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Low-temperature CO, methanation over Ni
catalysts supported on nanocrystalline CeO, in an
electric field

*

Ryota Yamano, Takuma Higo® and Yasushi Sekine

Nickel catalysts supported on nanocrystalline CeO, exhibit intriguing properties, including high Ni
dispersion, a high concentration of lattice oxygen defects in the support, and facile formation of hydroxyl
groups on the Ni surface. In an electric field, CO, methanation was carried out using a Ni/CeO, catalyst.
The reaction occurred even at around 393 K, a low temperature at which no activity was observed under
conventional thermal conditions. In the CO, methanation environment, the amount of surface OH
groups increased when an electric field was applied. Furthermore, adsorption species like hydroxy
carbonyl, which were not detectable without the electric field, were identified. These findings suggest
that applying an electric field influences the interface between Ni nanoparticles and CeO, particles,
promoting the formation of oxygen vacancies and OH species on the Ni/CeO, catalyst. This enhances
CO, activation, allowing the reaction to proceed at lower temperatures.

1 Introduction

As an effective technology for CO, utilisation, CO, methanation
the Sabatier reaction:

C02 + 4H2 - CH4 + 2H20 (1)

has attracted considerable attention."> The produced CH, can
be utilised as fuel and can be transported easily via existing gas
pipelines. This reaction aligns with the concept of power-to-
gas.?

For the conventional thermo-catalytic methanation reaction,
a Ni-supported or Ru-supported catalyst is typically used. The
process is generally conducted at 573-673 K to achieve suffi-
ciently high conversion of CO,.* However, because CO, metha-
nation is an exothermic reaction, a dilemma exists between the
need for high temperatures for CO, activation and the ther-
modynamic constraints imposed by the equilibrium.® There-
fore, operating at lower temperatures, where the equilibrium
conversion can reach up to 100% and renewable energy can be
used efficiently, is desirable for on-site, on-demand CH,
production.

Many non-conventional approaches have been applied to
promote the CO, conversion reaction, including methanation at
milder conditions.*® Recently, the promotion of catalytic reac-
tions at lower temperatures has been achieved by applying a DC
electric field, which imposes a weak current on a catalyst with
semiconducting properties.’®** For various reactions (e.g., NH;
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synthesis, water gas shift), relatively high catalytic activity was
observed when DC electric fields were applied to semi-
conducting heterogeneous catalysts, even at low temperatures
where the reaction rate is very low for catalysis by heating
alone.”” In this system, the electric field can assist the
migration and activation of ionic species (e.g., H,** 0>7,*%) on
the catalyst surface and can induce new reaction pathways
different from those of conventional thermo-catalytic reactions,
which contribute to facile activation of stable molecules such as
N, and CH,. In addition, lowering the reaction temperature has
been achieved successfully in several CO,-based catalytic reac-
tions.”*** Among them, the promotion of CO, methanation at
low temperatures has been also reported,*® however, the
detailed reaction mechanism and the specific catalytic proper-
ties contributing to the activity enhancement have not yet been
fully elucidated.

In reactions that apply an electric field, particularly CO,
conversion reactions, the relationship between surface proton
migration and redox processes must be considered to elucidate
the reaction mechanism and identify factors that enhance
catalytic activity. Factors related to surface proton migration
include the amount of surface OH species®® and the strength of
OH bonds,” whereas those related to lattice oxygen activation
include the concentration of oxygen vacancies in the metal
oxide support and the ease of redox.”® Among various metal
oxides, CeO, is particularly suitable for reactions because of its
diverse catalytic functionalities related to surface hydroxyls and
the redox property, as well as its moderate
conductivity.***°

Earlier reports have described a correlation between the
morphology of CeO, (e.g., crystal structure) and its physical

semi-
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properties, such as the amount of lattice oxygen defects® and
surface OH groups,*** suggesting the possibility of further
enhancing activity in electric field-assisted catalysis using
structurally controlled CeO,-based catalysts.

To explore catalysts with high activity for CO, methanation
in an electric field, we specifically examined Ni catalysts sup-
ported on CeO, with different crystalline particle sizes. The Ni
catalyst supported on nanocrystalline CeO, with a particle size
of a few nanometres exhibited high activity even at a low
temperature of 373 K. Therefore, we investigated the reaction
mechanism particularly focusing on the activation of surface
hydroxyl groups or lattice oxygen, which is expected to be
promoted under an electric field. Thereby, we examined how
the structure and physical properties of CeO, influence these
phenomena and contribute to methanation activity.

2 Experimental

2.1. Catalyst preparation and activity tests

For this study, nanocrystalline CeO, (NC), an aggregate of
microcrystals,® and polycrystalline CeO, (PC; JRC-CEO-1),
a reference catalyst supplied by the Catalysis Society of Japan,
were used as supports. Nickel acetate was used as a precursor to
prepare two Ni catalysts by an impregnation method. Catalysts
were prepared by evaporation-drying nickel acetate onto the
respective supports. Catalytic activity tests were conducted in
a fixed-bed, atmospheric-pressure flow reactor, as depicted in
Fig. S1. The quartz reaction tube had an inner diameter of 6 mm
and an outer diameter of 8 mm. A 100 mg amount of catalyst
with a particle size of 355-500 pm was placed at the centre of the
reactor. Two stainless steel electrodes were inserted above and
below the catalyst bed to apply the direct current (DC) electric
field.

For the pre-reduction step, the catalyst was treated with a gas
mixture of H,:Ar (1:3, 100 mL min~") at 773 K for 1 h. The
reaction was conducted under a gas composition of CO, : H, : Ar
=1:4:5 (100 mL min ") with a GHSV of about 21 000 h™". In
the case without an electric field (i.e., heated catalysis), the
catalytic activities were evaluated at temperatures ranging from
473 to 523 K, as at lower temperatures below 473 K, we could not
observe any catalytic activity without the electric field. For tests
in an electric field, the activity was evaluated at temperatures
ranging from 393 to 523 K. A DC current of 5 mA was applied
under these electric field conditions. The response voltage was
monitored using an oscilloscope (TDS 3052B; Tektronix, Inc).
Gas analysis was performed using a gas chromatograph (GC-
FID, GC-14B; Shimadzu Corp.) with a Porapak-N packed
column for separation. A methanizer (Ru/Al,O; catalyst) was
used to hydrogenate CO, and CO to CH,, thereby enabling
detection by the FID. The detected products included CO, CHy,
and CO,. Based on the inlet and outlet gas compositions, CO,
conversion, CH, selectivity, and carbon balance were calculated
using the following equations, where F;, [mmol min '] and Fo,
[mmol min~"] respectively represent the molar flow rates of
each component at the reactor inlet and outlet. To remove water
from the product gas, a moisture trap with a weak acid is used at
the reactor outlet, allowing some unreacted carbon dioxide to
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be slightly dissolved there. The carbon dioxide consumption
rate is therefore calculated from the inlet gas flow rate and the
outlet product flow rate, rather than taking the difference in
carbon dioxide at the inlet and outlet. The overall material
balance is almost 100%. Only CO and CH, were detected as
carbon-containing products, indicating negligible carbon
deposition.

CO, conversion (%) = (Fco,out + Fen,out) / Fco,in X 100 (2)

CH4 selectivity (%) = FCH4,out/(FCO,out + FCH4,0ut) X 100 (3)

Carbon balance(%) =
Carbon moles of output compounds(CO, CH,, and CO,)
Carbon moles of input CO,

(4)

2.2. Characterisation of catalysts

The specific surface area of the catalysts was determined using
the Brunauer-Emmett-Teller (BET) method based on N,
adsorption. Measurements were conducted using an automated
surface area analyser (Gemini VII 2390; Micromeritics Instru-
ment Corp). Before measurement, the catalyst samples were
degassed under an N, atmosphere at 473 K for 2 h as
a pretreatment.

Field-emission transmission electron microscopy (FE-TEM)
was used to analyse the morphology of CeO, and the particle
size distribution of Ni. Observations were made using a micro-
scope (JEM-2100F; JEOL Ltd.) operated at an acceleration
voltage of 200 kV. Elemental mapping was conducted using
energy-dispersive X-ray spectroscopy (EDX). Sample preparation
involved dispersing a small amount of catalyst powder in
ethanol, followed by its subsequent deposition onto a copper
microgrid (NP-C15; Okenshoji Co., Ltd.).

X-Ray diffraction (XRD) analysis was used to examine the
crystal structure of the catalysts. The measurements were per-
formed using a diffractometer (RINT-Ultima III; Rigaku Corp.)
with Cu Ka radiation. The instrument operated at a tube current
of 40 mA, tube voltage of 40 kV, and a scanning speed of
20° min .

X-ray photoelectron spectroscopy (XPS) was conducted to
investigate the hydroxyl group content and the electronic
structure of the catalyst surface. Measurements were performed
using a VersaProbe II system (Ulvac-PHI, Inc.) equipped with
a monochromatic Al Ko X-ray source (1486.6 eV). For measure-
ments of the as-prepared catalysts, a pretreatment was con-
ducted at 773 K for 1 h under an Ar flow (100 mL min %) to
remove adsorbed species, such as water vapour and CO,, from
exposure to ambient air at room temperature. For evaluation of
the catalyst treated under an applied electric field, after the
catalyst was first pretreated at 773 K for 1 h under an Ar flow
(100 mL min~"), a DC current of 5 mA was applied in a H, : Ar
gas mixture (1:1, 100 mL min~') at 423 K for 1 h. After
pretreatment, the samples were handled in a glovebox to
prevent air exposure. They were transferred to the XPS chamber
using a sealed transfer vessel. The resulting spectra were
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charge-corrected using the C 1s peak at 284.8 eV. The back-
ground was subtracted using the Proctor-Sherwood-Shirley
method.*>?* Peak fitting was performed using a pseudo-Voigt
function (a sum of Gaussian and Lorentzian components).

In situ X-ray absorption fine structure (XAFS) measurements
at the Ce Ls-edge, including X-ray absorption near-edge struc-
ture (XANES), were performed at beamline BL14B2 of SPring-8
to investigate changes in the electronic state of Ce in the cata-
lyst under a reducing atmosphere. Sample discs (10 mm
diameter) were prepared by mixing each catalyst powder with an
appropriate amount of BN. As reference materials for Ce** and
Ce'", we used CeF; and CeO,, respectively. For measurements,
the temperature was ramped from room temperature to 773 K at
arate of 10 K min~" under a H, : N, gas mixture (1: 9, total flow
rate 100 mL min '). Spectra were recorded at every 100 K
interval starting from 373 K. Data processing was conducted
using xTunes software (Science and Technology Research
Institute Co., Ltd.).

Diffuse reflectance infrared Fourier transform spectroscopy
(in situ DRIFTS) was used to investigate the surface-adsorbed
species under reaction conditions. A schematic image of the
apparatus used for measurements is presented in Fig. S2.
Measurements were conducted using a spectrometer (FT/IR-
6200; Jasco Corp.) equipped with a liquid nitrogen-cooled
MCT detector and a ZnSe window. The DRIFTS cell, designed
for electric field application, was made of Teflon, with two
platinum wires inserted through the pores to serve as elec-
trodes. The sample consisted of approximately 100-120 mg of
a well-polished Ni/CeO, catalyst. First, the catalyst was pre-
treated under a reducing atmosphere (H,:Ar = 1:1, 40
mL min~") at 773 K (without EF) or 573 K (with EF) for 1 h with
subsequent purging with Ar (40 mL min~") for 1 h. Then the
catalyst was treated again with H,: Ar (40 mL min ') at 773 K
(without EF) or 573 K (with EF) for an additional hour. Back-
ground spectra were collected under Ar flow (40 mL min~") at
373 K (with EF) or 473 K (without EF), after which the
measurement began under reaction conditions. To observe
changes in surface species before and after EF application, the
reaction gas was set as CO, : Hy : Ar = 1:4:5 (40 mL min™ ). To
investigate the surface protonics effect induced by the electric
field, a mixture of H,: Ar = 4: 5 (36 mL min ') was used. After
recording changes before and after EF application, 4 mL min "
of CO, was introduced. A direct current of 5 mA was applied
during electric field operation. All spectra were collected with
a resolution of 4 cm ™' and were averaged over 100 scans.

3 Results and discussion

3.1. Structure and morphology of catalysts

The ICP-OES analyses revealed that the Ni loading is 4.8 wt% for
the Ni/CeO,(NC) catalyst and 4.7 wt% for the Ni/CeO,(PC)
catalyst. The BET surface area of the Ni/CeO, (NC) catalyst and
that of the Ni/CeO, (PC) catalyst were almost identical (152 m*
¢! and 157 m® g7, respectively). Therefore, the effect of
surface area can be ruled out. The crystalline structures of the
catalysts, primarily CeO,, were further compared using XRD
analysis, with the results presented in Fig. S3 and Table S1. No
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peak corresponding to metallic Ni or NiO was detected in either
catalyst. Both samples exhibited diffraction patterns charac-
teristic of a face-centred cubic fluorite structure, indicating no
significant structural differences in CeO,. However, a compar-
ison of the diffraction peaks corresponding to each crystal plane
revealed that the Ni/CeO, (PC) catalyst exhibited a decrease in
peak intensity, suggesting lower crystallinity or increased
structural disorder compared to Ni/CeO, (NC).

To compare the structural properties of Ni/CeO, catalysts,
FE-TEM measurements were conducted. The results are pre-
sented in Fig. 1 and 2. In the STEM images of each catalyst,
CeO, (NC) appeared as fine spherical particles with an average
size of approximately 5 nm, whereas CeO, (PC) mainly consisted
of large grains exceeding 100 nm in diameter. Regarding the
state of supported Ni, STEM-EDS mapping revealed that Ni
atoms were highly dispersed showing particle sizes within 5 nm
due to suppressed aggregation (Fig. 1). In contrast, in the Ni/
CeO, (PC) catalyst, Ni atoms were observed to aggregate into
particles larger than 20 nm (Fig. 2).

3.2. Evaluation of chemical properties of catalysts

Because lattice oxygen defects on the substrate surface are
known to contribute to the activity of both conventional
methanation reactions and certain electric field-catalysed
reactions.”” We investigated the presence of the lattice oxygen
defects in Ni/CeO, catalysts using Raman spectroscopy. The
Raman spectra for each catalyst are depicted in Fig. 3. Among
the peaks commonly observed for both catalysts, the bands
around 460 cm ™" and 590 cm™ " are attributed, respectively, to
the F,, and D vibrational modes of the fluorite-type
structure.?®*

The intensity ratio of these peaks (Ip/Iy,,) correlates with the
amount of lattice oxygen defects in CeO,. This ratio, calculated
for each catalyst, revealed that the Ni/CeO, (NC) catalyst (Ip/Irg
= 0.37) contains more lattice oxygen defects than the Ni/CeO,
(PC) catalyst (Ip/Ippg = 0.24). This result supports earlier find-
ings indicating that lattice oxygen defects are formed more
readily as the CeO, particle size decreases.*® Reportedly, nano-
scale CeO, particles exhibit more significant lattice distortion,**
i.e., changes in Ce-O bond length, accompanying defect
formation. Additionally, other studies** have indicated that, as
CeO, particle size decreases, crystal facets with higher Miller
indices and under-coordinated sites that favour defect forma-
tion become more prevalent. This observation is consistent with
our XRD results, which confirmed that CeO, (NC) exhibits
a higher proportion of high-index planes compared to CeO,
(PC).

Fig. S4 summarises the H,-TPR and CO,-TPD results for each
catalyst. The H,-TPR profile (a) shows two major features: the
peak at around 473 K («) is assigned to the reduction of NiO
species weakly interacting with the CeO, support (i.e., relatively
large NiO particles), whereas the peak at around 523 K () is
attributed to NiO strongly interacting with CeO, (i.e., compar-
atively smaller NiO particles) and/or interfacial Ni-O-Ce
species.”® Comparing these two catalysts, the (§ peak is
pronounced for Ni/CeO, (NC) but is barely discernible for Ni/

© 2026 The Author(s). Published by the Royal Society of Chemistry
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::Zﬁm Ni K ey 25 nm oK

Fig.1 (A and B) TEM, (C) HAADF-STEM images, and (D—-F) corresponding EDX elemental maps of the Ni/CeO, (NC) catalyst.

CeO, (PC). This trend is consistent with FE-TEM observations, interfaces and a greater propensity for lattice oxygen vacancy
which indicate higher Ni dispersion on Ni/CeO, (NC), and with  formation. In the CO,-TPD measurements, a peak appears at
Raman spectra suggesting more readily reducible Ni-CeO, around 390 K, assigned to the desorption of bicarbonate
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(A and B) TEM, (C) HAADF-STEM images, and (D—F) corresponding EDX elemental maps of the Ni/CeO, (PC) catalyst.
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Fig. 3 Raman spectra of the Ni/CeO, (NC or PC) catalysts.

adsorbed on weak basic sites.** Comparison of peak areas (as
a proxy for adsorption amount) indicates higher CO, uptake for
Ni/CeO, (NC), which is likely attributable to its higher concen-
tration of lattice oxygen vacancies.

Subsequently, XPS measurements were taken of the as-
prepared catalysts to elucidate the surface hydroxyl group
content and the electronic structure of the catalysts. As shown
in Fig. S5 and S6, the Ce 3d spectrum exhibits four Ce*" and six
Ce*" peaks.* The Ni 2p;,, spectrum displays three characteristic
peaks: NiO (854 eV), Ni(OH), (855.5 €V), and a satellite peak (861
eV).***” The O 1s spectrum shows two major components:
a peak around 529 eV attributed to Ce**-O bonds in CeO,, and
another around 531.5 eV associated with Ce**-O bonds, which
are attributed mainly to surface adsorbates, particularly
hydroxyl groups formed on the CeO, surface.*® The composition
ratios of each peak, determined through spectral fitting, are
presented in Table 1. Specific examination of the Ni 2p;z,, and O
1s peaks reveals that the Ni/CeO, (NC) catalyst contains
a greater amount of hydroxyl groups on the Ni surface in the as-
prepared state, whereas the Ni/CeO, (PC) catalyst shows
a higher concentration of hydroxyl groups on the CeO, surface.
Over the Ni/CeO, (NC) catalyst with Ni smaller particles, as
observed via FE-TEM measurements, Ni-OH bonds tend to be
more stable due to the rise of the d-band centre level.*>* In
addition, lattice oxygen defects, which generally tend to form

Table 1 Fitting results from Ce 3d, Ni 2pz/,, and O 1s XPS spectra for
as-made Ni/CeO, (NC) catalyst and the as-made Ni/CeO, (PC)
catalyst

Ratio%

Ce 3d Ni 2p3, O1s
Catalyst ce** Ce™ NiO Ni(OH), Ce-Op Ce-OH
5 wt% Ni/CeO, (NC) 29.8 702 389 61.1 66.3 33.7
5 wt% Ni/CeO, (PC) 31.9 68.1 50.8 49.2 45.6 54.4
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more readily at the metal-support interface due to the effect of
metal-support interactions, promote the dissociation of H,O
and H, and contribute to OH group formation.* Based on these
factors, it is considered that the Ni/CeO, (NC) catalyst readily
forms OH groups near the Ni-CeO, interface.

To investigate the reduction behaviour of Ce, in situ XAFS
measurements at the Ce Ljz-edge were conducted under
a hydrogen atmosphere. The results are presented in Fig. 4. For
both catalysts, a shift in the absorption edge from the high-
valence state (Ce’") to the low-valence state (Ce®) was
observed as the temperature increased. It is noteworthy that Ni/
CeO, (PC) exhibited a larger shift toward the lower valence state
than Ni/CeO, (NC), indicating that Ce in Ni/CeO, (PC) is more
readily reduced to Ce** under hydrogen, which is consistent
with XPS results. In general, when CeO, interacts with H,, two
types of dissociation can occur: homogeneous dissociation,
resulting in the formation of surface hydroxyl (OH) groups, and
heterogeneous dissociation, producing hydride (H™) and OH
species. In CeO, with a high concentration of lattice oxygen, the
Ce-H species, where H™ is bound to a Ce atom, has been re-
ported as stable.*”**> Therefore, it is suggested that in CeO,
(PC), homogeneous dissociation of H, is predominant, leading
primarily to the formation of surface OH groups. By contrast,
CeO, (NC) tends to favour heterogeneous dissociation under
reducing conditions, resulting in the formation of hydride
species.

3.3. Methanation activity over the Ni/CeO, catalyst in an
electric field

The catalytic activities of CO, methanation over the Ni/CeO,
(NC or PC) catalysts were evaluated at temperatures of 393 to
523 K (Fig. 5). When comparing the two catalysts, even under
heating without an electric field, the Ni/CeO, (NC) catalyst
exhibited a higher CO, conversion rate than the Ni/CeO, (PC)
catalyst (blue-filled circles and blue circles in Fig. 5). Next,
activity tests were conducted with an electric field applied (red
plots). It is particularly interesting that both catalysts exhibited
methanation activity even at 393 K, with NC showing higher
activity. However, when the electric field was turned off, no
activity was observed at these low temperatures, suggesting that
the electric field influences adsorbed species on the catalyst
surface. In these experiments, it has already been established
through numerous previous investigations that the effect of
Joule heating induced by the applied electric field on catalytic
activity is negligible'®* and no significant changes in the
catalyst structure, such as the agglomeration of Ni particles,
were observed after the reaction in an applied electric field
(Fig. S7). For the NC catalyst, even at 393 K, it exhibited very
high methane selectivity exceeding 95% in the presence of an
electric field. In contrast, the PC catalyst showed methane
selectivity of approximately 60% at 393 K.

3.4. Adsorbed species in reaction atmosphere in an electric
field

To identify surface-adsorbed species and reaction intermediates
of CO, methanation on Ni/CeO, catalysts, in situ DRIFTS

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XAFS spectra under the in situ condition of each temperature (A) over Ni/CeO, (NC) and (B) over Ni/CeO, (PC).

measurements were conducted. First, the in situ DRIFT spectra
of the Ni/CeO, (NC) catalyst without an applied electric field are
depicted in Fig. 6. The results reveal the adsorption of bicar-
bonate (1008 cm ™!, 1246 cm ', 1422 cm '), monodentate
carbonate (1092 cm™', 1485 cm™'), bidentate carbonate
(1051 em™', 1285 cm™', 1557 cm '), bridged formate
(1398 em ™', 1598 cm ™', 2841 ecm ™, 2950 cm™ '), CO species
adsorbed onto the Ni surface (1917 ecm ™', 2027 cm ™ '), and gas-
phase CH, (3012 cm™').5*"** As the temperature increased from
473 to 523 K, the formate-related peak intensity decreased,
whereas the CH, signal increased, suggesting the consumption

of formate species as an intermediate in CH, formation. In situ
DRIFTS measurements were also conducted for the Ni/CeO,
(PC) catalyst under the same conditions as those used for the
Ni/CeO, (NC) catalyst without the application of an electric field
(Fig. S8). In contrast to the Ni/CeO, (NC) catalyst, no CO
adsorption on the Ni surface was observed. Moreover, the peak
intensities corresponding to bicarbonate, carbonate, and
formate species were weaker than those observed for the Ni/
CeO, (NC) catalyst.

Next, in situ DRIFTS measurements were performed on the
Ni/CeO, (NC) catalyst under an applied current of 5 mA to

CO; conversion
NVCeO2(NC) with EF
NVCeO;(NC) without EF
Ni/CeO,(PC) with EF
NVCeO,(PC) without EF

77 ¢¢

CH, selectivity
NVCeO2(NC) with EF
NVCeO,(NC) without EF
NVCeO,(PC) with EF
NVCeO,(PC) without EF

' 4
CO; conversion | %

|
T

(II)[.

CHy selectivity / %

453 473 493

513

433
Temperature /| K

Fig. 5 CO, conversion and CH, selectivity for activity tests over the Ni/CeO, (NC or PC) catalysts with or without the electric field at various
temperatures (CO,: Hy: Ar = 1:4:5; 100 mL min~* total flow rate; 100 mg catalyst weight).
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investigate the reaction mechanism under an electric field. As
depicted in Fig. 7, adsorbed species, including hydroxy carbonyl
(1335 ecm™') and bridged carbonate (1132 cm™'), were
observed.***” When an electric field was applied under H,-only
flow (Fig. 8), peaks corresponding to Ce-OH species were
observed, specifically, Ce**-OH at 3650 cm " and Ce*"~OH at
3674 cm '.5%% These results suggest that the electric field
promotes the formation of surface hydroxyl groups necessary
for surface proton conduction. When CO, gas was introduced
under these conditions, hydroxycarbonyl species were observed,
similar to those detected under direct electric-field application
during simultaneous CO, and H, supply. However, the Ce**~OH
and gas-phase CO peak intensities were higher than those
presented in Fig. 7.
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In situ DRIFT spectra under the reaction atmosphere over the Ni/CeO, (NC) catalyst without an electric field at 473-523 K (CO, : H, : Ar =

In situ DRIFTS measurements were also conducted for the
Ni/CeO, (PC) catalyst under the same electric field conditions as
those used for the Ni/CeO, (NC) catalyst (Fig. S9 and S10). As in
the Ni/CeO, (NC) system, peaks corresponding to hydroxy
carbonyl, bridged carbonate, Ce**~-OH, and Ce*'-OH were
observed. However, the intensities of all these peaks were lower
than those found for the Ni/CeO, (NC) catalyst.

To verify the formation of OH species on the catalyst surface
by applying an electric field, we performed XPS measurements
using Ni/CeO, (NC) before and after H, treatment, with the
electric field applied. The XPS spectra are shown respectively in
Fig. S11 and S12. The composition ratios of each peak, as
determined by spectral fitting, are presented in Table 2. After
application of the electric field, the amounts of hydroxyl groups
on both the Ni surface and the CeO, surface increased for the
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In situ DRIFT spectra under the reaction atmosphere over the Ni/CeO, (NC) catalyst recorded before/during application of the electric

field (EF) at 423 K, CO,:H,:Ar=1:4:5; 40 mL min~* total flow rate, 0 or 5.0 mA imposed current.
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K, Ho: Ar =1:1; 40 mL min~* total flow rate, O or 5.0 mA imposed current.

Table 2 Fitting results from Ce 3d, Ni 2pz,> and O 1s XPS spectra for
the Ni/CeO, (NC) catalyst before applying EF and the Ni/CeO, (NC)
catalyst after applying EF

Ratio%

Ce 3d Ni 2p;), O 1s
Catalyst ce’* Cce' NiO Ni(OH), Ce-O, Ce-OH
Before applying EF  29.8 70.2 389 61.1 66.3 33.7
After applying EF 33.9 66.1 16.9 83.1 55.0 45.0

Ni/CeO, (NC) catalyst. Results showed that applying the electric
field can promote OH formation on the catalyst surface.

3.5. Elucidation of the reaction mechanism

In earlier reports, two mechanisms for thermal CO, methana-
tion in the absence of an electric field were proposed: an asso-
ciative mechanism® proceeding via formate species on the
support, and a dissociative mechanism®-** proceeding via CO
intermediates on the active metal surface. Fig. 9 presents the
presumed mechanism for CO, methanation in the absence of
an electric field over the Ni/CeO, catalyst. In this study, in situ
DRIFTS measurements revealed the simultaneous formation of
formate species and adsorbed CO on Ni/CeO, (NC). According

to reports, the dissociative mechanism tends to occur at the
metal-support interface in catalysts with lattice-oxygen
defects.®> These results suggest that both associative and
dissociative pathways occur in parallel under these conditions.
In contrast, for the Ni/CeO, (PC) catalyst, no peak correspond-
ing to adsorbed CO was observed, suggesting that only the
associative mechanism is active in this system.

Regarding the reaction mechanism under electric field
application, earlier studies have demonstrated that an external
electric field can influence the adsorption and reactivity of
surface  species, including hydroxyls, through DFT
calculation,®®* and that imposing the electric field on Ni
catalysts can engender the formation of Ni(OH), as well as
hydroxyls on the CeO, surface. A coupled site of a lattice oxygen
vacancy and an adjacent hydroxyl group can act as a Lewis base,
promoting CO, adsorption and activation.®®® It is therefore
assumed that bridged carbonate species can form at the inter-
face between the Ni surface and the oxide support via OH
groups adsorbed onto both Ni and CeO, surfaces. TEM
measurements reveal that the Ni/CeO, (NC) catalyst exhibits
higher Ni dispersion compared to the Ni/CeO, (PC) catalyst.
Generally, smaller particle sizes result in a larger overall Ni
interfacial length for the catalyst. Therefore, assuming bridged
carbonates form at the Ni-CeO, interface, the Ni/CeO, (NC)
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Fig. 9 Schematic illustration of the proposed mechanism in the CO, methanation reaction without the electric field over the Ni/CeO, catalyst.
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Fig. 10 Schematic illustration of the proposed mechanism of the CO, methanation reaction with the electric field over the Ni/CeO, catalyst.

catalyst is thought to possess more sites necessary for bridged
carbonate formation than the Ni/CeO, (PC) catalyst. It was re-
ported that on distorted interfacial sites (e.g., interfaces
between different metals or between a metal and its support, as
proposed in this study), bridged species can avoid excessive
stability and thus show reactivity.®” On the other hand, hydroxy
carbonyl is reported to be a reactive species generated through
the utilisation of lattice oxygen defects.®®®® In our previous
study, we experimentally observed H, consumption and the
formation of oxygen vacancies, accompanied by H,O formation,
when an electric field was applied in a hydrogen atmosphere at
lower temperatures.***” So, hydroxy carbonyl species can be
formed effectively in the electric field.

Earlier reports have described that a catalyst surface
including nanoparticles and metal-support interface experience
stronger local electric fields than the bulk when semiconductors
or metal nanoparticles are exposed to external stimuli such as
electric fields or light, known as the “tip effect”.”*”> Accordingly,
the reaction mechanism proposed for CO, methanation under
an electric field on a Ni-CeO, catalyst is presented in Fig. 10. At
the Ni-CeO, interface, where the local electric field is concen-
trated, H, dissociation and the formation of lattice oxygen
vacancies are promoted. Then, CO, molecules utilise the
resulting hydrogen species and oxygen vacancies to form highly
reactive intermediates such as bridged carbonate and hydroxy
carbonyl species. Furthermore, hydride species are believed to
play a key role in the hydrogenation of CO,.”*”* As described in
in situ XAFS measurements, such hydrides are more readily
formed on CeO, (NC), which is thought to facilitate conversion

10546 | RSC Adv, 2026, 16, 10538-10548

of CO, to CH,. On the other hand, the Ni/CeO,(PC) catalyst is
considered not to benefit from the applied electric field to the
same extent as the Ni/CeO,(NC) catalyst. This is likely because
structural factors, such as low Ni dispersion and a low
concentration of lattice oxygen vacancies, hinder the formation
of Ni-OH groups and hydrides that contribute to methanation
in the electric field.

4 Conclusion

We specifically examined CeO,-supported Ni catalysts with
different crystal structures and investigated catalysts that
exhibit high activity in CO, methanation under an electric field.
We investigated the reaction mechanism by particularly
addressing the activation of surface hydroxyl groups and lattice
oxygen under an electric field and examined how the structure
and physical properties of CeO, affect these phenomena and
contribute to methanation activity.

First, from the perspective of catalyst structure, the BET
specific surface areas of Ni/CeO,-NC and Ni/CeO,-PC catalysts
were almost identical. STEM-EDS mapping revealed that Ni
supported on CeO,-NC was highly dispersed, whereas on CeO,-
PC it was predominantly present as larger particles with an
average diameter of approximately 25 nm. Raman spectroscopy
revealed that the NC catalyst contained more lattice oxygen
defects than the PC catalyst. XPS analysis showed that the NC
catalyst had a higher amount of hydroxyl groups on the Ni
surface as prepared.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The NC catalyst exhibited a higher CO, conversion rate than
the PC catalyst under heating conditions. Furthermore, when
an electric field was applied, the NC catalyst demonstrated high
selectivity to methane and showed high CO, conversion, even at
the low temperature of 393 K. In situ DRIFTS observations
showed that cross-linked carbonate species formed at the
interface between the Ni surface and the oxide support via OH
groups, and that the reaction proceeded effectively in an electric
field utilising lattice oxygen defect. CO, molecules utilise the
generated hydrogen species and oxygen vacancies to form
reactive intermediates such as bridging carbonates and hydroxy
carbonyl species. Additionally, hydrogen species play a crucially
important role in the hydrogenation of CO,. These mechanisms
promote the conversion of CO, to CH, on the NC catalyst under
an electric field.
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