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Unique NiCo bimetal boosting 98% CH, selectivity
and high catalysis stability for photothermal CO,
hydrogenationt
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A highly dispersed NiCo alloy catalyst derived from NiCo bimetallic—organic framework nanosheets was
synthesized for efficient photothermal catalysis for CO, hydrogenation to methane. The NiCo bimetal
catalyst achieves a CH, production rate of 55.60 mmol g~ h™! with only a 18.82% decline in performance
after 86 hours under atmospheric pressure at selected 290 °C and continuous flow reaction. In situ diffuse
reflectance infrared Fourier transform spectroscopy (in situ DRIFTS) reveals the synergistic and comp-
lementary roles of light and heat in photothermal catalysis. The thermochemical process drives the reverse
water—gas shift reaction to form a *CO intermediate, a key intermediate for the formation of CH,4, and
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light irradiation-generating strong near field from the surface plasma resonance of NiCo bimetals promotes
the subsequent *CO hydrogenation step to form *CHO, the rate-determining step for the hydrogenation
of CO; into CHy4. Meanwhile, density functional theory (DFT) calculations suggest that the NiCo bimetallic
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1. Introduction

Harnessing solar energy to drive the conversion of CO, into
high-value-added hydrocarbons is considered an effective
method for achieving carbon neutrality, thereby helping in
mitigating the greenhouse effect." However, this approach
typically utilizes only a small fraction of the solar spectrum
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catalyst can also lower the energy barrier of *CO hydrogenation, facilitating the formation of *CHO.

captured by semiconductors, specifically the ultraviolet and
visible light portions, which together account for 48% of the
total solar energy.*® As a result, it often yields low production
rates at the pmol g., " h™" scale.” In contrast, photothermal
catalysis, which integrates photochemical and thermochemical
processes by utilizing an external heat source, has the poten-
tial to overcome the limitations of low efficiency in purely
light-driven processes and the harsh reaction conditions
associated with thermal catalysis.®® Photothermally driven
CO,, conversion thus enables achieving in general production
rates in the mmol g.,. " h™" range, three orders of magnitude
higher than those of conventional photochemical
reactions.'®** Elucidation of the synergistic roles of light and
heat in the catalytic process and uncovering of the catalytic
transformation mechanisms are important for advancing the
achievement of the dual carbon strategy goals.'>* The CO,
hydrogenation reaction usually undergoes the reverse water—
gas shift (RWGS) reaction (CO, + H, - CO + H,0) and the
Sabatier reaction (CO, + 4H, — CH, + 2H,0), respectively.">"®
Depending on the specific application scenario, CO, hydrogen-
ation is typically desired to selectively convert into either CO or
CH,. However, the concurrent occurrence of both reactions
leads to reduced selectivity, making this goal still
challenging.”*®

In the past decade, metal alloy catalysts have shown
potential industrial applications in CO, hydrogenation

This journal is © The Royal Society of Chemistry 2025
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reactions.'>?® Specifically, the synergistic effects introduced by
different metal elements in alloy catalysts have effectively
enhanced catalytic yields and optimized selectivity in CO,
hydrogenation.>® Among these, selection of the appropriate
metal composition and distribution is crucial for achieving
high selectivity.”*** Notably, non-precious nickel-based cata-
lysts have garnered significant attention due to their excellent
cost-to-performance ratio and high selectivity for
methane.>*® However, the limitations of nickel-based cata-
lysts in terms of low-temperature catalytic activity and dispersi-
bility restrict their potential applications.>”® The construction
of alloy catalysts provides a promising approach to enhancing
the activity of nickel-based catalysts.> Specifically, the strong
C-0 dissociation ability of cobalt metal at lower temperatures,
combined with its atomic number being similar to that of
nickel, makes it a feasible choice for a bimetallic alloy when
combined with Ni.>**? Additionally, to improve the dispersi-
bility of NiCo alloy catalysts, carbon-based materials (such as
graphene, carbon nitride, g-C3N,, etc.) with high specific
surface areas can provide abundant loading sites for NiCo
alloy particles, thus reducing particle agglomeration during
the reaction.>** Although alloy catalysts have shown unique
advantages in CO, hydrogenation, the complexity of the cata-
lytic conversion mechanisms means that the relationship
between the atomic structure and performance still requires
continuous exploration.*®

In this study, highly dispersed NiCo alloy particles in the
carbon matrix were successfully prepared through annealing
two-dimensional NiCo metal-organic framework nanosheets
(NiCo-MOFNs) under an inert atmosphere for efficient photo-
thermal catalysis of CO, hydro-methanation. The resulting
NiCo/C catalyst achieved a methane production rate and
selectivity of 55.60 mmol g™ h™' and 98.01%, respectively,
and a CO, conversion rate of 42.34% under flowing photother-
mal conditions. A decline of only 18.82% in the catalysis per-
formance after 86 hours demonstrates excellent catalytic stabi-
lity. In situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) reveals the synergistic and complementary
roles of light and heat in photothermal catalysis. The thermo-
chemical process drives the reverse water-gas shift (RWGS)
reaction to form *CO, a key intermediate for the formation of
CH,, and light illumination-generating strong near field from
the surface plasma resonance (SPR) of NiCo bimetals promotes
the subsequent *CO hydrogenation step to *CHO, the rate-
determining step for the hydrogenation of CO, into CH,.
Meanwhile, density functional theory (DFT) calculations
suggest that the NiCo bimetallic catalyst can also lower the
energy barrier for the *CO hydrogenation, facilitating the for-
mation of *CHO.

2. Experimental section
2.1. Materials

All the chemicals were employed without further treatment.
NiCl,-6H,0 (99.9%), CoCl,-H,O (99.99%), N,N-dimethyl-
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formamide (DMF) and triethylamine (TEA) were bought from
Aladdin Chemical Co., Ltd. Benzenedicarboxylic acid (BDC)
was bought from Sigma-Aldrich Co., Ltd. Absolute ethyl
alcohol was bought from Sinopharm Chemical Reagent Co.,
Ltd.

2.2. Preparation of samples

Synthesis of NiCo-MOFNs. NiCo-MOFNs were synthesized
according to a reported method with some modifications.?”
First, DMF (32 ml), ethanol (2 ml) and ultrapure water (2 ml)
were mixed in a 100 ml beaker. Next, 0.75 mmol BDC,
0.375 mmol NiCl,-6H,0 and CoCl,-H,O were dissolved sequen-
tially into the mixed solution under ultrasonication. After Ni**
and Co®" salts were dissolved, 0.8 ml TEA was quickly injected
into the solution. Then, the solution was stirred for 5 min to
obtain a uniform colloidal suspension. Afterward, the colloidal
solution was continuously ultrasonicated for 8 h (40 kHz).
Finally, the products were obtained via filtration and washed
with DMF and ethanol 3 times, followed by vacuum freeze-
drying with the assistance of a large amount of ultrapure
water.

Synthesis of Ni-MOFNs and Co-MOFNs. The preparation
process was the same as that of NiCo-MOFs, except that
0.375 mmol NiCl,-6H,0 and 0.375 mmol CoCl,-H,O were
replaced with 0.75 mmol NiCl,-6H,0 or 0.75 mmol CoCl,-H,O
for Ni-MOFNs or Co-MOFNs, respectively.

Synthesis of Ni/C, Co/C and NiCo/C materials. The above Ni-
MOFNs, Co-MOFNs and NiCo-MOFNs were annealed in N,
(25 ml min™") at 600 °C for 6 h with a heating rate of 2 °C
min~!, named Ni/C, Co/C and NiCo/C, respectively.

2.3. Characterization

The powder X-ray diffraction (XRD) patterns of the samples
were collected on a Bruker-D8 Advance Powder X-ray diffract-
ometer (40 kv, 40 mA) using Ni-filtered Cu Ka radiation in the
26 range from 20 to 70° at a scan rate of 0.1° per second. The
morphologies of the samples were observed using a scanning
electron microscope (SEM, Zeiss Gemini 500) and a trans-
mission electron microscope (TEM, FE TecnaiG2 F20S-TWIN)
coupled with an energy-dispersive X-ray spectrometer. The
metal content of the samples was quantified by inductively
coupled plasma optical emission spectrometry (ICP-OES,
Analytik PQ9100). The X-ray photoelectron spectroscopy (XPS)
measurements were performed on a PHI5000 VersaProbe.

2.4. Photo-/thermal-/photothermal catalytic performance test

The CO, hydrogenation reaction was carried out in a fixed-bed
flow reactor under atmospheric pressure. A total of 200 mg of
catalyst was homogeneously dispersed in 500 mg of quartz
sand. The mixed catalyst was pressed and subsequently
ground (20-40 mesh). The above catalysts were uniformly dis-
persed on a quartz microfiber filter. Before the reaction, the
catalyst was ex situ reduced in flowing H,/N, (H,/N, = 1:9) at
50 ml min~" and 350 °C for 2 h. After the reduced catalyst
cooled down to room temperature, the reactor was flushed
with Ar for 1 h. Then, The CO, hydrogenation reaction was
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carried out in the reaction gas (CO,/H,/N, = 1:3:1) of 50 ml
min~". A 300 W Xe lamp (300-2500 nm) was used as the light
source (PLS-XSE300+). In the photocatalytic test, a Xe lamp was
used as a light source at room temperature. In the thermal cata-
Iytic test, the Xe lamp was removed and the reactor was heated
to 290 °C. In the photothermal catalysis test, a Xe lamp was used
in conjunction with an external heat source. The effluent gas
was analysed online by gas chromatography (GC, Fuli GC97901I).

2.5. In situ DRIFTS analysis

In situ diffuse reflectance infrared Fourier transform spec-
troscopy was performed on a Thermo Nicolet iSSO FTIR
spectrometer with a high-precision mercury-cadmium-tellur-
ide (MCT) detector cooled with liquid nitrogen. Before collect-
ing the spectra, the samples were warmed to 350 °C with He
(15 scem), followed by switching to 11 vol% H,/He and pre-
reduction for 1 h. The samples were then cooled down to
290 °C with He (for solely photocatalytic experiments, cooled
down to room temperature) and stabilised for 10 min, at
which point the background spectra were collected. Finally,
the reaction gas (CO,/H, = 1:3) was introduced into the
reactor (4 sccm), with or without a light source selected accord-
ing to the reaction conditions, and spectra were collected.

2.6. Numerical simulation

The electric field was simulated by the finite-difference time-
domain (FDTD, Lumerical FDTD solutions) method with per-
fectly matched layer boundary conditions. The dielectric con-
stants of Ni, Co and NiCo ware taken from the literature.>®

2.7. DFT simulation

All the DFT computational calculations were carried out with
Vienna ab initio simulation package (VASP),***° and the projec-
tor-augmented wave (PAW) method is used to describe inter-
actions of electrons and ions. The exchange—correlation poten-
tial is represented by the generalized gradient approximation
(GGA) as parameterized by Perdew-Burke-Ernzerhof (PBE).*'
The valence electrons are described with a plane wave basis
set, and a plane-wave cutoff energy of 400 eV is used in the
calculations.

The per unit cell of Ni, Co and Ni-Co is a cubic crystal with
the space group of Fd3m, fully optimized with the Monkhorst-
Pack type k-point mesh of 9 x 9 x 9. The lattice parameters of
Ni bulk are a = b = ¢ =3.515 A, a = f = y = 90°, those of Co bulk
are a = b =c=3.512 A, a = § = 90°, and those of Co-Ni alloy
bulkarea=h=c=3.534 A, a ==y =90°.

All the models are constructed with 2 x 2 x 2 supercells of
the (111) facet containing five layers to simulate the surface of
Co, Ni and Ni-Co alloy, and the two layers of atoms at the
bottom were fixed. A vacuum layer of 15 A was added to avoid
the interaction between separate periodic slabs for the surface
calculations. The k-point sampling was set to 3 x 3 x 1 to
perform the surface calculations. When the residual forces
were less than 0.01 eV A™", the convergence of optimizing the
atomic positions and cell parameters was reached, and the
electronic energy was converged to 10> eV. Grimme’ s scheme

5772 | Nanoscale, 2025,17, 5770-5777

View Article Online

Nanoscale

(DFT + D3)** was adopted to treat the van der Waals (vdW)
interactions between the adopted species and surfaces.

The free energy change (AG) of each elementary step in the
CO,RR can be obtained by using the formula: AG = AE + AZPE
— TAS + eU, where AE is the reaction energy of the reactant
and product species adsorbed on the catalyst directly obtained
from DFT computations; AZPE and TAS represent the
differences in zero-point energy and entropy, respectively,
between the adsorbed species and the gas phase molecules at
298.15 K, which can be calculated from the vibrational fre-
quencies. U is the applied potential. According to the
obtained free energy change of each elementary step, the
limiting potential (U;) was further computed as follows:

max(AGy, AGy, AG3, AGy, ..., AG;) 43
e

L=

3. Results and discussion

3.1. Characterization of samples

The synthetic process of NiCo/C has been described in the
Experimental section in detail. Briefly, the sheet-like NiCo-
MOFN precursor was prepared by the coordination of Ni** and
Co®" and benzenedicarboxylic acid (BDC) in binary DMF-
ethanol solution at room temperature, which is characterized
using X-ray diffraction (XRD) (Fig. S2}), scanning electron
microscopy (sem) (Fig. S31), and transmission electron
microscopy (TEM) analyses (Fig. S47). Subsequently, the result-
ing NiCo-MOFNs were pyrolyzed under an N, atmosphere to
form the NiCo/C catalyst. For comparison, Ni or Co was also
added separately during the precursor preparation to obtain
Ni-MOFNs and Co-MOFNs, which were then subjected to the
same annealing process to generate Co/C and Ni/C, respect-
ively. Thermogravimetric analysis (TGA) was used to collect
data on the pyrolysis process of metal-MOFNs from 50 °C to
800 °C to understand the formation mechanism of this metal
alloy catalyst (Fig. S5t). It was found that the metal-MOFN
undergoes significant pyrolysis in N, after 600 °C, converting
the organic components into carbon matrices, and the metal
elements are transferred into metal nanoparticles.

The XRD patterns of various Ni and Co-based catalysts
show the presence of a cubic phase of metal nanoparticles
with no obvious diffraction peaks corresponding to metallic
oxides (Fig. S61). The diffraction peaks at 44.39° and 51.72°
can be indexed to the cubic phase (111) and (200) crystal
planes of the NiCo bimetal, respectively. The diffraction peaks
of Co/C, NiCo/C and Ni/C are gradually shifted to large angles,
implying the formation of NiCo alloy nanoparticles. No diffrac-
tion peaks associated with the carbon matrix were observed,
implying a high degree of disorder in the carbon matrix. The
graphitization degree of the carbon matrix in the NiCo/C cata-
lyst was assessed by Raman spectroscopy (Fig. S7t). The inten-
sity ratio of the disordered graphite (D band) at 1350 cm™" and
the E,, mode of graphite (G band) at 1588 em™" (Ip/Ig) is 1.03,
confirming the high degree of disorder of the carbon matrix in
the synthesized catalyst.>

This journal is © The Royal Society of Chemistry 2025
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The transmission electron microscopy (TEM) image of
NiCo/C shows that NiCo bimetal particles were uniformly dis-
persed in the carbon matrix with an average particle size of
~9-10 nm (Fig. 1a and Fig. S8%). The high-resolution TEM
image displays the lattice fringes with an interlayer distance of
0.21 nm, being assigned to the (111) crystal plane of NiCo
alloy particles (Fig. 1b and c). The high-angle annular dark-
field scanning TEM (HAADF-STEM) image (Fig. 1d) and the
corresponding energy-dispersive X-ray spectroscopy (EDS)
mapping images (Fig. le-g) confirm the co-existence and
uniform distribution of C, Ni, and Co elements. Inductively
coupled plasma optical emission spectrometry (ICP-OES) veri-
fies the atomic ratios of Ni to Co of 1.056:1 in the NiCo alloy,
close to that in the MOFN precursors. The metal loadings of
Ni/C, Co/C and NiCo/C were 85.02 wt%, 78.70 wt% and
82.01 wt%, respectively.

X-ray photoelectron spectroscopy (XPS) spectra of NiCo/C
confirm the presence of C, O, Ni, and Co (Fig. S97). In the C 1s
spectra, three main peaks of the synthesized catalysts at 284.3,

50 nm

50 nm

Fig. 1
(g) Co for NiCo/C.
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285.1 and 288.6 eV corresponded to C=C sp2, C-C sp3 and
C=O0, respectively (Fig. $101).** Two peaks at 852.30 eV and
854.78 eV for the Ni 2p spectra can be ascribed to metallic Ni°
and Ni*", respectively (Fig. 2a), and the peaks at 777.82 €V and
780.25 €V in the Co 2p spectra to metallic Co® and Co*',
respectively (Fig. 2b).*>*® The presence of Ni*" and Co*" may
originate from partial surface oxidation of the metallic Ni and
Co in air. The binding energy of Ni° in NiCo/C decreases rela-
tive to Ni/C, while that of Co° increases, compared to Co/C,
which implies electron donation from Co to Ni in NiCo/C.

3.2. Photothermal catalytic CO, hydrogenation performance

The catalytic performance of photothermal CO, hydrogenation
was evaluated in a flow reactor at selected 290 °C, powered by
an external heat source. CH, was detected as the main product
for all Ni/C, Co/C, and NiCo/C with the production rates of
4.17, 8.85, and 55.60 mmol g~' h™", respectively (Fig. 3a). The
superior catalysis performance of NiCo/C relative to Ni/C and
Co/C demonstrates the necessity of the NiCo bimetallic syner-

50 nm 50 nm

(a) TEM images of NiCo/C. (b) and (c) HRTEM images of NiCo/C. (d) HAADF-STEM images of NiCo/C. EDS mapping images of (e) C, (f) Ni and
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(a) Ni 2p3/2 core-level XPS spectra of Ni/C and NiCo/C. (b) Co 2p3/2 core-level XPS spectra of Co/C and NiCo/C.
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different conditions. (d) CO, conversion of the NiCo/C catalyst during long-time reaction at 290 °C under light irradiation.

gism for the CO, hydrogenation reaction. To the best of our
knowledge, the CH, yield on the present NiCo/C in the flow
reaction is at the top among those of most reported metal-
based catalysts (see Table S17). In addition, CO was also pro-
duced on Co/C and NiCo/C with the rates of 2.38 and
0.96 mmol g~' h™", respectively (Fig. 3b), and absent on Ni/C.
The CH, selectivity of NiCo/C was detected to be 98.1%, close
to 99.27% for Co/C, and much higher than 77.02% for Ni/C
(Fig. 3b). The CO, conversion rate of NiCo/C reaches as high as
42.34%, much higher than 3.14% for Ni/C and 8.58% for Co/
C. After more than 86 hours of flow catalysis, the CO, conver-
sion rate still remained around 34.87%, with only a 18.82%
decline, demonstrating high stability of the NiCo/C catalyst
(Fig. 3c). The isotopic CO, experiment confirms that the
carbon source for the CO, hydro-methanation reaction orig-
inates from the input CO, gas (Fig. S117). It should be men-
tioned that light illumination alone is just slightly capable of
driving the present CO, hydro-methanation reaction, achieving
negligible amounts of products and a CO, conversion rate of
0.02% despite the surface temperatures reaching 177 °C after
5 min-light illumination from photo-induced heat (Fig. S127).
Compared to the monometallic Ni and Co samples, the cata-
lyst surface temperatures of the bimetallic NiCo alloys were
elevated by 52 and 47 °C, respectively. Meanwhile, with purely
thermal catalysis at 290 °C under dark conditions, the CO,
conversion rate and methane yield of NiCo/C were detected to
be 0.18% and 0.21 mmol g~' h™" (Fig. 3d), respectively, indi-

5774 | Nanoscale, 2025,17, 5770-5777

cating that thermal catalytic CO, hydrogenation on NiCo/C can
occur, but still with relatively low efficiency. It definitely veri-
fies the synergistic effect of light and heat in triggering the
photothermal reaction.

3.3. Mechanism of carbon dioxide hydro-methanation
reaction

Fig. 4a shows the comparative in situ DRIFTS spectra of NiCo/C
after 60 minutes of reaction under solely light-driven, thermal
catalytic, and photothermal conditions, and the corresponding
time-dependent spectra are shown in Fig. S13.f The absorp-
tion peaks at 1266/1518 cm™" and 1699 cm™" were attributed
to the formation of monodentate carbonate (m-*CO;>”) and
‘CO,"~ species, respectively, indicating no significant difference
in CO,-activated precursor species on NiCo alloys under
different conditions.?”"*® Additionally, the adsorption peak at
1649 cm™" was assigned to *COOH, suggesting that the car-
boxyl pathway is the main reaction route.*® The *CO peaks at
2074, 2113, and 2177 cm™' were observed under both ther-
mally and photothermally catalysed conditions, indicating that
the CO, hydrogenation-to-methane reaction on NiCo alloys
under these conditions involves the RWGS process.’® The
peaks at 2965 cm ™' and 3014 cm™’, associated with the C-H
stretching vibrations of CH, and CH,, respectively, were
observed under both photothermal and thermal catalytic con-
ditions, but not under solely light-driven conditions.’™>
Additionally, the peak related to *CHO at 1059/1086 cm ™" was

This journal is © The Royal Society of Chemistry 2025
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(@) CO, hydro-methanation pathway on the Ni (111), Co (111) and Ni—Co (111) interface. (b) The optimized configurations of the key inter-

mediates of Ni—Co (111). The blue, purple, grey, red and white spheres represent Ni, Co, C, O and H atoms, respectively.

detected under solely light-driven and photothermal con-
ditions, and absent under purely thermal catalysis process.>*>?
This suggests that light illumination may typically promote the
formation of *CHO intermediates. This promotion possibly
originates from a light-generating strong near field from the
surface plasma resonance (SPR) on NiCo bimetal nano-
particles, which may activate the intermediate species.'®>?
Furthermore, in situ DRIFTS experiments were also performed
on monometallic Ni and Co catalysts (Fig. S147) for the same
photothermal CO, hydrogenation reaction. While the charac-
teristic peaks were found almost consistent with those
observed in the NiCo alloy, the peaks of *CHO on both Ni and
Co were significantly weaker than those on the NiCo alloy
(Fig. 4b). This indicates that the synergistic effect of the bi-
metallic Ni and Co facilitates the hydrogenation of *CO to
*CHO. The finite-difference time-domain (FDTD) method was
employed to simulate SPR near-field enhancement around Ni,
Co, and NiCo. The near-field electric field strength of the bi-
metallic NiCo catalysts is indeed significantly higher than that
of the monometallic Ni and Co catalysts (Fig. S15-177).

DFT calculations were conducted to investigate the adsorp-
tion and activation processes of CO, on Ni (111), Co (111), and
Ni-Co (111). The free energy changes for each reaction step are
shown in Fig. 5a, and the optimized configurations of the key
intermediates of Ni-Co (111) are depicted in Fig. 5b. The opti-
mized configurations of the involved intermediates of Ni (111),

This journal is © The Royal Society of Chemistry 2025

Co (111), and Ni-Co (111) are shown in Fig. S18-20.7 The cal-
culated CO, hydrogenation-to-methane mechanisms reveal
that one oxygen atom of CO, is hydrogenated to form *COOH
species with free energy changes of —0.23 eV and —0.10 eV on
Ni (111) and Co (111), respectively (Table S27), while a slight
free energy increase of 0.01 eV is observed on Ni-Co (111).
Subsequently, the generated *COOH intermediate reacts with a
second (H' + €7) pair to form *CO and H,O. However, as the
rate-determining step, the further hydrogenation of the *CO
intermediate to form *CHO species requires a relatively high
energy input: 1.06 eV for Ni (111), 0.98 eV for Co (111), and
0.82 eV for Ni-Co (111). Due to the significantly lower energy
input (0.82 eV) required by the NiCo alloy catalyst for the
hydrogenation of *CO to *CHO, the formation of *CHO inter-
mediates is promoted, consistent with the stronger character-
istic *CHO FTIR signal.

4. Conclusions

The unique NiCo/C catalyst was synthesized for photother-
mally catalysing CO, hydrogenation to methane under a flow
reactor with high efficiency and stability. The photochemical
and thermochemical processes are aligned in the formation of
CO,-activated precursors and the reactive carboxylate pathway.
The individual contributions of the photochemical and ther-
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mochemical processes are reflected in the fact that the thermo-
chemical process introduces the RWGS process, and light illu-
mination promotes the formation of the reaction intermediate
*CHO. This study provides valuable insights into the photo-
thermal synergy and bimetallic cooperation in photothermal
catalytic reactions.
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