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Solar-driven photothermochemical dry reforming of methane (PTC-DRM) is a promising technique to produce
syngas using greenhouse gases (CO2 and CHy). In this work, Ce-substituted LaNiOs, i.e., La; _xCexNiO3 perovskite
catalysts were synthesized for PTC-DRM reaction under concentrated sunlight. At 700 °C under 30 suns light
irradiation, the CO and Hy production rates were at 616 and 620 mmol g~! h™!, respectively, over the
Lag.9Cep,1NiO3 catalyst, notably higher than those obtained in dark at the same reaction temperature and higher
than those over LaNiOs under the same light irradiation condition. The COy and CH4 conversion by the
Lag.9Ce.1NiOg3 catalyst are among the top-performing catalysts reported in the literature. The Ce substitution of
La at a small fraction (x = 0.1) was found to benefit Ni active sites distribution and retention of the perovskite
structure, which led to mitigation of both Ni sintering and carbon formation, thus promoting light absorption and
PTC-DRM activities. A higher fraction of Ce substitution (x > 0.5), however, did not show any beneficial effects.
By conducting in situ DRIFTS at PTC-DRM reaction conditions and control experiment using 495 nm long-pass
filter, light irradiation was found to induce photocatalytic activities on Lag¢Cep1NiO3 and enhance CO,
adsorption and formation of active lanthanum oxycarbonates intermediates (Laz02COs3), possibly due to the
generation of oxygen vacancies and electron-hole pairs. This work reports a new catalyst design and mechanistic
studies for PTC-DRM reaction, and the findings are of importance for the application low-carbon fuel generation
from sunlight.

1. Introduction

The extensive utilization of fossil fuels for daily life and industrial
applications has led to significant emissions of greenhouse gases (GHGs)
including carbon dioxide (CO3) and methane (CH4) [1]. CO3 or dry
reforming of methane (DRM), which converts both GHGs into syngas
(Hz and CO), is an attractive process to produce sustainable fuels with
low carbon emissions [2]. However, the activation and dissociation of
the C=0 bond in CO; and the C-H bond in CH4 both require high energy
input (750 kJ mol~! and 439.5 kJ mol_l, respectively) [3,4]. DRM can
be driven by sustainable solar energy, and efforts have been spent on
researching on solar-driven thermochemical process in which solar en-
ergy is used to reach the required high temperatures [5]. On the other
hand, solar-driven photothermochemical DRM (PTC-DRM) is an
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emerging approach that can incorporate photocatalysis into thermo-
chemical DRM [6-9]. Compared to conventional solar thermochemical
DRM process, the PTC-DRM process has a couple of additional unique
aspects in utilizing light irradiation when a specially designed catalyst is
applied: (1) light-driven thermocatalysis due to surface plasmon reso-
nance effect when a plasmonic metal catalyst such as nickel is used, and
(2) photo-excited electron-hole pairs from a semiconductor support that
actively participate in the redox reaction [1,6,10]. Thus, by combining
both thermocatalysis and photocatalysis in one reaction system,
PTC-DRM activities are largely enhanced compared with traditional
thermochemical DRM [1,7,9,11-13].

Metal supported on metal oxides has been one of the most widely
researched catalyst structures for PTC-DRM process [14-29]. Ni is an
attractive metal candidate in terms of low cost, abundance, and high
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PTC-DRM activities [21-29]. However, high-temperature DRM envi-
ronment is prone to cause Ni sintering and carbon formation, leading to
deactivation of Ni-based catalysts [30]. As regard to photocatalytic
DRM, which was conducted under ultraviolent or visible light irradia-
tion at low temperatures. For example, with ultraviolet light irradiation
of 150 mW/cm? at 100 °C, production rates of CO and Hy can reach 750
pmol g7t h™! and 1126 pmol g~ h™?, respectively on Ni-montmor-
illonite/TiO9 [31]. With visible light irradiation of 790 mW/cm? at
400 °C, 2Ni/CeO;_x yielded CH4 and CO, rates of 0.21 and 0.75 mmol
(8cat ® min)’l, respectively [32]. However, these works achieved low
reaction rates, far from industrial application requirements, thus
exploring photocatalysts for more efficient photothermal reaction under
high temperature and full-spectrum solar irradiation is very necessary.

On the other hand, adjustable bulk and surface components of metal
oxides, such as perovskite oxides of general formula ABOs, is a prom-
ising catalyst candidate [33]. In the perovskite oxide framework, the
A-site is generally a rare earth or alkaline earth metal, such as La
[34-37] and Sr [38], while transient metal, such as Ni [34,35,37] and Co
[39] can occupy B-site. Compared to a metal oxide-supported metal
catalyst system, perovskite oxides have the advantages of uniform
dispersion of active metal sites and highly tunable oxygen vacancies
concentration, thus can counter deactivation [34,35]. Another benefi-
cial advantage of the perovskite oxide catalyst is its considerable pho-
tocatalytic activity due to a desirable narrow band gap (e.g., LaNiOs:
~2.2 eV) [40,41]. This makes perovskite oxides also attractive in the
field of photocatalytic organic compounds degradation, water splitting
and N fixation [42-44]. From existing research, the base perovskite
structure, LaNiOs, was reported to decompose completely during the
DRM reaction, and Ni-La;O3 alone was unable to resist Ni sintering and
carbon deposition, thus resulting in inefficient DRM reaction [36,45].
Partial substitution at the A-site of perovskite presents an effective
approach, as this modification may remarkably enhance the catalytic
activities by altering the electronic state of B-site cations and/or intro-
ducing oxygen vacancies [46], thus both average Ni oxidation states and
Ni particle size will be reduced, and carbon deposition can be sup-
pressed. Wang et al. reported that Ce substitution at the A-site of
LaNig sFeo.5s03 perovskite introduced more oxygen vacancies and acti-
vated B-site cations, thus the DRM activity was enhanced [36]. Val-
derrama et al. also reported that partial substitution of La by Sr at A-site
in LaCoOjs structure improved Co metallic phase dispersion, leading to
high DRM activities and coke resistance [47]. Therefore, LaNiOs
perovskite catalyst with partial substitution at A-site can be a promising
candidate for enhanced PTC-DRM performance due to its photoactivity
and enhanced properties to resist metal sintering and coke deposition.

This work aims to conduct a systematic exploration of efficient PTC-
DRM activities and mechanism studies over efficient La;_yCexNiO3
catalysts (x = 0.0 — 1.0). The catalyst morphology, surface chemical
states of catalysts before and after PTC-DRM reaction, and optical
properties of fresh catalysts were characterized to understand the pro-
moting effects. Then, the in situ diffuse reflectance infrared Fourier
transform spectroscopy (in situ DRIFTS) was performed on the catalysts
within the temperature range of 25-600 °C under light and dark con-
ditions to understand the intermediate change relation with the catalyst
activities. Finally, the roles of each component of PTC-DRM were dis-
cussed to understand the PTC-DRM mechanism.

2. Experimental
2.1. Catalyst synthesis

La;_xCexNiO3 catalysts were synthesized by the Pechini method
[48], and the corresponding metal nitrates were utilized with appro-
priate stoichiometry. Specifically, to synthesize Lag 9Cep.1NiOs, 79.9 mg
La(NO3)306 H,0, 8.9 mg Ce(NO3)306 H20 and 59.6 mg Ni(NO3)e6 H,0
along with 78.8 mg citric acid were dissolved in 5 ml water at a metal
cations to citric acid ratio of 1:1, denoted as solution A. Another 78.8 mg

Journal of CO2 Utilization 67 (2023) 102317

citric acid was dissolved in 2 ml ethylene glycol and denoted as solution
B. Solution B was added dropwise to solution A. The resulting solution
was stirred for 15 min at 400 rpm and was then heated to 120 °C to form
a viscous gel and finally yielded a solid precursor. This product was then
transferred to an oven to be calcinated under air at 750 °C for 5 h to
produce the corresponding catalyst samples.

2.2. Catalyst characterization

Morphology, structure, and composition of the catalysts were char-
acterized by transmission electron microscopy (TEM, FEI Tecnai G2
F20ST), high-angle angular dark-field scanning transmission electron
microscopy (Hitachi 2700 C), X-ray diffraction (XRD, BRIKER D8), and
X-ray photoelectron spectroscopy (XPS, Omicron), Raman spectroscopy
(Horiba Jobin-Yvon LabRam HR, 633 nm laser source). UV-vis diffuse
reflectance spectra were collected by a Hitachi U4100 UV-vis-NIR
Spectrophotometer with Praying Mantis accessory. In situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra
were collected on a Nicolet 6700 infrared spectrometer (Thermo Elec-
tron) equipped with a Praying Mantis DRIFTS accessory and a reaction
chamber (Harrick Scientificc HVC-DRP). The maximum allowable
operating temperature of the chamber is 600 °C. Because PTC-DRM
activities were evaluated after reducing catalysts in Hp/Ar mixture at
700 °C for 2 h, TEM, XRD, XPS, UV-vis characterization was conducted
on Hj-reduced catalysts. Hy temperature-programmed reduction (Ha-
TPR, Micromeritics, AutoChem II 2920) was performed on 0.15 g fresh
catalysts under a 10% H/90% Ar gas flow of 40 standard cubic centi-
meters per min (sccm) with a heating rate of 10 °C/min from 200° to
700°C. The thermogravimetric analysis (METTLER TOLEDO, TGA) was
performed on 20 mg spent catalysts under an air flow of 40 sccm with a
heating rate of 10 °C/min from 25° to 800°C and kept at 800 °C for 3 h.

2.3. PTC-DRM performance measurements

A similar experimental setup applied in the PTC-DRM performance
measurements was reported in our previous works [14,16,49], and the
reactor configuration is shown in Fig. S1. The concentrated solar irra-
diation can be operated as high as 1200 W, and the corresponding light
intensity was measured to be 3.6 W/cm? (Fig. S2), which resulted in
420 °C on the catalyst surface. Auxiliary heat was supplied from a tube
furnace to reach higher temperatures. A thermocouple was in contact
with the center of the catalyst surface and connected to the furnace to
provide feedback to the heating program, thus ensuring catalyst surface
temperature was the same under light and dark conditions once a
designated temperature was set. For PTC-DRM experiments, 5 mg
catalyst was dispersed in 5 ml deionized water and sonicated to form a
uniform ink. The ink was then dropped onto a piece of Whatman™
Quartz filter paper and placed on the catalyst holder and transferred into
the tube reactor. The reactor was first purged with 150 sccm Ar for 30
min to remove impurities under room temperature, followed by
reducing the catalyst under a mixed flow of 23 sccm Hj and 28 scem Ar
for 1 h at 700 °C. Then, the reactor was purged with 150 sccm Ar to
remove the remaining Hj. After that, the reactant gases (10% CO2/10%
CH4/80% Ar) were introduced into the reactor with a flow rate of 14
sccm. Only CO and Hy were detected as the products by an on-line gas
chromatograph (GC 2010, Shimadzu) equipped with a thermal con-
ductivity detector (TCD) and a methanizer-assisted flame ionization
detector (FID). The production rates of CO and Hj (n, mol g’1 h’l) were
calculated using the following formula:

_PeVey

n= * 3600
meReT

Where P is the pressure (1.01 x10° pa), V is the gas volumetric flow rate
(2.3 x1077 m® s’l), v; is the volume concentration of each gas, which is
converted from GC measurements and calibration, T is the temperature
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(298.15K), R is the gas constant (8.314J mol ! K1), and m is the
loaded catalyst weight (5 x 107> g).

The CO, and CHy4 conversion % were calculated using the following
formula:

in_ [X] out

Conversion % = x 100

in
Where [X];, is the concentration of each original reactant gas (CO2, CHy),
and [X],,, is the measured concentration of each gas at the outlet.

2.4. Insitu diffuse reflectance infrared Fourier transform spectroscopy (in
situ DRIFTS) experiments

In situ DRIFTS spectra were recorded on a Nicolet 6700 spectrometer
(Thermo Electron) equipped with a liquid nitrogen cooled HgCdTe
(MCT) detector, a Praying Mantis DRIFTS accessory and a reaction
chamber (Harrick Scientific, HVC-DRP) [16]. The reaction cell was
equipped with a sample cup to load powder samples and a heater and
temperature controller to control the reaction temperature. The
maximum operation temperature of the reaction chamber is 600 °C. The
dome of the DRIFTS cell has two ZnSe windows allowing IR transmission
and a third (quartz) window allowing transmission of light irradiation.
Light was introduced into the DRIFTS cell through an optical fiber
connected to the solar simulator operated at 1200 W. The intensity of
the light measured at the outlet optical fiber was close to 0.1 W/cm?.
After loading 10 mg of catalyst sample on the sample cup, the sample
was first reduced with a gas mixture of 23 sccm Hy and 28 scem Ar for
10 min at 600 °C, and no spectra change was observed, meaning the
complete reduction of the catalyst occurred. After the reduction process,
the reaction chamber was cooled down to room temperature and
simultaneously purged by Ar. The reaction temperature was then set to
targeted temperatures (25-600 °C) with either light or dark condition,
and at the same time, DRM gases were introduced. The DRIFTS data
were then taken continuously until no spectra change was observed
(10 min). The final DRIFTS spectra were collected and presented.

3. Results and discussion
3.1. Reducibility, crystalline structure, and morphology characterization

Reducibility of the catalyst determines the active form of the catalyst
[46], thus as-prepared fully oxidized catalysts were examined by Hj
temperature-programmed reduction (Hp-TPR) analysis (Fig. 1). For
LaNiOs, the reduction was observed to happen in 3 steps, as the peaks
appeared at 262 and 382 °C along with a broad peak ranging from 457°
to 613 °C. The peaks can be associated with different intermediary
species of Ni, and LapOs3, as the possible reduction steps of perovskite
structures are as follows [50-52]:

2LaNiO3 + Hp — LayNi,O5 + H,O (€D)]
LasNixOs + 2 Hy — LaxO3 + 2Ni + 2 HyO @

In general, the lowest-temperature peak is associated with reduction
of Ni®* to Ni?*, and the peaks at higher temperatures are due to the
reduction of Ni2" into Ni®" and partial reduction of Ce** or La®*. The
reduction peaks of LaggCe1NiO3 shifted to lower temperatures,
namely, 357 °C and 486 °C, corresponding very well with previous
literature findings [50,53]. This result showed that the partial Ce sub-
stitution promoted the reaction between Hy molecules and NiO species
to occur at lower temperatures. It is likely the partial incorporation of Ce
in perovskite lattice resulted in the distortion of the perovskite structure
[54], thus making the reduction of perovskite easier. Additionally, the
overall Hy consumption was measured to increase from 2327 pmol/g on
LaNiO3 to 3310 pmol/g on Lag 9Ceo 1NiOs, thus indicating surface ox-
ygen species and bulk lattice oxygen amounts being higher on
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Fig. 1. H,-TPR profiles of calcined La; ,Ce,NiO3 (x = 0.0, 0.1, 0.5, 1.0).

Lag.9Ce( 1NiO3, which demonstrated an enhanced oxygen mobility upon
Ce substitution [55]. On the other hand, LaysCepsNiO3 and CeNiOg
have only one reduction peak, which is likely due to the reduction of NiO
and partial reduction of ceria-based oxides [56]. By calculating the total
oxygen storage capacity (OSC) of each catalyst (Table S1), it was found
the existence of Ce increased the total OSC on all La; _xCexNiO3 (x = 0.1,
0.5, 1.0) catalysts compared with LaNiOs. It was also observed that at
700 °C, both catalysts have been completely reduced. Therefore, 700 °C
was chosen as the reduction temperature to fully reduce Ni.

X-ray diffraction (XRD) patterns of reduced catalysts were then
characterized and presented in Fig. 2. For all catalysts, the absence of
NiO (JCPDS 89-3080) and presence of Ni (JCPDS 04-0850) indicated
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Fig. 2. XRD patterns of reduced La; ,CexNiO3 (x = 0.0, 0.1, 0.5, 1.0) with the
reference phase: LaNiO3 (4~ JCPDS 33-0711), Ni (o- JCPDS 04-0850), La;O3
(- JCPDS 71-5408), CeO, (- JCPDS 81-9325).
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that Ni element has been fully reduced, thus can act as the active
metallic sites for DRM [9], which agrees with the Hy-TPR profiles. In
addition, for Laj_yxCexNiOs with x= 0.0, 0.1, 0.5, LayO3 (JCPDS
71-5408) peaks are clearly resolved. CeOy (JCPDS 81-9325) was
weakly observed on Lag 9Ce 1NiO3, which is likely due to the relatively
low concentration and uniform distribution of CeO,. Peaks at 20 of
30.2°, 39.7°, and 47.4°, characteristic of LaNiOs structure (JCPDS
33-0711) [57,58], have been only identified on x = 0.0 and 0.1 sam-
ples. Wang et al. proposed the “self-regeneration” effect that Ce cations
(Ce3+/Ce4+) will reversibly shuttle between CeO; and perovskite
structure depending on the local redox fluctuations [36]. The absence of
perovskite structure on Lag 5Cep sNiOs is likely due to its transition to
CeO,. For CeNiO3 sample, only Ni and CeO, phases are identified. These
results revealed the existence of perovskite structure only on LaNiO3 and
Lao,9Ceo,1Ni03.

Transmission electron microscopy (TEM) and energy dispersive X-
ray spectrometry (EDS) tests were then conducted on the reduced
La;_xCexNiOs samples to investigate the morphology and elemental
compositions (Fig. 3). The EDS elemental mapping evidenced the pres-
ence of each element (actual metal atomic fraction listed in Table S2)
and demonstrated the uniform distribution of La and Ce elements. It is
widely accepted that small particle size highly benefits the coking
resistance and light absorption properties of Ni-based catalysts for the
DRM process [59]. While most of the particle sizes ranged from 5 nm to
40 nm, with higher Ce substitution, the average Ni particle size gradu-
ally increased. Specifically, the average particle sizes increased from

LaNiO;
=123

d,

avg
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10 20 30 40
Particle size (nm)

Laov9Ceo lNiO_';
dpe =165
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12.3 + 5.7 nm on LaNiO3 to 22.3 &+ 8.0 nm on CeNiOs. In addition,
Lag 5Ceo sNiO3 showed clearly separate and large metallic Ni particles.
The appearance of the Ni particles is likely due to the weak interaction
with the LasO3 and CeO, with an excess amount of Ce substitution.
Moon et al. also reported on LagsCeosNiO3, segregated phases of sin-
gular NiO, CeO,, and LayO3 were observed, and poor activities of steam
CO, reforming of CH4 were received due to the weak metal-support
interaction [50]. These results confirmed that Ni distribution is
optimal on Lag 9Cep 1NiO3 among these samples.

Perovskite structure materials are reported to desorb part of the
lattice oxygen at high temperature in the reducing environment;
concurrently oxygen vacancies (Vo) will be formed and partial valence
change of the B-site ions will happen [60]. The oxygen vacancies have
been generally believed to benefit DRM performance in both CO3
adsorption and coke mitigation [12,61]. The dissociation of C-O of COy
can happen on the Vg then produce CO and O, in which O becomes
mobile and can thus participate in the removal of deposited coke by
oxidizing C into CO [62]. Therefore, X-ray photoelectron spectroscopy
(XPS) analyses were conducted on reduced Lag 9Ce( 1NiO3 and LaNiO3
catalysts to investigate the surface elemental compositions. XPS analysis
of La (830 ~ 860 eV), Ni (850 ~ 880 eV) and Ce (880 ~ 925 eV) were
not discussed as the peaks of these three elements overlap, making it
impractical to reach meaningful conclusions. O 1 s deconvolution was
then performed in Fig. 4, and two types of oxygen species were located,
lattice oxygen (O) at ~530 eV, and chemisorbed oxygen (O,) related to
the presence of oxygen vacancies (Vo) at ~532eV [63]. The Op

LaNiO,

La, ¢Ce, ;NiO;

La, ;Ce, :NiO;

<y 20 nm

CeNiO,

Fig. 3. TEM images, Ni particle size distributions, and EDS elemental mapping images of reduced La;_yxCe,NiO3 samples: (a) LaNiOs, (b) Lag.9Ce 1NiOs, (c)
Lag 5Ceq sNiO3, (d) CeNiO3 (The Ni particle size distributions are statistically analyzed over 100 particles for each sample).
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Fig. 4. Deconvolution of O 1 s XPS spectra of reduced (a) LaNiO3 and (b) Lag.9Ceo.1NiO3 catalysts.

concentration was calculated as the peak area ratio of Oa, and the values
on LaNiOs and LagoCep1NiOs were 42.8% and 82.0%, respectively.
Therefore, the partial Ce substitution clearly introduces more Vg on the
reduced catalyst.

The optical properties were then characterized by UV-vis absorption
spectra (Fig. 5). All catalysts showed strong UV light absorption abilities,
and the band gaps of LaNiOs, Lag 5Ce( sNiO3, CeNiO3 were calculated to
be 2.19eV, 2.94 eV, and 2.76 eV, respectively, demonstrating their
semiconductor properties. However, according to the Tauc plot of
Lag.9Cep 1NiOs3, it is not plausible to determine the band gap value.
LaNiO3 and CeNiO3 showed very similar light absorption across the
wavelength range from 200 to 800 nm and a characteristic adsorption
peak centered at around 280 nm was identified, which is similar to re-
ported absorption curves [64,65]. LagoCep1NiO3 expressed strongest
light absorption ability, especially across visible light wavelength range.
The reason is likely due to the small and well-distributed Ni particles
(indicated by TEM and EDS) since black Ni particles have a dominating
light absorption ability and hinder the light transmission to other

components [22].

3.2. Evaluation of PTC-DRM activities

The PTC-DRM activities on La;_yCeyNiO3 (with x = 0.0-1.0) were
evaluated at 700 °C under illumination by a 1200 W concentrated solar
simulator and were compared at the same temperature under dark
conditions. The results are presented in Fig. 6 and Fig. S3. All catalysts
showed DRM performance enhancement under light conditions
compared with those under dark conditions, demonstrating the photo-
active nature of perovskite catalysts. It was found that with a small
amount of Ce substitution (0.1, 0.3), the PTC-DRM activities were
largely enhanced. By comparing LaNiOs and Lag 9Ce( 1NiOs3, the average
CO and Hj production rates increased from 363 mmol g~ h™! and
258 mmol g h™! to 550 and 545 mmol g ! h™! in the dark with Ce
substitution, while under light illumination, the average CO and Hj
production rates even increased from 468 mmolg ' h™! and
395mmolg™! h™' to 616 mmolg™' h™! and 620 mmol g~' h~L

(a) (b)
2.0 e
——— LaNiO3 alN1U3 .
1.8 —— LagyCe.1NiO3 I]:a()gCeoAlN%O.;
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8 o
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2 S
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2766y, 294V
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Fig. 5. (a) UV-vis absorption spectra and (b) band gap measurement using Tauc plot of the La; ,Ce,NiO3 materials.
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Fig. 6. (a and b) 10 h stability for CO and H, production rate on La; _,CexNiO3 (with x = 0.0-1.0) at 700 °C; (c and d) average CO and H, production rates.

However, when Ce concentration is rich (x =0.5 and x = 1.0), the
performance of the catalyst did not further increase. Wang et al. [36]
reported the similar catalyst performance as the function of the Ce
substitution degree on La; _xCexNi sFeg 503 and suggested that Ni phase
provides the primary catalytic activity, and the (LaCe)(NiFe)O3 perov-
skite further enhances the catalytic activity, while CeO, is not respon-
sible for the activity enhancement.

It was also observed that CO production rates are more stable than Hy
production rates during the reaction time. Specifically, on Lag¢Ceq 1.
NiOs under light condition, the 10th-h CO production rate was only
2.23% less than initial value, while H; production rate showed a 15.7%
decrease. The CHy4 conversion rate also decreased relatively faster than
CO4 (Fig. S4). These results may be attributed to the consumption of the
Ni active sites for CHy conversion to produce Hy and the sufficient
concentration of V, active sites for CO, conversion to produce CO [12].

Ultimately, Lag 9Cep.1NiO3 exhibited good catalytic DRM stability in
both light and dark conditions. Furthermore, it was found that
Lag.9Cep 1NiO3 produced an average Hy/CO ratio of 1.01 under light
conditions, which is optimal in achieving near-unity syngas production.
Overall, these results present the promotional effects of Ce substitution

and light illumination to improve both activity and stability for DRM.

In our previous studies, we have conducted PTC-DRM on both Pt-
based and Ni-based catalysts [7,8,12,49]. Comparing the Pt-based and
Ni-based catalysts, the required loading of Ni is generally larger than Pt
to achieve optimal DRM activity. However, under photo-illumination
when electron-hole pairs are generated, the too large an amount of
metal may result in a stronger charge recombination, leading to a lower
photocatalytic contribution [22,66,67]. We further compared this work
with the state-of-the-art results in the literature, including both
PTC-DRM and DRM. In literature, different light sources and formats of
results were reported (e.g., Hy and CO production rates, CO, and CH4
consumption rates, average CO, and CHy4 conversion percentage, etc.),
thus making it difficult to compare the performance directly. However,
from Table 1, it is still clear to see the Lag¢Ce 1NiO3 catalyst ranks
among the top ones in terms of average CO, and CHy4 conversion
percentages.

3.3. In situ DRIFTS analysis

In situ diffuse reflectance infrared Fourier transform spectroscopy
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Table 1
Comparison of the conversion of CO, and CHy of Lag 9Ce( 1NiO3 catalysts with
the literature data.

Catalyst Temp (°C) Conversion (%) Reference
CO, CHy4

Lag oCe.1NiO3 700 70.8 80.0 This work
Ni/mesoporous TiOy 600 44.4 48.7 [11]
(Ni/CeO,)@SiO, 800 80 66 [9]
Pt/TiOy 700 62 N/A [68]
MgO/Pt/Zn-CeO 600 52.6 38.8 [12]
Pt/mesoporous TiO, 500 0.23 0.22 [69]
Ni/CeO4y_x 500 N/A 10 [32]
Ni-Fe/MgO 760 70 63 [70]
Ni-Cu/Mg(ADO 600 60 47 [71]

Si0; @Ni@ZrO, 700 48.8 43.1 [72]
Ni-Cu/SiOy 800 84.5 77.5 [73]

(DRIFTS) analysis was conducted to investigate the intermediates’
change under concentrated solar irradiation or in the dark conditions in
the DRM reactant gas atmosphere at temperatures ranging from room
temperature (25°C) to maximum operating temperature (600 °C)
(Fig. S5). Upon exposure to the CO, and CHy, several peaks were
observed. According to previous reports, the peaks centered at
3016 cm’l, 1338 cm’l, and 1308 cm ™! were identified as gaseous CHy
[74], and the broad peak centered at 2313 cm ™! was identified as
gaseous COz [75]. The peak intensities of gaseous CH4 and CO, were
observed to decrease as temperature increased, indicating the endo-
thermic characteristic of DRM. The adsorption bands located at
2178 cm ! and 2111 ¢cm ™! are assigned to gaseous CO [76,77], which
appeared only after 400 °C in the dark, but was observed starting from
200 °C under light, indicating that light irradiation can activate the CO
production at lower temperature.

To clearly observe the intermediates’ change, the in situ DRIFTS
spectra at the wavenumber ranging from 1200 to 2000 cm ™! are pre-
sented in Fig. 7. It was observed that the solar irradiation led to an in-
tensity increase in formate, m—CO%’, and b—CO%' bands, which are all
active intermediates in CO2 reduction reactions [78,79]. The stronger
peak intensities under light are likely due to the generation of Vo under
light that promoted CO5 adsorption and formation of these peaks [8,49].

500 °C

400 °C

300°C

Intensity / a.u.

200 °C

100 °C

25°C

2000 1900 1800 1700 1600 1500 1400 1300 1200
Wavenumber / cm™!

Fig. 7. In situ DRIFTS spectra of Lag 9Ceg 1NiO3 under DRM reaction conditions
under light and in the dark conditions at temperatures ranging from 25°
to 600°C.
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This aligns with the promoted reaction rates in the DRM process under
light irradiation.

It was also noticed that under light condition, the peak at 1753 cm ™},
which is attributed to Lap0O2COg3 species [80], only appeared under light
irradiation when temperature was between 100 and 600 °C. As previ-
ously reported, two parallel routes for CO, activation may be occurring
on the La-based catalysts: (1) Through direct decomposition on oxygen
vacancies and (2) Through the formation and decomposition of
Lay0,C03 [60,81]. Thus, Lag0,CO3 has been widely recognized to be an
active intermediate formed by the reaction between LayO3 and COo,
further reacting with carbonaceous intermediates on Ni at the
metal-support interface to produce CO and regenerate the LayOs. The
generation of Lay0,CO3 under light irradiation aligns well with the
higher DRM activities. Similarly, Akula et al. also observed the forma-
tion of Lay0,CO3 on Lay03/TiO, during photocatalytic water splitting
reaction, which can highly improve the photo-induced electro-hole pairs
separation and speed up the photocatalytic methanol decomposition
[82]. Gao et al. also reported the presence of LapO2COs during the
PTC-DRM process, which can facilitate the coke mitigation on metal
surface [83].

All the carbonate peaks intensities are also weaker on LaNiOg, and
Lap02C0O3 was not observed on the Ce free sample (Fig. S6). This result
indicated that partial Ce substitution can benefit the adsorption of CO,
and formation of Lay02CO3 upon light irradiation. It is likely that the
rich Vg density from the partial Ce substitution boosted the generation
of intermediates.

3.4. Spent catalyst characterization

Characterization of spent catalysts was conducted to reveal infor-
mation about catalyst stability, as both Ni sintering and coke formation
are generally believed to be responsible for deterioration of DRM per-
formance [59]. TEM measurements were first carried out on spent
LaNiO3 and Lag 9Ceq 1NiO3 after 10 h DRM reaction at 700 °C under the
dark and light conditions (Fig. 8). By comparing these TEM images with
Fig. 3, Ni sintering can be observed on the spent LaNiO3 after DRM re-
action at 700 °C under both dark and light conditions (large Ni particles
are circled in Fig. 8), while no obvious Ni sintering was observed on the
spent Lag 9Cep.1NiOs. To quantify the extent of Ni sintering, we analyzed
the Ni particle size distribution over 100 particles for each spent sample
and presented in Fig. S7. Ni with much larger particle sizes were clearly
observed on spent LaNiO3 (average value of 32.0 + 14.8 nm and 37.6
+17.1 nm for light and dark, respectively), while LagygCep1NiO3
showed much smaller values (average value of 23.2 + 6.3 nm and 25.0
+ 8.4 nm for light and dark, respectively), which matched the PTC-DRM
performance difference presented in Fig. 6. These results suggest that the
presence of Ce benefited Ni stabilization, and mitigated Ni sintering,
resulting in better PTC-DRM performance on Lag 9Cep 1NiO3. As widely
reported, Ce-containing Ni-based catalysts showed strong metal support
interactions that prevented Ni from sintering and deactivating [84-86].
However, no obvious differences were observed on both catalysts be-
tween light and dark conditions, meaning the Ni sintering is mainly the
result of thermal stability and independent of light conditions.

Large amounts of carbon filaments (e.g., CNTs) were clearly
observed on both samples under dark conditions, yet under light con-
ditions, the coke species were mainly active carbon. We conducted
further analyses of additional TEM images of spent LaNiOs and
Lag 9Cep 1NiO3 after DRM reaction at 700 °C under the dark condition
(Fig. S8). It was observed that on Lag¢Cep1NiOs, the majority of Ni
particles were still closely attached to the supports, whereas, on LaNiOsg,
many Ni particles were detached from the support and likely encapsu-
lated in carbon (as circled yellow in Fig. S8a). This indicates severer Ni
deactivation on LaNiO3 and agrees with its lower DRM performance
compared to Lag9Ceg 1NiOs. Liu et al. also observed that light irradia-
tion can tune the carbon deposition behavior of the Ni-based catalysts
during PTC-DRM process [25].
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Fig. 8. TEM images and Ni element mapping images of spent LaNiO3 and Lag 9Ce( 1NiO3 after DRM reaction at 700 °C under the dark and light conditions.

Thermogravimetric mass spectrometric (TGA) analysis and Raman
spectroscopy was then performed to determine the deposited coke
amount on spent catalysts after DRM reactions under the light and dark
conditions (Fig. S9, S10). Specifically, a weight loss of 47.0% and 51.6%
was observed on LaNiOs under light and in the dark condition, respec-
tively. While on Lag gCep 1NiOs, the values reduced to 20.2% and 27.6%.
The difference in coke formation amounts on the two catalysts agrees
with the visual observations on TEM images. With regard to Raman
analysis, two peaks, with D band at ~1330 cm™! and G band at
~1580 cm ™! were observed on all catalysts, which are assigned to
amorphous carbon and graphitic carbon, respectively, where carbon
filaments are usually composed of graphitic carbon [25,87]. We calcu-
lated the intensity ratios of D- and G-band (Ip/Ig) on spent catalysts after
DRM reaction at 700 °C under dark and light conditions (Table S3).
Clearly, the Ip/Ig ratio is larger under light than that in the dark, and the
Ip/Ig ratio of spent Lag 9Ce( 1NiOs is larger than that of spent LaNiOs.
The ratio of Ip/Ig is highest on spent Lag gCep.1NiO3 under light, while it
has the highest DRM performance. The positive correlation of the frac-
tion of amorphous carbon with DRM performance agrees with the
literature that amorphous carbon is more reactive and easier to be
gasified so that Ni can continuously serve as the active sites for DRM
reaction [88,89].

The effect of Ni NPs size on the nucleation and growth of coke in
DRM is well reported in the literature [60,90,91]. In our case, the
average Ni NP size on fresh Lag gCep 1NiO3 and LaNiO3 (16.5 + 7.3 nm
and 12.3 + 5.7 nm, respectively) are similar, but TEM images indicated
the severe agglomeration of Ni NPs on spent LaNiOs. Thus, the partial
substitution of Ce can prevent the Ni from aggregation, reducing the

coke formation, and thus improving the PTC-DRM activities and
stability.

Then, XRD analysis was performed on the spent Lag 9Ce( 1NiO3 and
LaNOs3 and compared with the reduced samples to observe the structure
change (Fig. S11). It is clearly observed that on Lag¢Cep1NiOs, the
perovskite LaNiO3 structure was still present after the DRM reactions,
while on LaNiOs, the structure was destroyed and became Ni and LayOs.
Similarly, Das et al. reported that the perovskite structure was main-
tained in the DRM atmosphere by partially substituting Ni with Fe on
Lag.oSrp1NiO3 [60]. Wang et al. also reported that the stability of
perovskite (LaCe)(NiFe)Os structure are credited to the preserved
perovskite structure during the DRM reaction environment [36].

Furthermore, we conducted XPS analysis on spent Lag¢Ceg 1NiO3
after DRM reaction at 700 °C under the dark and light conditions and
presented the deconvolution of O 1 S XPS spectra in Fig. S12. Similar to
that observed in Fig. 4, two types of oxygen species, lattice oxygen (Or)
at ~530 eV, and chemisorbed oxygen (O,) related to the presence of
oxygen vacancies (Vo) at ~532 eV, were identified. By calculating the
peak area ratio, the Op concentration value was determined to be 58.6%
and 73.3% under the dark and light conditions, respectively, both are
lower than the value of fresh Lag¢Cey1NiO3 (82.0%), indicating the
consumption of Vg during reaction process. More importantly, the
higher Vg concentration under light can possibly enhance CO, adsorp-
tion and the adsorbed O on Vg can oxidize deposited coke, thus
improved PTC-DRM activity and stability were achieved under light
condition. Several other publications also reported that light illumina-
tion can induce the generation of Vo on CeO5 [12,49,92], SrTiO3 [93],
or TiOg [94], because photogenerated electrons may weaken and break
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metal-O bonds.
3.5. Photothermalchemical DRM reaction mechanism

Multiple compositions are responsible for the enhanced PTC-DRM
activities on Lag¢Cep1NiOs. The effects of Ni metallic phase, CeO,
and perovskite structure LaNiO3 are thus discussed.

The Ni metallic phase is undoubtedly the primary catalytic site for
PTC-DRM reaction, and previous study also confirmed that performance
on Ni-free supports was extremely poor [6,7]. Our TEM analysis indi-
cated that Ni NPs were uniformly distributed on Lag 9Ce( 1NiOs, and the
aggregation of Ni NPs was mitigated during the reaction. It is likely that
the Ce promoter reduced the chemical interaction between Ni and
support, leading to increased reducibility, evidenced by Hy-TPR results
(Fig. 1), thus better dispersion of Ni [95]. The tiny Ni NPs enhanced the
CH,4 conversion and the interaction of Ni-ceria improved CHy oxi-
dization, avoiding complete decomposition of CHy to carbon, thus less
carbon was observed on Lag 9Cey 1NiO3 [96,97]. Ye et al. also reported
that Ni LSPR property enhances PTC-DRM activities with smaller par-
ticle size, while large Ni particles can lead to weak optical property [22].
The light absorption on Lag 9Cey 1NiO3 extended to light of visible and
near infra-red region, therefore it can strongly harvest solar energy and
the PTC-DRM activities under light irradiation was significantly
boosted.

CeO, was reported to generate electron-hole pairs and oxygen va-
cancies under light irradiation [7,12]. CO, adsorption and conversion
can happen on oxygen vacancies to produce CO, and CH4 or in-
termediates (CHy) can be oxidized to produce CO and Hy, thus PTC-DRM
activities were highly enhanced by CeOs. As indicated from the O 1 s
XPS spectra (Fig. 4), oxygen vacancies concentrations are much higher
on Lag 9gCep 1NiO3 than LaNiOs, and the light absorption ability is also
stronger on Lag9Ce 1NiO3 (Fig. 5). Therefore, it is likely that the Ce
partial substitution retains the perovskite structure in the DRM envi-
ronment, and the generated oxygen vacancies and electrons can boost
CO» adsorption and activation, thus promoting the generation of active
intermediate Lap0,CO3 to mitigate carbon formation and boost the DRM
activities. However, for Ce-rich catalysts (x = 0.5, 1), although higher
values of oxygen storage capacity were obtained, they showed declined
activities. Therefore, CeO2 functions as an optimal promoter at a lower
concentration (x = 0.1).

The perovskite structure can also be the active sites, in which the
dominant defects during DRM process are oxygen vacancies, which can
act as the active sites for adsorption and activation of the reactants and
intermediates [36]. In our study, the observed preservation of perovskite
structure on LagoCe1NiOs is likely benefited by two factors: (1)
replenishment of oxygen vacancies from Ce substitution; (2) uniform
distribution of Ni to boost the oxidation process [60,98].

For comparison purpose, the LaggCep; oxides supports were first
synthesized, and same amount of Ni was wet impregnated on the sup-
ports to yield Ni/Lag 9Ce 10x. By conducting PTC-DRM on Lag ¢gCeq 1.
NiO3 and Ni/LagoCeo1NiOy at the same DRM reaction conditions
(Fig. S12), it was found that Ni/Lag 9Ce( 1NiOx received inefficient and
unstable PTC-DRM performance, proving the catalytic properties of
perovskite structure. The perovskite catalyst was also widely used in
photocatalytic CO, reduction since it has strong light absorption and can
generate electron-hole pairs for CO, reduction at surface sites [99].

Additionally, to verify the potential photocatalysis on Lag 9Cep 1 NiOg
in the solar-driven DRM process, a control experiment was conducted at
700 °C with a 495 nm long-pass filter applied. The comparison of 10 h
average DRM performance of LagoCep1NiO3 under full spectrum,
495 nm long-pass filter, and dark conditions was presented in the
Table 2. The DRM performance is almost the same under the 495 nm
long-pass filter and dark conditions, indicating the existence of photo-
catalysis that boosted the DRM reaction on Lag gCep1NiO3 under full
spectrum irradiation.

Based on the above experimental results and discussion, the possible
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Table 2
DRM performance of Lag 9Ceo 1NiO3 under different light irradiation conditions
at 700 °C.

Reaction H, production rate (mmol CO production rate (mmol
conditions g th™ g 'h™h
Full Spectrum 620 616
> 495 nm pass 554 548
filter
Dark 545 550

PTC-DRM reaction pathways on La; yCexNiOg3 catalyst are proposed as
follows: CH4 dissociation takes place on Ni reaction sites to form C* and
H* intermediates (Steps 1-2) [60]. Two H* can couple and form Hjy
(Step 3), and C* can be oxidized by lattice oxygen (Oy) to generate CO
(Step 4). On the other hand, CO2 can directly dissociate over oxygen
vacancies (Vo) or hydrogenate yielding CO, O, carbonate, or formate as
intermediates (Steps 5-7), which can further react to form CO (Steps
8-9) [100-102]. CO, can also be adsorbed on the La;O3 surface and
subsequently convert LasOs into LapO5COs3 intermediate, which can
actively react with deposited coke (Steps 10-11) [100,103]. Addition-
ally, under light illumination, high-energy electron (e”) and holes (h™)
will be generated on the perovskite catalysts [11,31,69]. The e can
generate Vo on the catalyst surface and enhance the CO production,
while h"™ can boost CH, dissociation towards higher Hy production
(Steps 12-14).

CH,—CH] + (4 —x)H" (1)
CH — C* + H* (2)
2H* - Hy 3
C* +0Op, - CO + Vo (€]
CO, 4+ Vo = CO + O (5)
CO, + H* - HCOO* (6)
CO, + O — CO¥ )
HCOO* — CO + OH* ®
CO% + C* - 2CO + O ©)
Lay03 + CO,; — Lay0,CO;5 (10)
C*+ Lay0,CO3 — 2CO + Lay0;3 a1
La,Ce;_,NiO3 + hy — ¢ + h" (12)
Ct +e 5t +Vo+0 (13)
CH; + xh" — CHy_x) + xHT 14)

4. Conclusion

In summary, promoting effects of partial substitution of Ce into
LaNiO3 perovskite catalysts on the PTC-DRM activities were presented.
Ce, as a promoter, was found to benefit Ni NPs active sites distribution
and perovskite structure retention on Lag 9Ceg 1NiO3. Therefore, Ni ag-
gregation can be mitigated during PTC-DRM process due to stronger
metal-support interaction. In addition, by conducting in situ DRIFTS
analysis and control experiment with 495 nm long-pass filter, the light
irradiation was found to enhance CO, adsorption and formation of
active intermediate Lay0,COs, induce photocatalytic activities on
Lag.9Cep 1NiOs3, assisted by generated oxygen vacancies and electron-
hole pairs. These advantages led to carbon mitigation and promoted
PTC-DRM activities. As a result, at 700 °C under 30 suns light irradia-
tion, the Lag 9Cep.1NiO3 showed highest PTC-DRM activities with CO
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and H, production rates of 616 and 620 mmol g~ h™!, respectively.
This work systematically advances the design of cost-effective catalysts
and the study of the light contribution mechanism thus promoting
efficient solar-powered conversion of greenhouse gases.
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