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ient dry reforming of methane
over Pt/La2O3 with long-term durability†

Yanxia Gao,abce Qiang Li,abce Chunqi Wang,abce Dongxu Yan,abce Jing Chen de

and Hongpeng Jia *abce

The instability caused by coking and catalyst sintering during the dry reforming of methane (DRM) is a major

obstacle to their commercialization. Herein, Pt/La2O3 exhibits high yield of syngas and satisfactory durability

of at least 200 h during the DRM reaction under focused light illumination without external heating, and no

obvious aggregation occurs to Pt nanoparticles on Pt/La2O3. The H2 production rate of 1284.5 mmol gcat
�1

h�1 and the selectivity of�0.89 in photothermocatalysis are 3.0 and 2.1 folds of those in the thermocatalysis

at the same temperature (700 �C), respectively. Light-excited hot electrons and more oxygen vacancies

accelerate the spontaneous desorption of H2 and the activation and dissociation of CH4 and CO2 to

improve the catalytic performance, which together with the strong Pt-support interaction contributes to

the reaction stability. The stable catalyst design can be extended to other harsh reactions, offering great

potential for industrial applications.
1. Introduction

The dry reforming of methane (DRM), an environmental and
economic strategy to convert greenhouse gases CO2 and CH4

into syngas (H2 and CO), is applied in the synthesis of valuable
chemicals and value-added liquid fuels, and provides prom-
ising tactics for solving energy shortages.1,2 Among various
technologies, photothermocatalytic DRM, driven by solar irra-
diation without external heating and stored solar energy into
chemicals, is an effective and attractive technique with low or
zero energy consumption of photocatalysis and high catalytic
efficiency of thermocatalysis.3–5 Although numerous catalysts
have been exploited for DRM, it still remains a major challenge
for catalyst deactivation caused by sintering and coking during
the DRM reaction, particularly for group VIII metal-based
catalysts.6,7

Photothermocatalysts possess strong light absorption
capacity and high thermocatalytic activity, which promotes
photothermocatalytic DRM.8 Pt nanoparticles (NPs) exhibit
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strong light absorption according to localized surface plasmon
resonance (LSPR) and high catalytic activity, which is expected
to be developed as an efficient photothermocatalyst for DRM.9–12

At 550 �C, the catalytic activity of Pt/TaN for DRM under visible
light illumination was enhanced 2.7 folds compared to only
thermal catalysis.10 Pt NPs on mesoporous CeO2 have appre-
ciable production rates of syngas under focused light irradia-
tion with generation rates of 342.0 and 360.0 mmol gcat

�1 h�1

for H2 and CO, respectively.13 These studies have made progress
in the yield of syngas, while further improvement is still needed
to effectively achieve reaction stability. CH4 cracking is the main
inevitable source of coke deposition that leads to catalyst
degradation in photothermocatalytic DRM due to which CO
disproportionation is inhibited by photoactivation.8 Simulta-
neously, catalyst deactivation is also compromised by the sin-
tering of a metal or support in a hostile environment with
reducing atmosphere and high temperature.14,15 Efficient and
stable catalysts have to be fabricated to support the practical
application. Some important studies have demonstrated that
strong metal-support interaction (SMSI) contributes to
improved catalyst stability, catalytic activity, and control reac-
tion selectivity.16–18 Based on highly crystalline and nanoporous
hexagonal boron nitride 2D materials, the construction of non-
oxide-derived SMSI nanocatalyst exhibits high catalytic effi-
ciency and durability in CO oxidation under simulated to real-
istic exhaust systems.19 The Ru–MoO3 catalyst with SMSI can
achieve the selective CO2 hydrogenation to CO with excellent
activity and catalytic stability.20 Therefore, it is expected to fulll
highly-efficient photothermocatalytic DRM on robust catalysts
based on strong Pt-support interaction.
This journal is © The Royal Society of Chemistry 2022
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Herein, we report Pt NPs supported on La2O3 (Pt/La2O3) by
constructing strong Pt-support interaction as an highly efficient
photothermocatalyst for the DRM reaction. Under focused full
spectrum light irradiation without additional heating, Pt/La2O3

exhibits high generation rate of H2 (rH2
¼ 1284.5 mmol gcat

�1

h�1) and selectivity (�0.89), which shows nearly 3.0 or 2.1-fold
enhancement of those (rH2

¼ 429.6 mmol gcat
�1 h�1; selectivity

¼ �0.43) for thermocatalysis at the same temperature (700 �C),
respectively. Also, the production rate of syngas on Pt/La2O3 is
stable for at least 200 h during the photothermocatalytic reac-
tion. Pt/La2O3 exhibits high durability owing to the synergistic
effect of strong Pt-support interaction and the oxygen vacancies
contribute to the suppression of Pt NPs aggregation and carbon
deposition. The physiochemical characterizations and in situ
diffuse reectance infrared Fourier transform spectra (DRIFTS)
reveal that light irradiation excites more hot electrons and
oxygen vacancies, which accelerates the conversion of CH4 and
CO2 and the desorption of formed H2, and further promotes the
catalytic performance. This work provides a method for
achieving highly-efficient photothermocatalytic DRM on stable
catalysts by exploiting the synergistic effect of SMSI and oxygen
vacancies.
2. Experimental section
2.1 Materials

All following chemical reagents were used directly without
further purication: lanthanum nitrate (La(NO3)3$6H2O) (A. R.),
citric acid monohydrate (C6H8O7$H2O) (A. R.), sodium borohy-
dride (NaBH4) (A. R.), polyvinylpyrrolidone K30 (PVP) (GR),
acetone (A. R.), methanol (A. R.), hexane (A. R.), and chlor-
oplatinic acid (H2PtCl6$6H2O, 38 wt% content of Pt).
2.2 Catalyst preparation

Polyvinylpyrrolidone K30 (PVP)-stabilized Pt NPs were synthe-
sized through the reported method and the detailed procedure
is displayed in the ESI.†21 The solution of La(NO3)3$6H2O (8.66
g) and C6H8O7$H2O (8.40 g) was treated in a stainless-steel
autoclave at 180 �C for 12 h and the obtained La2O3 precursor
was dried at 80 �C. La2O3 was obtained by calcining the La2O3

precursor in air at 750 �C for 4 h.
Pt NPs (theoretical loading of 5 wt%) supported on La2O3

were synthesized through the following steps: a certain amount
of PVP-stabilized Pt NPs solution was dissolved into 100 mL
water solution containing La2O3 precursor and stirred at 80 �C
until the water was completely evaporated. The obtained sample
was rst heated in nitrogen (N2) atmosphere and then treated in
air atmosphere at 750 �C for 4 h. Finally, the powder was
reduced by 10% H2/Ar (30 mL min�1) at 500 �C for 1 h to obtain
Pt/La2O3.

Pt/La2O3–S was prepared by impregnation. In detail, 500 mg
La2O3 was dispersed into 100 mL deionized water, and then
6.93 mL H2PtCl6 aqueous solution (3.8 mg mL�1) was added.
Subsequently, 10 mL NaBH4 aqueous solution (3.5 mg mL�1)
was dropped into the above mixture with stirring, and then the
obtained suspension was continuously stirred for 3 h. Aer
This journal is © The Royal Society of Chemistry 2022
ltering and drying, the precipitate was calcinated at 750 �C for
4 h in air. Finally, the obtained powder was reduced by 10% H2/
Ar (30 mL min�1) at 500 �C for 1 h to obtain Pt/La2O3–S. Based
on inductively coupled plasma-optical emission spectroscopy
(ICP-OES) measurements (Table S1†), the actual Pt content on
Pt/La2O3 and Pt/La2O3–S is 4.84 and 4.24 wt%, respectively.
2.3 Characterization

The catalysts were characterized by the following techniques:
inductively coupled plasma-optical emission spectroscopy (ICP-
OES), X-ray diffraction (XRD), high resolution transmission
electronic microscopy (HRTEM), energy dispersive X-ray spec-
troscopy (EDS), thermogravimetric analyzer (TG) analysis, X-ray
photoelectron spectroscopy (XPS), electron paramagnetic reso-
nance (EPR), diffuse reection absorption spectroscopy (DRS), in
situ diffuse reectance infrared Fourier transform spectroscopy
(DRIFTS), and chemisorption characterization including CO2

temperature-programmed desorption (CO2-TPD), CH4

temperature-programmed desorption (CH4-TPD), CO
temperature-programmed desorption (CO-TPD), H2 temperature-
programmed desorption (H2-TPD), CO2 temperature-
programmed surface reaction (CO2-TPSR), CH4 temperature-
programmed surface reaction (CH4-TPSR), and CH4/CO2

temperature-programmed surface reaction (CH4/CO2-TPSR).
In H2-TPD, 50 mg samples were rstly pretreated at 400 �C

for 1 h in the ow of 30 mL min�1 Ar, then cooled to 40 �C in Ar
atmosphere, followed by 5% H2/Ar ow (adsorption gas, 30
mL min�1) for 1 h under dark or light. Aer adsorption, Ar gas
(30 mL min�1) was switched to purge the weakly adsorbed H2

for 1 h. Finally, the TPD signal was monitored by the TCD
detector and mass spectroscopy through the temperature
elevated to 850 �C at 10 �C min�1 in an Ar ow of 30 mL min�1.

CO-TPD was performed in the follow procedures. First,
50 mg of the sample was treated with 30 mL min�1 helium (He)
at 400 �C for 1 h and then cooled to 40 �C. Subsequently, 5% CO/
He was introduced for 1 h under dark or light irradiation
conditions, followed by purging with He at the same tempera-
ture for 1 h. Finally, the temperature eventually rose to 850 �C at
10 �C min�1 in He ow of 30 mL min�1, and the desorbed gas
signal was detected by the TCD detector andmass spectroscopy.

CO2-TPD and CH4-TPD were operated through similar steps
as that of CO-TPD, in which the adsorbed gas of 5% CO2/He and
5% CH4/He was introduced, respectively.

CO2-TPSR and CH4-TPSR were carried out through a similar
procedure as follows: 50 mg catalysts were rstly pretreated in
owing He (30 mL min�1) at 400 �C for 1 h, and subsequently
cooled down to 40 �C under He gas ow (30 mL min�1). Then,
the pre-treated sample with or without pre-illumination under
light was heated to 850 �C at 10 �Cmin�1 at a ow of 5% CO2/He
and 10% CH4/He, respectively. The signal was recorded by mass
spectroscopy.

The CH4/CO2-TPSR data were obtained through the similar
CO2-TPSR and CH4-TPSR procedures. The signal was recorded
by mass spectroscopy when the pre-treated sample was heated
to 850 �C in 10 �Cmin�1 with a CH4/CO2/Ar (8/8/84 vol%) ow of
30 mL min�1.
J. Mater. Chem. A, 2022, 10, 16016–16028 | 16017
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In situ diffuse reectance infrared Fourier transform spectra
(DRIFTS) at room temperature or 400 �C under dark or in irra-
diation of full-spectrum light were collected on a Bruker Vertex
70 spectrometer equipped with a mercury cadmium telluride
(MCT) detector at a resolution of 4 cm�1 over 32 scans. The
samples were rst heated in situ at 400 �C under owing He for
1 h, then cooled to room temperature prior to the recording of
background spectra. Subsequently, 8/8/84 vol% CH4/CO2/Ar was
introduced into the sample for 10 min. The spectra of CH4 and
CO2 absorbed on the sample were recorded at ambient
temperature. Then, the temperature was elevated to 400 �C at
10 �C min�1 in dark or under light irradiation, and maintained
at 400 �C for 1 h while recording the DRIFTS spectra.

The other detailed procedures of characterization are
described in the ESI.†
2.4 Activity evaluation

The photothermocatalytic DRM on the samples under the
focused light irradiation from a 300 W Xe lamp (PLS-
SXE3000UV, Beijing PerfectLight Technology Co. Ltd.) without
external heating was conducted on a stainless-steel reactor with
a quartz window. The light spot was focused about 5 mm to the
sample through a Fresnel lens (4 ¼ 9 cm). The infrared and UV-
vis light were obtained using a cutoff lter. The photo-
thermocatalytic activity of all the samples was carried studied
under the same conditions with the power of the focused full-
spectrum irradiation of 3.81 W, which was detected by an
optical power meter. Also, the intensity of the focused illumi-
nation was about 19.42 W cm�2. For all the experiments,
a stream of 8/8/84 vol% CH4/CO2/Ar constantly owed at a ow
henergy ¼
aCH4

�
mol�1

�
DHDRM

0
�
J mol�1

� þ bðmol s�1ÞDHRWGS
0
�
J mol�1

�
light power ðJ s�1Þ � 100% (5)
rate of 90 mL min�1 into the reactor with 5 mg of the samples
spread onto a round high pure quartz lter paper (gas hourly
space velocity (GHSV) of 1 080 000 mL gcat

�1 h�1). The catalyst
surface temperature was detected by a thermocouple located at
the center of the catalyst layer. The products were analyzed by
a GC9160 gas chromatograph equipped with an FID and a TCD.

The durability test over Pt/La2O3 and Pt/La2O3–S was per-
formed in the same procedures as the photothermocatalytic
activity test, and maintained 200 h or 20 h under focused irra-
diation with a sample surface temperature of about 700 �C,
respectively.

The photocatalytic activity of DRM on Pt/La2O3 was tested
using the same stainless-steel reactor at a lower temperature of
about 86 �C under irradiation from the Xe lamp. Ice-water bath
was used to control the reaction temperature. Also, the other
processes were the same as the test of the photothermocatalytic
activity.
16018 | J. Mater. Chem. A, 2022, 10, 16016–16028
Thermal catalytic activities were determined in a tube-type
resistance furnace. Typically, 5 mg of the catalysts and 1 g
silica sand were loaded in a quartz tube, and 8/8/84 vol% CH4/
CO2/Ar at a ow rate of 90 mL min�1 was introduced.

Eqn (1) and (2) were applied to calculate the production rate
of H2 (rH2

) or CO (rCO) and the conversion rate of CH4 (rCH4
) or

CO2 (rCO2
).

rH2
ðor rCOÞ ¼ nH2

ðor nCOÞ
Weight of catayst

� 60
�
mmol gcat

�1 h�1� (1)

rCH4
ðor rCO2

Þ ¼
nCH4in

� nCH4out

�
or nCO2in

� nCO2out

�

Weight of catayst

� 60
�
mmol gcat

�1 h�1� (2)

where, n, ¼ Flow � ½,�
22:4

; the signal “,” represents H2, CO,
CH4, or CO2.

The reaction selectivity was simplied by eqn (3).

Selectivity ¼ rH2

rCO
� 100% (3)

The carbon balance rate was estimated by the eqn (4).

Carbon balance rate ¼ nco þ nCH4out
þ nCO2out

nCH4in
þ nCO2in

� 100% (4)

here, ow is the gas ow rate (mL min�1), and [,] is the
respective concentration (vol%) of the corresponding substance
detected by online GC.

The energy efficiency of photothermocatalysis was calculated
using eqn (5).
where, aCH4 ¼ nCH4in
� nCH4out

3600
� 10�3 ðmol s�1Þ;

a½,� ¼ n½,�
3600

� 10�3ðmol s�1Þ; b ¼ aCO � aH2

2
ðmol s�1Þ;

DHDRM
0 (247 kJ mol�1); and DHDRM

0 (41 kJ mol�1) are the
standard reaction enthalpy changes of the DRM and RWGS
reactions.
3. Results and discussion
3.1 Photothermocatalytic DRM performance

The photothermocatalytic performance of DRM on the catalysts
were evaluated under focused irradiation from 300 W Xe lamp
without external heating. The mixture gas of CH4/CO2/Ar (8/8/
84 vol%) with a ow rate of 90 mL min�1 was continuously
owed into a stainless-steel reactor with a quartz window. The
photothermocatalytic activity of different samples under a light
intensity of 19.42 W cm�2 are shown in Fig. 1a and b. For Pt/
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) The production rate of H2 and CO; (b) the conversion rate of CH4 and CO2; (c) the selectivity of Pt/La2O3 and Pt/La2O3–S; (d–e) the
generation rate of H2 and conversion of reactants during long-term reaction; (f) the selectivity and carbon balance of the samples during
durability elevation. Reaction conditions: the samples were under irradiation with a light intensity of 19.42 W cm�2 and different sample surface
temperature (750 �C on Pt/La2O3 and 650 �C Pt/La2O3–S) during activity evaluation. For the durability test, the sample surface temperature is
700 �C on Pt/La2O3 and Pt/La2O3–S with a light intensity of 19.42 W cm�2 and 21.69 W cm�2, respectively. For all the experiments, the flow rate
of CH4/CO2/Ar (8/8/84 vol%) was 90 mL min�1.
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La2O3–S, the production rate of syngas (rH2
and rCO) is 794.3 and

1009.7 mmol gcat
�1 h�1, respectively. Pt/La2O3 exhibits the

highest photothermocatalytic activity with conversion rates of
CH4 (rCH4

) and CO2 (rCO2
) about 818.7 and 949.9 mmol gcat

�1

h�1, respectively. Also, high rH2
and rCO values (1284.5 and

1433.6 mmol gcat
�1 h�1) were monitored on Pt/La2O3. The

energy efficiency of 8.0% on Pt/La2O3 is also higher than that of
5% on Pt/La2O3–S. The reactive selectivity expressed by the ratio
This journal is © The Royal Society of Chemistry 2022
of rH2
/rCO is less than 1 (Fig. 1c), which is attributed to the RWGS

reaction (H2 + CO2 / H2O + CO).22 Pt/La2O3 has a relatively
higher value of rH2

/rCO compared with Pt/La2O3–S. The under-
lying reason may be that the CO2 adsorbed on the surface of Pt/
La2O3 prefers to participate in the oxidation of carbon species (C
+ CO2¼ 2CO) rather than the hydrogenation of CO2 (H2 + CO2¼
CO + H2O). Bare La2O3 support exhibits no photo-
thermocatalytic activity, and neither H2 nor CO are monitored.
J. Mater. Chem. A, 2022, 10, 16016–16028 | 16019
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The result implies that the Pt NPs or/and interfaces between Pt
and La2O3 play a crucial role in the efficient activation of CH4

and CO2.
Given that carbon deposition or instability of catalysts leads

to the deactivation during the DRM reaction, especially at high
temperature, the investigation of the tolerance for the catalyst is
critical for its practical application.23,24 The durability tests of
photothermocatalytic DRM were performed under light illu-
mination (Fig. 1d–f and S1†). The yield of syngas and the
consumption of reaction gas on Pt/La2O3–S undergoes a signif-
icantly decline (approximately 21%) only aer 20 h of reaction,
while Pt/La2O3 exhibits impressively stable photo-
thermocatalytic ability for at least 200 h with no obvious change
in the syngas production and conversion of the reactants. The
selectivity is maintained over than 0.80 and the carbon balance
is close to 100% on Pt/La2O3 (Fig. 1f). Moreover, Pt/La2O3

displays considerable production rates of H2 and CO compared
to the reported light-driven DRM on Pt-based catalysts (Table 1).
Overall, Pt/La2O3 exhibits good photothermocatalytic perfor-
mance for DRM with a high yield rate of syngas, durability, and
stability.
3.2 Characterization of fresh and spent samples

The relevant characterization of Pt/La2O3 and Pt/La2O3–S was
performed to reveal the reason that the photothermocatalytic
DRM efficiently proceeds on Pt/La2O3 (Pt/La2O3–U and Pt/
La2O3–S–U labeled as the used samples). Considering Pt species
as the main active components for all Pt-doped samples, the
form of Pt species was observed by HRTEM (Fig. 2a–d). The
distinct lattice spacing value with 1.97 or 2.27 nm is attributed
to the (100) or (111) facets of Pt species, respectively. Pt NPs with
an average size approaching 2 nm are dispersed on La2O3 of
both Pt/La2O3 and Pt/La2O3–S, as shown in the HRTEM images
(Fig. 2a and b). Compared to the fresh Pt/La2O3, Pt NPs on spent
Pt/La2O3 still exists with a size of approximately 2 nm without
obvious aggregation (Fig. 2c). Elemental mapping (Fig. 2e and f)
shows that Pt NPs are still highly dispersed on spent Pt/La2O3

such as the fresh catalyst. At the same time, no carbon rings,
Table 1 Comparison of the catalytic performance on the reported Pt-ba

Catalyst
Temperature (�C)
with or without external heating

Production
(mmol g�1 h�1)

H2 CO

Pt/La2O3 500 290.0 406.8
600 624.8 805.8
700 1284.5 1433.7

Pt/CeO2–MNR 767 342.0 360.0
Pt–Au/SiO2 400 with heating 6.0 7.2
Pt/TaN 500 with heating 66.0 72.0
Pt/black TiO2 550 with heating 71.0 158.0

650 with heating 129.0 370.0
MgO/Pt/Zn–CeO2 600 with heating 356.0 516.0
Pt–Si–CeO2 600 with heating 90.0 154.0
Pt/Al2O3–CeO2 700 with heating 657 666
Pt/mesoporous–TiO2 500 with heating 178.6 281.0

16020 | J. Mater. Chem. A, 2022, 10, 16016–16028
bers, or laments are found on spent Pt/La2O3. The HRTEM
image of used Pt/La2O3–S (Fig. 2d) displays enlarged Pt NPs with
a mean diameter of 4.40 nm and even a portion of particles with
size larger than 5 nm according to Pt NPs' aggregation aer the
reaction. Furthermore, signicant carbon deposition can be
observed on Pt/La2O3–S–U (Fig. S2†). TGA was used to check the
coking on the spent catalyst (Fig. S3†). No mass loss was
observed in used Pt/La2O3, indicating that no carbon deposition
occurred. Also, only a slight increase occurs in the mass curve
due to oxygen lling on the oxygen vacancies.29 The oxygen
vacancies play a key role in achieving high DRM performance by
participating in the DRM reaction and eliminating the carbon
species.27 In contrast, spent Pt/La2O3–S shows a signicant
mass reduction peak near 600 �C, which belongs to the oxida-
tion of carbon species on the catalyst. Carbon deposition can
cover the catalytic active sites and reduce the catalytic activity of
the catalyst, which is detrimental to the catalytic stability of the
catalyst.22 Therefore, Pt/La2O3 exhibits higher photo-
thermocatalytic activity and better resistance to the sintering of
Pt NPs and coking during DRM.

To further reveal the underlying reasons of differences in
stability and coke-resistance of the samples, XRD was subse-
quently performed. The typical characteristic peaks of La2O3

(JCPDF No. 01-083-1344) are observed on all the Pt NPs sup-
ported samples but no Pt characteristic peak is found from the
XRD patterns (Fig. 3a), implying that Pt NPs are possibly small
sized and are highly dispersed on the support. The results are
consistent with the HRTEM results. Aer the reaction, the
characteristic diffraction peaks of La2O2CO3 (JCPDF No. 01-084-
1963) appear in the light blue region of Fig. 3a over Pt/La2O3–U
and Pt/La2O3–S–U, according to the reaction of La2O3 and CO2

to produce intermediate La2O2CO3 (La2O3 + CO2 ¼
La2O2CO3).30,31 XPS was performed to evaluate the variation in
valence and chemical interaction. The XPS spectra of Pt show
that the peak of Pt0 on Pt/La2O3 appears at a higher B.E. aer
the reaction is ascribed to the reduction in the electron density,
which indicates the formation of strong interaction between the
metal and the support during the reaction (Fig. 3b).32 Moreover,
Pt species on Pt/La2O3 before and aer the DRM reaction are
sed catalyst for DRM under light irradiation with the results in this work

Selectivity
(rH2

/rCO) Stability Ref.

0.71 Stable during 200 h at 700 �C This work
0.78
0.89
0.95 Slightly deactivation during 100 h at 767 �C 13
0.83 Little deactivation during 6 h at 400 �C 11
0.92 Oblivious deactivation over 5 h at 500 �C 10
0.45 Deactivation during 30 h at 600 �C 9
0.35
0.69 Stable during 20 h at 600 �C 25
0.58 Decline before rst 5 h during 30 h at 600 �C 26
0.99 Stable during 10 h at 700 �C 27
0.64 Slightly deactivation during 10 h at 500 �C 28

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a–d) HRTEM images of Pt/La2O3, Pt/La2O3–S, Pt/La2O3–U, and Pt/La2O3–S–U, and the distribution of the particle size in the inset.
Element mapping of (e) Pt/La2O3 and (f) Pt/La2O3–U.
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mainly in the form of the metal state (Pt0) and the proportion of
Pt0 shows no obvious uctuation, which also proves that the
formed strong interaction between Pt and the support makes Pt
This journal is © The Royal Society of Chemistry 2022
NPs extremely stable. Compared with fresh Pt/La2O3–S, Pt
species on spent Pt/La2O3–S tend to convert into Pt0, and the
ratio of Pt0 changes from 0.38 to 0.64, which is closed to the
J. Mater. Chem. A, 2022, 10, 16016–16028 | 16021
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Fig. 3 (a) XRD patterns; (b) XPS spectra of Pt 4f; (c) XPS spectra of O 1s.
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ratio of Pt0 on Pt/La2O3; however, the catalytic performance of
Pt/La2O3–S–U is far less than that of Pt/La2O3–S. The results
indicate that the valence of Pt in the samples does not play
a major role in the catalytic performance and Pt NPs are
16022 | J. Mater. Chem. A, 2022, 10, 16016–16028
unstable (Fig. 3b and Table S1†), which is consistent with the
HRTEM results on the stabilization of Pt NPs on Pt/La2O3 and
the sintering of Pt NPs occurred on Pt/La2O3–S. Considering
that oxygen vacancy contributes to coke-resistance, the O 1s XPS
spectrum was also recorded to further compare the oxygen
vacancy concentrations. The lattice oxygen (OI) with low B.E.
(�528.8 eV) and surface oxygen with low coordination (OII) at
high B.E. (�531.5 eV) are identied in Fig. 3c.33 Surface adsor-
bed oxygen species, such as defect-oxide O2� or O�, readily form
in the presence of unsaturated oxygen.34 The proportion of OII

in used Pt/La2O3–S decreases, while it hardly changes in Pt/
La2O3 aer the reaction (Fig. 3c and Table S1†), which indicates
more and stable oxygen vacancies on Pt/La2O3. From the EPR
spectra (Fig. S4†), the signal at g ¼ 2.003 belongs to oxygen
vacancies. The result shows that Pt doping induces more oxygen
vacancy generation, and Pt/La2O3 exhibits more oxygen vacan-
cies than Pt/La2O3–S, which contributes to the excellent resis-
tance of deposited carbon on Pt/La2O3.35–37 As described above,
the synergistic effect of strong interaction between Pt and La2O3

and oxygen vacancies makes Pt/La2O3 show better photo-
thermocatalytic durability during the DRM reaction.
3.3 The role of light: heating and light promotion

To investigate the role of light in photothermocatalysis, the
optical properties were rstly detected by DRS, as shown in
Fig. 4a. Compared with La2O3, Pt loading can signicantly
broaden and enhance the intensity of the absorption peak on
the samples, which is attributed to the LSPR of Pt NPs.38 Strong
absorption induces thermal energy by generating more ener-
getic hot electrons, resulting in high surface temperature with
a temperature value of 700 and 650 �C for Pt/La2O3 and Pt/
La2O3–S, respectively (Fig. S5†). Furthermore, the absorbance
intensity of Pt/La2O3 exhibits distinct enhancement from
200 nm to 1800 nm, which is ascribed to the strong interaction
between Pt and La2O3, which contributes to long-term dura-
bility and promotes the reaction activity.

Pt/La2O3 achieved highly-efficient photothermocatalytic
activity. To determine the effect of traditional photocatalysis,
the low-temperature experiment under irradiation was con-
ducted by controlling the reaction temperature at 86 �C. No H2

and CO were detected (Fig. S6†), which manifests that Pt/La2O3

exhibits inert photocatalytic activity. The low activity of Pt/La2O3

under UV-vis irradiation with surface temperature of 252 �C also
conrms that the role of photogenerated charge carriers in the
traditional photocatalytic process is negligible during the
reaction process (Table 2). From Table 2, H2 and CO are not
generated on Pt/La2O3 under infrared radiation at 125 �C, but
the value of rH2

and rCO increases under UV-visible at 365 �C
compared with that at 252 �C, indicating that photogenerated
charge carrier recombined by a nonradiative recombination
process leads to photothermal conversion to improve the cata-
lytic activity. Infrared light (IR)-induced heating effect from the
full spectrum contributes to the elevation of the surface
temperature from 365 to 500 �C, and the yield of syngas is
dramatically enhanced, which similarly discloses that the
temperature increase has a positive effect on the
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) DRS spectra of La2O3, Pt/La2O3–S, and Pt/La2O3; (b) the CH4 and CO2 conversion rate of Pt/La2O3 under irradiation or in dark; (c) the
H2 yield rate and selectivity of Pt/La2O3 under irradiation or in dark; (d) CH4/CO2

�TPSR date for the MS signal on Pt/La2O3.

Table 2 Catalytic performance of Pt/La2O3 under different light irradiation

Treatment
Light intensity (W
cm�2) and surface temperature of catalyst layer (�C)

Production
(mmol g�1 h�1)

Selectivity
(rH2

/rCO)H2 CO

UV-vis-IRa 12.9, 500 289.9 406.8 0.71
UV-visa 7.4, 370 28.0 48.1 0.58
UV-visa 7.4, 252b 1.3 4.1 0.32
IRa 1.5, 125 0 0 -

a Irradiation was conducted using 300 W Xe Lamp. b Sample surface temperature was controlled by an ice-water bath.
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photothermocatalytic activity of DRM. Furthermore, in order to
illustrate the inuence of thermal energy in the photo-
thermocatalytic activity, the activity of thermocatalysis induced
by additional heating and photothermocatalysis under irradia-
tion were compared at the same surface temperature. During
thermocatalysis, the consumption of CO2 increases as the
temperature increases from 500 to 750 �C, and the value of rCH4

rstly enhances and subsequently stabilizes, aer which the
temperature reaches 700 �C (Fig. 4b). The rH2

value increases
when the reaction temperature is below 700 �C, and then
decreases with increasing temperature (Fig. 4c). The reaction
selectivity shows the same trend with rH2

and reaches
a maximum value of �0.45 at 650 �C. The competition reaction
of H2 with CO2 leads to the reduction of selectivity and
This journal is © The Royal Society of Chemistry 2022
continuous enhancement of rCO2
at high temperature in ther-

mocatalysis. Moreover, CH4/CO2-TPSR was operated to monitor
the side reactions and further the analyze thermocatalytic
performance (Fig. 4d). The reaction is triggered with a reduced
signal in CH4 and CO2 at about 400 �C, and H2, CO, and H2O are
produced. In addition, H2O (except for the reactants, CO and
H2), is the only substance detected during the reaction, and the
signal intensity gradually rises with the increase in temperature,
indicating that the RWGS reaction is the main side reaction in
DRM. The signal intensity of H2 achieves its maximum value at
about 668 �C and then starts to decrease signicantly, while the
signal intensity of CO is slightly changed. Considering the
above results comprehensively, the RWGS reaction is more
obvious when the temperature exceeds�668 �C, resulting in the
J. Mater. Chem. A, 2022, 10, 16016–16028 | 16023
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consumption of more H2 to generate more H2O and CO. The
results indicate that high temperature promotes the RWGS
reaction in thermocatalysis. The photothermocatalytic perfor-
mance under light irradiation without additional heating
increases with enhanced light intensity accompanying the
sample surface temperature increase. External heating induces
high surface temperature in thermocatalysis, and the temper-
ature is very uniform in all the samples. However, the surface
temperature distribution of Pt/La2O3 is different in photo-
thermocatalytsis (Fig. S7†). When the maximum temperature
reaches 700 �C at the center of Pt/La2O3, the temperature value
on the sample edge is only approximately 500 �C. All the results
indicate that the photothermocatalytic activity is signicantly
better than those of thermocatalysis at different temperatures.
The rH2

value is approximately 16.0 or 3.0 times than that of
thermocatalysis at 500 and 700 �C, respectively. At 500 �C or
750 �C, the selectively under light irradiation improves to �4.1
or 2.1 times than that of thermocatalysis, respectively. In
addition, the selectivity of photothermocatalysis continues to
increase with temperature above 650 �C, which is quite different
from thermocatalysis, indicating that light can facilitate CO2

reduction by CH4 rather than by H2. These results suggest that
the effect of photoactivation causes the enhancement of the
photothermocatalytic activity compared to thermocatalysis.

The adsorption ability of the reactants on the catalyst has an
important effect on the reaction, and the adsorption of gas
molecules can be affected by the photothermal effect.39,40

Therefore, CH4-TPD and CO2-TPD were performed under light
irradiation or in dark to determine the effect of light; the results
are depicted in Fig. 5a and b. Pt/La2O3 under illumination
displays enhanced desorption amount of CH4 and CO2 than
that in dark, which indicates the better adsorption and activa-
tion abilities for CH4 and CO2 on Pt/La2O3 with light. Generally,
the studies consider the DRM reaction starting with the
cleavage of C–O bonds in CO2 and C–H bonds in CH4, respec-
tively. Then, the intermediate surface reaction derived from the
activation of the reactant forms products, and the nal products
are desorbed. The disassociation of C–H bonds in the methane
molecule is the rate-determining step of the DRM.31 CH4-TPSR
and CO2-TPSR were operated on Pt/La2O3 under irradiation or
in dark to elucidate why light irradiation played a crucial role in
augmenting the catalytic activity and selectivity (Fig. 5c and d).
The detected H2 signal is sufficient to certify the decomposition
of CH4 (Fig. 5c). CH4 dehydrogenation begins at approximately
315 �C and 341 �C under light irradiation and in dark, respec-
tively. Lower temperature under light irradiation reveals that
light accelerates the activation of CH4 (a slight decrease in CH4

makes the CH4 signal unremarkable due to the high concen-
tration of CH4 being introduced during the experiment). In
addition, the monitored CO signal subjected to the production
of CO discloses that the oxygen species on the catalyst takes part
in the reaction, which contributes to the oxidation of C* species
dissociated from CH4, thus further preventing coking. CO starts
to be produced at about 398 �C or 408 �C under illumination
and dark conidiation, respectively. Carbonaceous species over
the sample under light irradiation are more rapidly and easily
formed than CO, which is mainly because light irradiation
16024 | J. Mater. Chem. A, 2022, 10, 16016–16028
promotes the desorption of surface oxygen atoms by weakening
the metal–oxygen bond.41 The result also proves that light
accelerates the further reaction of dissociated CH4 on Pt/La2O3.
The consumption peak of CO2 preferentially appears at�334 �C
under light irradiation during CO2-TPSR, which is signicantly
lower than that in dark (399 �C) (Fig. 5d). All the TPSR results
are in line with the results of CH4-TPD and CO2-TPD. Oxygen
vacancies have been reported to play a crucial role in CO2 acti-
vation. EPR analysis was conducted under light irradiation and
in dark (Fig. 5e) to verify the oxygen vacancies and the formation
of free electrons without coupling. The signal at g¼ 2.003 on Pt/
La2O3 under light irradiation is stronger than that in dark,
indicating the generation of more oxygen vacancies on the
catalyst and the formation of more free radicals trapped on
surface oxygen-vacancy sites under light irradiation, which is
ascribed to electron transfer according to LSPR of Pt NPs.35,42

Also, the electrons can further transfer to adsorbates and
facilitate CO2 activation to promote the production of syngas,
which is in accordance with the DRS result.11 The superior CO2

dissociation ability under light conditions also accelerates the
removal of carbonaceous species due to the oxidation of carbon
species to CO by O* dissociated from CO2 and suppresses coke
deposition.

The adsorption–desorption capacity of the products on the
catalyst surface determines the reaction rate. To further eluci-
date light-effective promotion reaction rate and selectivity, CO-
TPD and H2-TPD on Pt/La2O3 in dark or under light irradiation
have been investigated. The desorption ability of CO on the
sample shows little difference between light and dark condi-
tions (Fig. S8†). The adsorption ability of Pt/La2O3 for H2 in dark
is much higher than that under light irradiation (Fig. 5f). The
poor H2 adsorption performance under light reveals that light-
excited hot electrons contribute to the removal of H2 from the
catalyst surface and further accelerate the reaction of DRM.3,43

The rapid desorption of H2 with light suppresses the reaction
between adsorbed H and O, contributing to higher selectivity
and stability of photothermocatalysis and endowing higher
abundance of mobile O that can the scavenge C species, which
is in accordance with the above experimental results.

The intermediate species during DRM on Pt/La2O3 in dark or
under light irradiation at 400 �C was observed through in situ
DRIFTS (Fig. 6a). As the temperature increases, the conversion
of CH4 and CO2 is manifested in the gradual weakening of the
absorption peaks of CH4 (3016 cm�1 and 1302 cm�1) and CO2

(2360 cm�1 and 2340 cm�1).44 The broad peaks at ca. 1440 cm�1

and 835 cm�1 are assigned to La2O2CO3 formed by La2O3 and
CO2 with increasing temperature, which are in good agreement
with the XRD results.45,46 In addition, the formation of
La2O2CO3 facilitates the elimination of carbon species from the
metal surface.31 The symmetric and asymmetric deformation
vibrations of adsorbed –CH3 groups present at ca. 1354 cm�1 or
1341 cm�1 aer CH4 and CO2 are introduced, showing that CH4

is dissociated into –CH3 and H species.44 Related studies have
proved that the generation or activation of –CH3 can be ach-
ieved at room temperature, which is consistent with the
abovementioned result.47,48 When the temperature is increased
to 400 �C and maintained for 30 min, the intensity of the
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) CH4-TPD and (b) CO2-TPD of the MS signal for Pt/La2O3 with or without light illumination; (c) CH4-TPSR of the MS signal for Pt/La2O3

with or without light illumination; (d) CO2-TPSR of the MS signal for Pt/La2O3 with or without light illumination; (e) EPR spectra of Pt/La2O3 under
irradiation or in dark; (f) H2 desorption of the MS signal for Pt/La2O3 in dark or light.
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absorption peak of methyl groups under light is signicantly
reduced than that in dark, indicating that light promotes the
cracking of themethyl group. New broad bands at ca. 1046 cm�1

corresponding to C–O stretching appears at 400 �C under light
irradiation but does not appear until the temperature at 400 �C
is maintained for 30 min without light.13 The observation is
ascribed to the dissociation of CH4 on Pt NPs and the reaction
with adsorbed oxygen to form the C–O species, which is
consistent with the CH4-TPSR results.13 At the same time, the
LSPR of Pt NPs excites a large number of hot electrons under the
This journal is © The Royal Society of Chemistry 2022
irradiation of light, which benets to accelerate the activation
and dissociation of CH4.11 When the temperature is increased to
400 �C under light irradiation, an enhanced absorption peak
appears at ca. 1180 cm�1, which is attributed to the C–O species
dissociated from CO2 on the site of oxygen vacancy.13 The peak
is particularly weak in dark conditions, which is consistent with
the CO2-TPSR results. Furthermore, the dissociation of CO2 is
also evidenced through the formation of bidentate formate
(1580 cm�1), which can transform to the nal CO or H2O.49 The
intensity of the peak under light is lower than that in dark due
J. Mater. Chem. A, 2022, 10, 16016–16028 | 16025
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Fig. 6 (a) In situ DRIFTS of Pt/La2O3 during DRM at 400 �C in dark and under irradiation; (b) reaction mechanism of photothermocatalytic DRM
on Pt/La2O3.
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to which light facilitates the dissociation of intermediates. In
addition, the adsorbed hydroxyl groups of H2O involving the
RWGS reaction were observed at ca. 3500–3750 cm�1, and the
intensity of these peaks is weaker under light than that in dark,
indicating that light restrains H2O production and improves the
reaction selectivity.44

In view of the above results, a possible reaction mechanism
is described in Fig. 6b. Under light irradiation, LSPR on Pt/
La2O3 excites more number of hot electrons and oxygen
vacancies and initiates the surface temperature of the catalyst,
which promotes the reaction through the following processes.
CH4 dissociation is converted to CHx and H+, which is further
transformed to C* and H2. The light-excited hot electrons also
promote the spontaneous desorption of H2. CO2 dissociates to
form CO, O*, or formate intermediates. In addition, CO2 can
react with La2O3 to form La2O2CO3. O* and La2O2CO3 facilitate
C* oxidation to CO. The synergy of photothermal reaction and
photoactivation is the key in the photothermocatalytic DRM
process.
4. Conclusion

In this study, stable and highly dispersed Pt NPs was supported
on La2O3 (Pt/La2O3) for highly-efficient photothermocatalytic
DRM. The selectivity (>0.80) and the production rate of H2 on Pt/
16026 | J. Mater. Chem. A, 2022, 10, 16016–16028
La2O3 are not reduced during the 200 h reaction at 700 �C. The
synergistic effects of strong Pt-support interaction and oxygen
vacancies lead to the good stability of Pt NPs and coke-
resistance on Pt/La2O3. The value of rH2

and selectivity during
photothermocatalysis is up to 3.0 or 2.1 times of those in
thermocatalysis when the sample surface temperature is about
700 �C. All the results of in situ DRIFTS, H2-TPD, CH4-TPSR, and
CO2-TPSR reveal that more oxygen vacancies and hot electrons
excited by light illumination accelerate the activation and the
further dissociation of CH4 and CO2. In addition, the sponta-
neous desorption of H2 formed under light illumination
suppresses RWGS reaction and further improves the catalytic
activity and selectivity. The results will be conducive for the
construction of an efficient and tolerable photothermocatalyst
for DRM, and provide a strategy for the efficient utilization of
CH4 and CO2 as energy storage resources.
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