CO molecules were likely originated from
CO, reduction taking place on the catalyst surface. The absorption band located at 2069 cm-! indicated

the existence of linearly adsorbed CO on Pt, while the shoulder band centered at ~1971 cm™! indicated the
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coverage of CO molecules on the boundary of Pt and the metal oxide support.’®-#? On Pt-Al, only Pt-CO
and bicarbonate bands® 8 were observed. Gaseous CO production was also observed as the duplet band

at 2178 cm! and 2109 cm! at a temperature higher than 400 °C on Pt-Al.
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Figure 8. In situ DRIFTS spectra at DRM reaction conditions in the dark on (a) Pt-Ce, (c) Pt-Al-Ce, (e)

Pt-Al, and dark-light comparison on (b) Pt-Ce, (d) Pt-Al-Ce, (f) Pt-Al.
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Figure 8a shows the surface intermediates behavior on Pt-Ce under reaction gas atmosphere to
temperature increase under dark conditions. All surface intermediates were found to show a decrease in
absorption intensity due to the temperature increase. It seems that the formate intermediates are quite
sensitive to temperature increases: the formate band intensity almost halved after the temperature
increased from 200 °C to 600 °C. Only a small intensity diminish was found on m-CO;?- and b-COs>. A
red-shifting effect was observed on the Pt-CO band as temperature increases, which was likely due to the
declined CO adsorption reducing the repulsion forces among CO molecules and leading to red shifting of
the CO absorption band,® indicating CO desorption.

Figure 8b shows the comparison between light and dark in situ DRIFTS results obtained on Pt-Ce.
Under light irradiation, almost all of the surface intermediates showed a slight intensity decline. To rule
out the thermal effect of the light irradiation, an IR thermometer was used to determine the temperature
change of the sample in the in situ DRIFTS cell upon the light irradiation at room temperature. After ~5
min of sunlight irradiation, only a temperature rise of ~5 °C was observed on the catalyst surface. With
such a minor temperature change at room temperature, the temperature change caused by the light
irradiation may be negligible for tests conducted at 200 - 600 °C. The most noticeable change in the spectra
is the sharp intensity decline of the formate band at ~1595 cm ! under light irradiation. The intensity of b-
CO3* was also found to decline under light irradiation. It seemed that m-COs? was relatively stable upon
the light irradiation. Both formate and b-CO;?- have been viewed as important surface intermediates in
CO generation in the DRM process. The intensity declines in the two surface intermediates suggest an
accelerated rate of the surface intermediates participating in the reaction process.?® The activation energy
calculation chart shows that solar irradiation activates the surface intermediates and promotes the DRM
reactions.

Similar surface intermediates were found on Pt-Al-Ce in dark conditions under reaction gas
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atmosphere, as shown in Figure 8c. Compared with Pt-Ce, the intensities of all of the carbonate absorption
bands in the range of 1600 - 1200 cm'! were significantly weaker on Pt-Al-Ce, which was likely due to
the lower concentration of CeO, in Pt-Al-Ce material. Interestingly, the Pt-CO absorption band on Pt-Al-
Ce was considerably stronger than that on Pt-Ce. In addition, the Pt-CO band on Pt-Al-Ce seemed to be
less sensitive to temperature increase: only a small drop in Pt-CO peak height was recorded while the
temperature increased from 200 °C to 600 °C. The results indicate (1) a higher number of Pt nanoparticle
active reaction sites, and (2) more reactive Pt nanoparticles on Pt-Al-Ce than those on Pt-Ce, which is
likely promoted by the synergy effects between Al,O; and CeO, in Pt-Al-Ce material. Similar to Pt-Ce,
as temperature rises, the intensity of absorption bands on Pt-Al-Ce declines. Similar to the observations
on Pt-Ce, formate showed the most intensity decrease as temperature increased, b-CO3% and m-CO;?* was
also found to be sensitive to temperature increase. Similar to Pt-Ce, upon the concentrated solar irradiation,
the formate and b-CO3? intermediates showed a slight decrease in absorption band intensity, as shown in
Figure 8d, suggesting a promoted reaction rate in the DRM process.

Distinct from Pt-Ce and Pt-Al-Ce, only bicarbonate and Pt-CO were found on the surface of Pt-Al
after contacting with the reaction gas. The intensity of Pt-CO absorption band on Pt-Al was significantly
weaker compared with Pt-Ce or Pt-Al-Ce, indicating fewer Pt nanoparticle active sites and less reactive
Pt nanoparticles. The HCOs™ intermediates seemed to be very sensitive to temperature increases. By
increasing the temperature from 200 °C to 400 °C under dark conditions, the HCO;™ absorption intensity
decreased fast and disappears at 500 °C, as shown in Figure 8e. Since DRM tests were conducted at high
temperatures in this study, it is likely that bicarbonate is not an active intermediate in the DRM process.
The low CO, affinity on Al,O3 might partially contribute to the poor DRM performance on Pt-Al.

To get a deeper understanding of the surface interaction between the catalysts and CO, or CHy, in

situ DRIFTS analyses were conducted under CO, and CH,4 atmosphere, respectively. The in situ DRIFTS
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results of Pt-Ce and Pt-Al-Ce obtained under a CO, atmosphere were shown in Figure 9. Only weak Pt-

CO bands were found on Pt-Al under CO, atmosphere, no carbonates bands were found, indicating low

CO; affinity of Pt-Al catalyst. The spectra obtained with Pt-Al are included in Figure S11. In Figure 9, Pt-

Ce and Pt-Al-Ce showed similar surface intermediates and DRIFTS spectra shape when the two catalysts

were exposed to CO, gas. A formate band was found on both Pt-Ce and Pt-Al-Ce in the 1200-1400 cm’!

range (Figures 9a-d),”® which was overshadowed by CHy4 gas in Figure 8. Both formate bands were

sensitive to temperature increase and concentrated solar irradiation, coinciding with the results observed

under the DRM gas atmosphere. Similar to the observation made in Figure 8, Pt-Al-Ce shows a stronger

Pt-CO band, suggesting highly active and concentrated Pt nanoparticle reactions sites.
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Under light irradiation, Pt-Ce shows formate absorption band intensity decline at all temperatures.
Under 200 °C and 300 °C, interestingly, it was found that the concentrated solar irradiation led to increases
m-CO;> and b-CO;* band intensity on Pt-Ce. The light irradiation likely caused oxygen vacancy
generation on CeO, through a photocatalytic self-reduction process (CeO, + hv > CeO,., + 0,),%” which
further promoted CO, adsorption and led to a slight intensity increase in m-COs* and b-CO;?- bands. At
higher temperatures, all band intensities of surface absorbed intermediates drop under light irradiation.
Formate, m-COs*, and b-CO;* are active intermediates in CO, reduction reactions.?% 88 The photo-
induced band intensity declines likely suggest the occurrence of CO, reduction. However, gaseous CO
bands were not observed in Figure 9b, which is possibly due to the very low gaseous CO concentration
on Pt-Ce. As shown in Figure 9d, the light irradiation on Pt-Al-Ce resulted in considerable band intensity
drops for the formate, m-CO3?, and b-CO;?" in the temperature range of 200 °C - 500 °C. A weak gaseous
CO band was observed starting at 500 °C, confirming the occurrence of CO, reduction reactions. The
existence of a gaseous CO band with Pt-Al-Ce catalyst suggests higher reactivity of Pt-Al-Ce compared
to Pt-Ce.

The in situ DRIFTS results obtained under the CH4 atmosphere are shown in Figure 10, where
spectra obtained 300 - 600 °C were shown. For Pt-Ce, starting from 300 °C, strong carbonate bands were
observed in the range of 1200 - 1600 cm™!'. The carbonates are likely the product of CH, oxidation by
CeO,. Weak Pt-CO bands were found. Compared with the Pt-CO bands observed under reaction gas and
CO, atmospheres, a significant redshift was detected: from 2069 cm™! under CO,-rich atmosphere to 2033
cm™' under CHy4 atmosphere, indicating a low CO coverage on Pt nanoparticles. This observation is
reasonable as only a trace amount of CH4 can be converted into CO on Pt-Ce surface under a CHy
atmosphere. Formate was not found from the CH4-DRIFTS results, which suggests that CO, is the source

for formate intermediate generation. The intensities of the b-CO3?- bands observed under CH4 atmosphere
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were considerably lower than those found under CO, or reaction gas atmosphere. This is likely because
the conversion from m-CO;? to b-COs* requires excessive CO, supply, which, however, was lacking
under the CH,4 atmosphere. In addition, it does not seem that the surface intermediates are sensitive to
concentrated solar irradiation under the CH, atmosphere, as compared by Figure 10a and b. Pt-Al-Ce
showed similar behavior as noticed on Pt-Ce catalyst and similar surface intermediates were found
(Figures 10c and d). However, compared with Pt-Ce, Pt-Al-Ce showed a significantly stronger Pt-CO
absorption band. The Pt-CO band on Pt-Al-Ce was evident even at a low temperature of 300 °C, which is
a clear indicator of the occurrence of strong CH,4 oxidation. This result suggests that the Pt-Al-Ce material
shows substantially higher surface reactivity compared to Pt-Ce. The DRIFTS data obtained on Pt-Al is
included in Figure S12. No carbonate intermediates were found on Pt-Al, suggesting poor catalyst-CH,4
surface interaction. Surprisingly, however, a weak Pt-CO peak was found on Pt-Al under the CHy
atmosphere. Without the presence of CO,, the origin of Pt-CO can only be the oxidation of CH,. It seems
that Pt-Al is capable of dissociating trace amounts of CH4 even at 300 °C. By combining the fact that Pt-
CO was found on Pt-Al-Ce and Pt-Al under CH,4 atmosphere, it seems the existence of Al,O3 promotes

the dissociation of CHy4, even at a relatively low temperature.
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Figure 10. In situ DRIFTS spectra under CH,4 atmosphere in the dark on (a) Pt-Ce, (c) Pt-Al-Ce, and

—
Q
S’

Absorbance (a. u.)

Absorbance (a. u.)

—
(3
'
—
P
o

Journal of Materials Chemistry A

]:0_1 Gaseous CH,
1338 om™ 1303 cm’

m- 3
1462 cm” 1389 cm”

b-cO* Y H
|53D:m\; % o

300°C—=8600 °C

T T T \ T T
2200 2000 1800 1600 1400 1200
Wavenumber (cm’')

Gaseous CH,
1338 cm” 1308 e’

m-Col
1464 cm™ 1407 em”

Pt-CO
2040 ¢y 1973 e’ b-CO}
vl et

A i 300°C—=600°C

T T T T T T
2200 2000 1800 1600 1400 1200

Wavenumber (cm™)

dark-light comparison on (b) Pt-Ce, (d) Pt-Al-Ce.

sites is well aligned with material characterizations and the DRM catalytic performances. Firstly, the
synergy effects between Al,O3 and CeQO, significantly promote the reactivity of Pt nanoparticles on Pt-
Al-Ce. Secondly, since methane dissociation in the DRM process takes place on Pt nanoparticles,®® a

higher reactivity in Pt nanoparticles suggests a promoted methane dissociation process on Pt-Al-Ce, which
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The observation that Pt nanoparticles on Pt-Al-Ce were more reactive and provides more reaction

leads to an improved H, generation rate and a higher H,/CO ratio in the produced gas.

3.7 Photo-thermal-driven DRM reaction mechanism on Pt-Al-Ce
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mechanism is proposed. CH, dissociation has been widely accepted to take place on Pt reactions sites
forming C* and H* intermediates (reactions 1-2), where Pt active sites activate methane and weaken the
C-H bonding.!> 3% Two H* may couple and form H, (reaction 3). The reaction mechanism of CO,
reduction into CO is slightly complicated. CO, can react with H* intermediates and form surface formate
(reaction 6),%- %0 which is converted into CO and -OH (reaction 7). The formate intermediates may also
react with H* and form CO and H,0O through the RWGS mechanism (reaction 8). CO can also be formed
through the direct reduction of CO, by oxygen vacancies (Vo) on the catalyst surface (reaction 9). Due to
the high oxygen mobility property of CeO,, C* may be oxidized by CeO, lattice oxygen (Or) and form
CO (reaction 10). Bidentate carbonate (b-COs*) was also believed to be active in reacting with C*
intermediate and form CO (reaction 11).°!

The concentrated solar irradiation can additionally promote the DRM performance of Pt-Al-Ce
catalyst through the photocatalytic effect. In the photocatalytic process, CeO, is excited by photon and
generate electrons (e”) and holes (h™) (reaction 12). The electrons can reduce the bulk CeO, and generate
Vo on the catalyst surface (reaction 13), which enhances CO generation. As for methane dissociation, the
photoexcited holes can extract H atoms from activated methane molecules on Pt nanoparticles,’> which

facilitates dissociation of CH,* (reactions 14-15) and leads to promoted H, production.

CH, > CH,* + (4-x)H* (1)
CH > C* + H* )
2H* > H, 3)
CO, + O > m-COs% 4
m-CO;% = b-CO;? (under excessive CO») ®)
H* + CO, > HCOO- (6)
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HCOO- - CO +-OH

H* + HCOO- - CO + H,O
Vo+CO, > CO+ 0
C*+0L > CO+ Vg
b-CO;% + C* 2 2CO + O,
CeO, +hv 2 CeO, + e +ht
Ce*"+e 2> Ce*+ Vo
CH,* + h* > CHpy* + H*

CH* +h* > C* + H*

4. Conclusions

In this work, Pt decorated Al,03-CeO, catalyst was prepared and applied for photo-thermal driven
DRM process. Strong synergy effects were observed on the Pt-Al-Ce catalyst. Investigations revealed the
bi-functional characteristics of Al,03;-CeO, binary substrate: Al,O; stimulates CHy4 dissociation while
CeO, facilitates CO, reduction and coke elimination, leading to remarkable DRM catalyzing efficiency.
Pt-Al-Ce catalyst shows a near-unity H,/CO production ratio, which is likely related to the promoted
reactivity and concentrated reaction sites of the Pt nanoparticles on the catalyst, as evidenced by the in
situ DRIFTS analyses. Concentrated solar irradiation Pt-Al-Ce was found to facilitate reactant activation

and reduce the reaction activation energy through the photocatalytic effect of the CeO, components, which

leads to promoted DRM catalyzing efficiency.
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