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Abstract

This research introduces a novel, high-performance Ni-doped y-Al>O3 multifunctional catalyst (MFC)
for the CO, methanation reaction (CMR). The catalysts are designated as AxNy, where x and y are the
mass ratios between the [NH4]>CO3 additive for y-Al2O3 (A) and Ni (N) precursor, respectively, used in
the synthesis. This design integrates multiple distinct functions, including catalysis, adsorption, and
stabilization, into a single nanomaterial. The AxNy features strong metal-support interaction (MSI)
interlayers with a high density of both Lewis acid (surface hydroxyls: OH*) and Lewis base sites (oxygen
vacancies: OVs). The optimized AsoN2o composite catalyst exhibits the best CMR performance,
achieving a 92.1% conversion of 1 vol% CO; with an 82.8% yield at 400°C. This corresponds to a high
CH, formation rate of 19.9 mmol g! h'! and a turnover frequency of 0.25 s at 400°C. The catalyst's
irregular, defect-rich structural morphology provides evidence of synergistic acid-base pairs, originating
from adjacent OH* groups and OVs on the y-Al>O3 surface. The strong MSI stemming from the NiAl,O4
interface ensures the stabilization of ultra-fine Ni” nanoparticles, preventing their sintering under reaction
conditions. This enhancement in textural and electrical properties improves the accessibility of CO> to
the exposed Ni active sites, promoting efficient reaction kinetics and CMR performance. This synergistic
integration of multiple chemical and structural functions within a single material provides a compelling
strategy to facilitate the development of sustainable, chemically tailored MFMs with high potential to

surpass current industrial CMR benchmarks.
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1. Introduction

The rise in atmospheric CO: emissions since the industrial revolution is primarily driven by
anthropogenic sources, such as fossil-fuel consumption and large-scale deforestation (Maitlo et al.,
2025b). The transition to green energy and the pursuit of comprehensive environmental remediation
depend on the development of innovative, sustainable technologies. In response, the European
Commission’s Green Deal has set an ambitious roadmap for a low-carbon future, targeting an 80-95%
reduction in CO: emissions by 2050. Likewise, carbon capture and utilization (CCU) has emerged as a
promising strategy, with techniques developed for chemical fixation, hydrogenation, and catalytic
reduction (Overa et al., 2022; Liu et al., 2026). However, the widespread deployment of these

technologies is often hindered by significant operational challenges.

The CO: methanation reaction (CMR) has attracted a great deal of interest due to its simple
experimental setup, relatively low energy demand, capacity to reduce carbon footprints, and potential to
generate chemical building blocks essential for a sustainable society (Bueno-Ferrer et al., 2025; Ju et al.,
2025). The primary challenge of CMR lies in the activation of the reactant (i.e., non-polar CO>).
Generally, CO2 with a symmetrical linear structure and a high O=C=0 bond dissociation energy (806 kJ
mol!) is perceived as a chemically inert and thermodynamically stable gas. These properties make its
adsorption and activation highly challenging (Kim et al., 2025; Lee et al., 2025). Additionally, the overall
CMR is a thermodynamically exothermic reaction (i.e., Sabatier reaction = CO> + 4H, — CHs + 2H>0,
AH%osk = -165 kJ mol™); thus, theoretically, it can be carried out at low temperature and high pressure
(Zhang et al., 2024a). However, sluggish reaction kinetics, deactivation of catalysts, equilibrium
limitations, and the competing reverse water gas shift (RWGS) (COz + Ho — CO + H20, AH%qsk = +41
kJ mol') are pressing challenges, thereby hindering the feasibility of CMR for industrial-scale

application under low temperature conditions (Celoria et al., 2025; Ullah et al., 2025).
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In the pursuit of active and selective multifunctional catalysts capable of overcoming these limitations,
supported metal catalysts have emerged as indispensable options. Specifically, noble (Pt, Ru, and Pd)
and non-noble (Ni, Co, and Cu) metals supported on various metal oxides (e.g., SiO2, MgO, ZrO,, CeO,,
Y»03, and Al>O3) have been actively investigated for high-performance CMR (Chen et al., 2024a; Wang
et al., 2024; Bueno-Ferrer et al., 2025; Ju et al., 2025; Yin et al., 2025). However, industrial applications
of noble metal-based catalysts are inadequate due to their high costs and limited availability. Recently,
nickel-based catalysts have been recognized as an exceptional choice for CMR due to their superb
product selectivity, low cost, and industrial-scale accessibility (Gao et al., 2024; Ma et al., 2024; Fan et
al., 2025). However, the practical application of nickel-based catalysts still faces several unresolved
challenges. A critical issue during CMR is the formation of volatile Ni carbonyl compounds (i.e., volatile
organometallic compounds = Ni +4CO — Ni(CO)s) (Zhang et al., 2024b).These volatile organometallic
compounds readily leave the catalyst surface, leading to Ni metal loss, reduced anti-coking properties,
and subsequent catalyst deactivation (Onrubia-Calvo et al., 2024). Furthermore, catalytic performance is
critically influenced by the size and dispersion of Ni nanoparticles, as the dispersion of Ni species is
highly dependent on the physicochemical properties of the underlying metal oxide supports (Ye et al.,
2024b; Guo et al., 2025). In this regard, selecting an appropriate metal oxide support is essential. An
ideal support provides a high-surface-area scaffold for uniform metal particle dispersion and modulates
their electronic properties via strong metal support interactions (MSI) overlayer (Ye et al., 2024b;
Barreau et al., 2025). Additionally, metal oxide supports featuring surface hydroxyl species (OH*) and
oxygen vacancies (OVs) play a crucial role in accelerating H» spillover effects and promoting the CO>
adsorption/hydrogenation reaction (Wang et al., 2016; Cisneros et al., 2023; Wang et al., 2023).
Generally, the OV can be formed by removing oxygen atoms from interfacial sites with lower formation

energies than those at other surface regions (Li et al., 2019).
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This study advances the concept of multifunctional nanomaterials (MFMs) through the rational
design of a novel Ni-doped y-AlbO3 catalyst. By strategically engineering strong MSI interlayers, we
construct a material with a high density of frustrated Lewis pairs (FLPs) comprising adjacent surface
OH* (Lewis acid) and OVs (Lewis base). This unique architecture is expressly designed to achieve a
highly uniform dispersion of ultra-fine Ni nanoparticles, enhance CO» activation, and ultimately boost
CMR activity and stability. The operando experimental analyses were used to understand the multi-step
CMR pathway on this tailored Ni/y-Al,O3 MFM. This all-embracing approach, which synergistically
combines rational catalyst design with advanced mechanistic study, bridges the gap between fundamental
research and industrial implementation. Thus, it is presumed that this approach will pave the way for the
adaptation of high-performance and chemical-tailored MFMs that are sustainable and capable of

surpassing the current state-of-the-art in CMR for the generation of industrial fuels.

2. Materials and methods

2.1. Chemicals and Materials

All chemicals used in this study were of analytical grade or higher and were purchased from Sigma-
Aldrich (USA), including Ni(NO3)2:6H20 (99.999%), Al203 (99.5%), [NH4]2CO3 (99.8%), and C2H204
(99.5%). All the chemicals were used without any further purification, unless otherwise specified.
Standard gas cylinders (e.g., CO2 (99.999%), N2 (99.999%), and H> (99.999%)) were obtained from

Union Gas Co., Ltd. (Yongin, Republic of Korea).

2.2. Synthesis of MFM Catalysts

2.2.1. Synthesis of y-ALOs3 support.

The y-AlO3 support was synthesized via a modified precipitation method (Lim et al., 2026). Briefly,
commercial Al2O3; powder was dispersed in DI water to form a suspension (Solution A). The separate

aqueous solutions of C2H204 (solution X1) and [NH4]2COs (solution X2) were prepared separately into
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500 mL Pyrex breakers (Corning Incorporated, NY, USA) and ultrasonicated for 10 minutes at room
temperature. Subsequently, solution X1 was added dropwise into solution A, which was kept stirring at
100°C for 2 hrs. The resulting precipitate was collected, washed three times with DI water, and then re-
dispersed in 100 mL of DI (solution A2). Next, solution X2 was added dropwise to solution A2 under
continuous stirring for 1 hr at room temperature. The mixture was then aged for 48 hrs at 60°C. Finally,
the resulting suspension was washed repeatedly three times with DI water, oven dried at 100°C,
pulverized into powder, and calcinated at 400°C for 3 hrs. The obtained y-Al>O3 support was labeled as

Ax (where x represents the mass ratio of [NH4]>CO3 to initial Al>O3), as summarized in Table 1.

2.2.2. Synthesis of Ni-doped A catalyst (AxNy).

The Ax support was dispersed in DI water (Solution A3). A separate aqueous solution of
Ni(NOs)2-6H20 was prepared (Solution Y). Both solutions were ultrasonicated for 10 min at room
temperature, after which solution Y was added dropwise into solution A3 and kept for 2 hr stirring at
60°C. The resulting suspension was washed repeatedly three times with DI water, oven dried at 100°C,
followed by reduction at 400°C for 1 h under a flowing H2/N> mixture (e.g., 5% H2/N>) in a tube furnace.
The final product, Ni-doped Ax, was labeled as AxNy (where y represents the weight ratio of Ni to Ax) as

summarized in Table 1.

2.3. Characterization techniques

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 ADVANCE diffractometer (Bruker
Corp., Billerica, USA) using Cu Ka radiation source (A = 1.5406 A) over a 20 range of 5-80° to identify
the crystalline phases and structures of the catalysts. High-resolution transmission electron microscopy
(HRTEM) and scanning transmission electron microscopy (STEM) were performed on a JEOL JEM-
2100F microscope (Tokyo, Japan). Energy dispersive X-ray spectrometer (EDS) mapping was conducted

on an FEI Nova Nano SEM 450 (FEI Co., Hillsboro, OR, USA). These techniques were used for
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microstructural and crystallographic analysis (e.g., lattice fringes, particle size), surface morphology, and
elemental compositions of the catalysts. The textural properties (e.g., surface area, pore volume, and pore
size distribution) of the MFMs were analyzed by N> adsorption-desorption isotherms at 77 K using a
Micromeritics ASAP 2010 analyzer (Micromeritics Instrument Corp., Norcross, GA, USA). The
elemental composition and surface chemical states of the MFMs were examined by X-ray photoelectron
spectroscopy (XPS, K-alpha, Thermo Fisher Scientific, Waltham, USA), with all binding energies
calibrated against the C 1s peak at 285.0 eV. The surface basicity and reducibility of the MFMs were
evaluated by CO» temperature-programmed desorption (CO»-TPD) and H» temperature-programmed
reduction (H2-TPR) using a chemisorption analyzer (AMI, Altamira Instruments, USA). CO,-TPD was
conducted with 10% CO»/He, whereas H>-TPR was performed with 10% Ho/Ar at a flow rate of 30 mL

min"! with TCD detection under a ramped heating program up to 900°C (heating rate of 10°C min').

2.4. Data analysis

The CMR performance of AxNy, as MFM, was extensively evaluated by considering key metrics,
such as CO> conversion efficiency (Xcoz: %, Eq. 1), product yield (Ycns: %, Eq. 2), product selectivity
(Scma: %, Eq. 3), CH4 formation rate (rcnsa: mmol g!' h'!, Eq. 4), and turnover frequency (TOF: s Eq.
5). The Schs metric signifies the fraction of CH4 in total hydrocarbon products (i.e., CH4 and CO).
Similarly, the rcus value represents the catalytic activity of the CMR system, signifying the CHs

production rate normalized by the mass of the MFM and reaction time under different operating

conditions.

= (- G20) o
Yop, = (CHL0UL) 5 100 2)
CH4 — Fcoz,in



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

Scha = (—F““"’“f ) X 100 3)

FCO,out+FCH4,out

FcHa,0ut
Tepga = Yepga X | ————— 4
CH4 CH4 <Mass of MFM(g)) ( )
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Here, Fin and Fou (mol h'!) denote the molar flow rate of carbonaceous compounds (i.e., CO», CO, and
CHy,) at the reactor inlet and outlet, respectively. The Mni (g mol™) is the atomic mass of the Ni active
site, mcar (g) is the mass of the AxNy catalyst, W is the Ni content within the AxNy catalyst, and Dni (%)
is the dispersion of the Ni catalyst estimated from TEM-based Ni particle size analysis (Eq. 6). Where,
Vni and An; refer to the atomic volume and surface area of Ni, respectively (Abdel-Mageed et al., 2020;

Chen et al., 2024a).

3. Results and discussion
3.1. Characterization of materials

3.1.1. Crystallographic and surface textural characterization

The AsoN2o composite catalyst, which exhibited the most promising performance in preliminary tests, has
been examined, along with its reference materials (e.g., AoN2o and y-Al>03), to analyze their crystalline
patterns. Pristine y-Al>O3 showed characteristic peaks at 20 = 37.5° (311), 45.7° (400), and 67.2° (440),
consistent with its metastable phase (PDF# 047-1308) (Fig. 1a) (Bravo et al., 2025). It is noteworthy that
the AsoN2o and AgN2o composite catalysts exhibited comparable XRD patterns, sharing the characteristic
diffraction peaks of y-Al,O3; without a significant shift in their diffraction angles. Additionally, for

metallic Ni® nanoparticles, the XRD pattern of AsoN2o and ANz composite catalysts displayed three
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strong diffraction peaks at 20 values of 44.5, 51.9, and 76.4, corresponding to the (111), (200), and (220)
facets of the face-centered cubic structure of metallic Ni® crystals (PDF# 04-0850), respectively (Tian et
al., 2023). The y-AlbOs; structure remained intact after Ni incorporation, indicating no phase
transformation. Besides, the crystallite size (Dn = nm) of the prepared catalysts (e.g., AsoN20, and AoN»o,

and y-Al,03) was computed using Debye-Scherrer’s equation (Eq. 7) (Ali Maitlo et al., 2025).

kx4
T BXxC0SO

(7

Where A, B, k, and 0 represent the X-ray wavelength (0.154 nm), angular line width at half-maximum
of the crystal plane, shape factor (0.9), and Bragg angle in degree, respectively (Maitlo et al., 2025a).
The crystallite sizes of y-Al203w40/Ni’111) were 4.9/2.6 nm for AsoN2o, 5.2/3.0 nm for AoN»o, and 5.9/—
nm for y-Al,O3 (Table S1). The smaller Ni° crystallite size in AsoN2o (2.6 nm) compared to A¢N2o (3.0
nm) indicates a higher dispersion of Ni nanoparticles. This high Ni® dispersion promotes the Ha
dissociation and spillover, which is expected to enhance reaction kinetics and product yield (Liu et al.,

2025a).

Fig. 1(b-c) shows the N> adsorption-desorption isotherms and pore size distributions for AsoN2o and
reference materials (e.g., AoN2o and y-Al>O3). The N> adsorption isotherms of all catalysts showed a
gradual uptake at low relative pressure (P/Py < 0.5), followed by a pronounced adsorption step in the
range of P/Po=0.5-0.9 (Fig. 1b). All isotherms are Type IV with H3 hysteresis, confirming mesoporous
structures from the stacking of plate-like particles as defined by International Union of Pure and Applied
Chemistry (IUPAC) standards (Lin et al., 2024; Zhang et al., 2024b). Additionally, pore size

distributions were centered around 4 nm, confirming uniform mesoporosity (Fig. 1c).

The mesoporous structure of AsoNoo facilitates Ni nanoparticle dispersion and provides channels that

can expedite the mass transfer process during the CMR process (Ye et al., 2024a). According to Table
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S1, the BET surface area (BETsa of 104.8 m? g'!), pore volume (Py of 0.15 cm® g'!), and average pore
diameter (Pq of 4.41 nm) values of AsoN2o composite catalyst are higher than those of AoN2o (BETsa of
101.4m? g !, Py: 0.15 cm® g!, and Pq of 3.98 nm). The improved textural properties of the AsoNag catalyst
enhance CO» access to Ni active sites, thereby promoting reaction kinetics and improving the catalytic

performance of the CMR system.

3.1.2. Morphological and microstructural characterization

The Field-emission scanning electron microscopy with energy-dispersive X-ray spectroscopy (FE-
SEM-EDS) was used to assess the surface morphology and elemental distribution. The surface
morphologies of the catalysts are shown in Fig. 2(a-c). The pristine y-Al>O3 showcased a polycrystalline
structure composed of numerous smaller, highly agglomerated angular crystallites with well-defined
polyhedral facets and edges (Fig. 2a). In contrast, AsoN»o exhibited a complex, porous microstructure
due to Ni doping and strong MSI (Fig. 2¢). Specifically, the highly porous and aggregated structure of
AsoN2o provides a high surface area for catalyst-support interactions (Liu et al., 2025a). Additionally, the

ultra-fine metallic Ni’ nanoparticles were highly dispersed and integrated into the y-Al,O3 matrix.

The fine Ni° dispersion indicates strong MSI (Zhao et al., 2024; Choudhary et al., 2026). The NiAl>,O4
interlayer electronically and structurally anchors Ni particles, inhibiting sintering and ensuring long-term
stability (Huang et al., 2025). The high interface density creates nanoscale environments for synergistic
acid-base catalysis (Chen et al., 2024a). FE-SEM-EDS mapping was used to visualize the distribution of
the active phase and support material. The pristine y-Al2O3 exhibits a uniform background of Al (wt.%
of 49.86) and O (wt.% of 50.14) across the surface (Fig. 2d and Table S1). The EDS mapping AsoN2o
catalyst, however, explicitly illustrated the uniform distribution and strong integration of ultra-fine
metallic Ni° nanoparticles within the y-Al>O3; matrix (e.g., Al wt.% of 39.11, O wt.% of 38.34, and Ni

wt.% of 22.56) (Fig. 2(e-f)) and Table S1).

11
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Fig. 3(a-f) shows HR-TEM images of AsoN20, AoN2o, and y-Al>O3 at different magnifications (i.e.,
20 nm and 5 nm) (Fig. 3(a-f)). The pristine y-Al>O3 showed agglomerated, irregular crystallites forming
a sponge-like morphology (Fig. 3a). AsoN2o displayed a porous, platelet-like morphology with well-
dispersed Ni” nanocrystals (dark spots) within the y-Al,O3 matrix (Fig. 3c). The defect-rich morphology

provides a high density of Lewis acid (OH*) and base (OVs) sites on the y-Al>O3 surface.

The AsoN2o composite catalyst exhibited an average Ni° particle size of 11.47 nm, significantly
smaller than that of AgN2o (17.28 nm) (Fig. 3(b-¢)). The crystallite size of the pristine y-Al>O3 support
was 19.51 nm (Fig. 3a). The smaller Ni size in AsoN>o confirms that the [NH4]>COj3 additive strengthens
MSI and inhibits sintering (Chen et al., 2024a; Ma et al., 2024; Liu et al., 2025a). The d-spacings and
lattice fringes in selected regions of AsoN2o composite catalyst and its reference materials (e.g., AoN2o
and y-Al,O3) were confirmed by HR-TEM with inversed Fourier transformed (IFT) patterns and
corresponding line histograms (d-spacing of various facets) (Lim et al., 2026). In the case of pristine y-
AD O3, the crystal interplanar spacing of 0.14 nm matches the (440) plane of the metastable crystalline
phases of aluminum oxide (Fig. 3d) (Zeng et al., 2021). AoN2o showed lattice fringes for y-Al>03(440)
(at 0.41 nm) and Ni°(111) (at 0.201 nm) (Fig. 3e) (Ma et al., 2024). AsoN2g exhibited fringes for Ni’(111)

(at 0.207 nm) and Ni’%(200) (at 0.176 nm) within the y-Al,O3 matrix (Fig. 3f) (Chen et al., 2024a).

The selected area electron diffraction (SAED) analysis was used as a complementary technique in
conjunction with HR-TEM to analyze the structural features of a specific nanoparticle, grain, or region
(Liu et al., 2025b; Zhang et al., 2025). This technique successfully endorsed the existence of specific
crystalline phases. The SAED pattern of the y-Al>O3, AoN2o, and AsoN2o displays several bright circular
rings that are assigned to the (311)/(400)/(440) planes of y-Al,Os and the (111) plane of Ni® crystal (Fig.

3(g-i), which are in good agreement with the HR-TEM and XRD analyses. The combined HR-TEM, IFT,
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and SAED analyses confirm the co-existence of highly crystalline y-Al,O3 and metallic Ni® phases,

consistent with a strong MSIL.

3.1.3. Surface composition and chemical state analysis

The XPS was used to investigate the surface composition and electronic states of the AsoN2o and its
counterpart (i.e., AoN2o). The Al 2p peak at ~74.2 eV confirmed AI** in y-Al,O3, with no metallic A1°
detected (Fig. 4a). Fig. 4b displays the Ni 2p spectra of AsoNz catalysts along with AoNzo. The
deconvolution of the Ni 2p core region of ANy displays prominent peaks at 852.0 eV (Ni’), 855.1 eV
(Ni%* in NiO), and 873.3eV (Ni%* in NiAl,O4) with a distinct satellite peak at 861.5-873.2 eV (Ni**in
NiO) (Tian et al., 2023). In the case of the AsoNao, the Ni 2p peaks for both Ni’ (from 852.0 eV to 852.2
eV) and Ni%* (from 855.6/873.3 eV to 855.7/873.4 eV for Ni**) species exhibit a small positive shift of
approximately +0.2 eV (Fig. 4b). This positive shift indicates decreased Ni electron density, signifying
strong MSI with the modified Aso support. The surface concentration of Ni’ also increases slightly from
2.4% to 2.5% (Table S3), suggesting the Asy support promotes the stabilization of a dispersed Ni° phase
(Liu et al., 2025a). These electronic modifications and the high Ni dispersion contribute to a more active

Ni’ phase in the AsoNao catalyst.

As shown in Fig. 4¢, the O 1s spectra can be deconvoluted into three main components. The first
peak at 529.6-529.7 eV is ascribed to the lattice oxygen (Or) in Ni-Al-O mixed oxide phase, while the
components at 531.1 eV and 532.1-532.2 ¢V are attributed to OVs and OH* group, respectively. The
relative concentrations of OVs and OH* groups were determined from the peak area ratios (Table S3).
AsoN2o had significantly higher relative concentrations of OVs (90.2% vs. 82.2%) and OH* groups
(86.5% vs. 56.4%) than AoN2o (Table S3). The higher OVs contents imply the presence of a superior
density of electron-rich low-coordination oxygen defect sites, which would promote the activation of

adsorbed CO», provide lattice sites for oxygen migration, and facilitate electron transfer (Liu et al., 2009;
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Zhang et al., 2022). The OH* groups anchor Ni nanoparticles and can participate directly in CO>
hydrogenation through the addition of an H atom of the OH* group into CO> (Liu et al., 2025a).
Therefore, the combined high density of OVs/OH* and modified Ni electronic state creates a superior

surface environment for CO; activation and methanation on AsoNoo.

3.1.4. Optical, redox, and surface acid-base properties characterization

The solid-state UV—vis spectroscopy provided insights into the electronic structure and coordination
environment of nickel ions (Ni2*) in AsoN2o composite catalyst and its counterpart (AoN2o). The strong
and broad peak at 292 nm is associated with ligand-to-metal charge transfer from the 2p orbital of O*
ligand to the 3d orbital of Ni** metal (Fig. 5a) (He et al., 2024). The bands in the 600-700 nm region are
assigned to the 3Ay(F)—>T (P) d-d transition, characteristic of tetrahedrally coordinated Ni** in the
NiALOs spinel structure (Fig. Sa) (Kim et al., 2004; Pham-Ngoc et al., 2025). In contrast, the bands at
387 nm and 728 nm are attributed to the > Azo(F)— >T1o(P) and *Axe(F)—>T14(F) transitions, respectively,
of octahedrally coordinated Ni** species in the NiO-like environments (Fig. 5a) (Kim et al., 2004; Pham-
Ngoc et al., 2025). Thus, the presence of tetrahedrally coordinated Ni2* confirms the formation of
NiALOs spinel, where Ni2* ions incorporate into the AlOj; lattice, indicating a strong MSI. This
interaction provides a clear explanation for the high dispersion of small metallic Ni°® particles after
reduction. This strong interaction is key to generating and stabilizing the highly dispersed metallic Ni°

particles, which are responsible for the high CMR activity and stability.

The reducibility and the extent of MSI of the prepared catalysts were investigated by H>-TPR. The
H»-TPR analysis revealed that the AsoN2o catalyst exhibits significantly enhanced reducibility compared
to the reference AoN»o, a finding evidenced by the substantial low-temperature shift of the primary
reduction (o) peak from 182°C (AoN2o) to 168°C (As0N2o) (Fig. Sb). This 14°C shift is a direct indicator

of stronger MSI between the Ni active sites and the y-Al>O3 support. The enhanced MSI facilitates the
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reduction process, which is further promoted by the hydrogen spillover phenomenon occurring at the
Ni/y-Al>Os interface (Chen et al., 2024a; Lin et al., 2024). Specifically, H atoms adsorbed on the Ni metal
spill over to attack the Al-O bonds of the support, ultimately leading to the formation of OVs and surface
OH* groups (Chen et al., 2024a). This restructuring of the interface is highly advantageous as it creates
the necessary conditions for the construction of an FLP structure, which is crucial for improving the
catalyst's CMR performance. In addition, the B reduction peak, which is generally assigned to the
reduction of larger or less-dispersed NiO nanoparticles, provides further insight into the structural quality
of the catalysts. The AsoN2o catalyst displayed its B peak at 247°C, representing a 5°C negative shift
compared to the 252°C peak observed for the AoNag catalyst (Fig. Sb). This shift to a lower reduction
temperature strongly suggests that the Ni nanoparticles in the AsoN»o catalyst have an intrinsically smaller
cluster size and superior dispersion across the support surface (Chen et al., 2024a; Lin et al., 2024). These
characteristics are highly beneficial, as smaller, well-dispersed metal clusters maximize the available
catalytic surface area. Consequently, this improved morphology is predicted to favor higher activity,
specifically yielding higher CMR performance. The final component of the H>-TPR profile, the y
reduction peak, provides crucial information about the most stable Ni species, which is typically the
NiAl>Os3 phase. The AsoNoo catalyst displayed its y peak at a significantly higher temperature of 545°C,
a substantial positive shift compared to the 488°C peak seen in AoN2o (Fig. Sb). This suggests a greater
extent of stability of the NiAl,O4 spinel formation (Chen et al., 2024b). Thus, the AsoNoo catalyst presents
a trade-off: superior low-temperature activation via FLP formation and dispersion, balanced against a

higher loss of active Ni to the spinel phase.

The CO»-TPD analysis was employed to assess the surface basicity of the catalysts, a property critically
linked to CO» activation and overall catalytic performance, particularly at low temperatures (Tian et al.,

2023). CO; desorption peaks typically fall into three temperature regions: weak basic sites (50-200°C,
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related to COzags), medium basic sites (200-450°C, associated with bicarbonate “COsH*” and bidentate
carbonate “b-CO3*”), and strong basic sites (450-800°C, related to monodentate carbonates “m-CO3z*”)
(Chen et al., 2024b). Catalytic performance is highly dependent on CO; adsorption on the weak and
medium sites, which facilitate the formation of crucial reaction intermediates (e.g., CO3* and b-CO3*)
(Ye et al., 2024a; Zhang et al., 2024c). The CO>-TPD results confirmed the superior potential of the
As0N2g catalyst for CO, activation. While the AoN»g catalyst showed two key peaks at 137°C and 280°C,
the AsoNoo profile was notably improved: it featured a CO2.4s peak at a lower temperature (128°C),
indicating more readily reversible adsorption on weak sites. It also showed an increased population of
medium basic sites, evidenced by two well-defined peaks at 273°C and 430°C (Fig. 5c). This rich basicity
profile suggests that CO; is not only more easily adsorbed and activated into the required carbonate
species on AsoNoo, but the catalyst also possesses a greater number and wider distribution of medium-
strength basic sites that are vital for sustaining a favorable reaction pathway, strongly suggesting

enhanced CMR performance.

3.2. CO2 methanation reaction
3.2.1. Effect of weight ratios on AxNy composites

The CMR performance of the ANy catalysts is strongly influenced by both the y-Al,O3; support
modification and the Ni loading level. The CMR performance of the AxNy catalysts and a reference
catalysts was evaluated with 1 vol% CO» in a H2/CO; ratio of 4 over a temperature range of 200 to 400°C.
The corresponding key performance metrics (e.g., Xcoz (%), Ycua (%), Scua (%), and rcps (mmol g b
") of the CMR process are summarized in Table 2. The pristine y-Al,O3 support showed negligible
activity (Xcoz of < 3%), consistent with physisorption of CO> without catalytic methanation (Fig. 6a and
Table 2). In contrast, the AxNy composite catalysts exhibited drastically improved CMR performance,

with maximum Xcoz values at 400°C of 41.1, 41.7, 41.8, 45.8, 58.8, 67.1, and 68.3% for AsoNs, AsoN3o,
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AoN20, AsoN10, A10N20, AsoN20, and AxoNoo, respectively (Fig. 6a and Table 2). The Scus (%) and rcHa
(mmol g!' h'!) followed a similar trend, with A20N20 (98.6%, 20 mmol g! h'') and AsoNao (95.2%, 16.2
mmol g h') exhibiting the highest values (Table 2). The superior CMR performance of AsoNa is
attributed to its higher contents of OVs and OH* species (refer to Section 3.1), which facilitate CO»
adsorption and activation. Moreover, the electronically modified and accessible N sites (refer to Section
3.1) enhance H» dissociation and hydrogen spillover to the activated CO,. These synergistic effects

collectively create an optimized surface environment for the sequential hydrogenation of CO; to CHa.

3.2.2. Effects of process variables

The CMR performance of the AsoN»o catalyst was optimized by evaluating the effect of the H»/CO>
ratio (4 to 10) over a temperature range of 250-400°C (Fig. 6b). It was observed that the Xco2 value for
AsoN2o increased substantially from 67.1% to 92.1% at 400°C as the H>/CO> ratio in the feed gas
increased from 4 to 10, while maintaining the inlet CO; concentration of 1 vol% (Fig. 6b and Table 2).
At 400°C and an H»/COx; ratio of 10, the AsoN2o catalyst achieved its maximum Schs of 98.5% (Table
2). Similarly, the rcns value increased from 16.3 to 19.9 mmol g™ h'! as the Ho/CO» ratio increased from

4 to 10 (Table 2).

The enhanced performance at a higher Ho/CO; ratio is attributed to the higher H> partial pressure,
which drives the hydrogenation of surface intermediates, reduces poisoning by carbonaceous species,
and facilitates CHs desorption. The higher Ho/COx ratio thermodynamically favors methanation over the
RWGS reaction, thereby suppressing CO formation and maximizing CHy selectivity. The abundant H»
also helps to maintain an active catalyst surface by preventing carbon deposition (coking) and ensuring

sufficient surface hydrogen coverage for successive hydrogenation steps in the CMR process.
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The effect of relative humidity (RH: 0-30%) on the CMR performance of AsoN2o was also
investigated (Fig. 6¢). The best performance metrics for AsoN2o at 0% RH included Schs (98.5%) and
rcna (19.9 mmol g! h'!), which were 1.2- and 1.7-fold, respectively, higher than those obtained at 30%
RH (Fig. 6¢ and Table 2). The presence of water vapor significantly inhibited the CMR performance,
primarily due to the competitive adsorption of H>O on the active sites. Water vapor also acts as a diluent,
reducing the partial pressures of H> and CO» and thus suppressing the reaction rate. Furthermore, H,O
can react with surface OVs and OH* groups, altering the catalyst's surface basicity and redox properties

and thereby diminishing its activity.

3.3. CMR mechanism and pathway
3.3.1. DRIFT analysis

In-situ DRIFTS analysis was conducted to probe the mechanism of CO- adsorption and activation on
the AsoN2o catalyst under a gas mixture of 1% CO; and 10% H> at ambient temperature (25°C) and high
(400°C) operating temperatures (Fig. 7(a-b)). In Fig. 7a, a series of vibration bands gradually appeared
and intensified with increasing CO> adsorption time from 0 to 60 min at ambient conditions, reflecting
the successive accumulation and surface interaction of COz-derived species on the AsoN2o catalyst
surface. Specifically, observed peaks were assigned to bicarbonate (HCO;" at 1630 cm™ and 1227 cm™),
monodentate carbonate (m-COs" at 1392 cm™"), and bidentate carbonate (b-COs" at 1338 cm™) (Ma et al.,
2024). The carbonate-based intermediate species are derived from the reaction of CO; with terminal
hydroxyls (OHT*: 3740 cm™) and bridging hydroxyls (OHB*: 3676 cm™) groups of AsoNao catalyst (Liu
et al., 2025a). The additional bidentate carbonate can also be derived from CO; adsorbed on OVs of the
AsoNyo catalyst. A weak but observable signal at 1004 cm™, attributed to methoxy groups (OCH3), further
implies that some of the surface intermediates undergo additional transformation toward hydrogenated

products (Li et al., 2022). The absence of CH4 and CO peaks at 25°C confirms that hydrogenation does
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not occur at ambient temperature. The rapid formation of carbonate and bicarbonate species instead
demonstrates the strong CO- adsorption capacity of AsoNoo, facilitated by its high density of OVs and

OH* groups.

As the reaction temperature increased to 400°C, the in-situ DRIFTS spectra displayed significant
changes associated with the enhanced hydrogenation of surface-bound carbonate-type intermediates to
methane (Fig. 7b). The characteristic bands of bicarbonate, monodentate carbonate, and bidentate
carbonate gradually diminished with increasing temperature, indicating their conversion into formate and
carbonyl species. The newly formed bands emerged at 1575, 1455, and 1227 cm’!, attributed to surface
formate species (Ma et al., 2024). These formate intermediates subsequently decompose into formyl
(CHO, 1755 cm™!) and are then hydrogenated to methoxy species (OCHs, 962 cm™) (Chen et al., 2025).
As a result, the appearance of a peak at 3013 cm™!, corresponding to the C-H stretching vibration of CHa,
confirms methane generation during thermal treatment (Liu et al., 2025a). The absence of detectable CO-
related species indicates that the formate pathway (CO>—carbonates—formate—CH4) dominates over
the CO-based pathway. These findings highlight the central role of carbonate and formate species in the
CMR process and demonstrate that CHs formation proceeds through stepwise hydrogenation facilitated
by strong Ni-Al>O3 interactions that promote CO> activation and intermediate stabilization. Collectively,
these results demonstrate the high activity of the AsoN»o catalyst in adsorbing, activating, and converting

CO», underscoring its potential for efficient CO> methanation.

3.3.2. CMR pathway on AxNy

The CO> methanation is a key strategy for mitigating greenhouse gas emissions while producing
sustainable fuels and chemical feedstocks (Razavi et al., 2025). The possible reaction pathways for CMR
mainly include the formate route: CO2*—HCOO*—>HCOOH*—HCO*—CHxO*—CH4, and the CO

route: CO*—>CO*—>HCO*—-CHxO*—CHs4 (Li et al., 2025a). Among the various reaction pathways,
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the formate route is widely recognized as dominant on Ni-doped metal-oxide catalysts due to its relatively
low activation barriers and the effective stabilization of intermediates on the catalyst surface (Chen et
al., 2025; Qiang et al., 2025). The DRIFTS analysis (Section 3.3.1) confirms that the formate pathway
dominates on the AsoNao catalyst, facilitated by a synergistic network of metallic Ni® sites, OVs, and

OH* groups.

The reaction initiates with CO> chemisorption at Lewis acid-base pairs, where OVs (Lewis base) and
adjacent OH* groups (Lewis acid) cooperatively polarize the CO; molecule. Simultaneously, H»
molecules dissociate on exposed Ni® sites, generating highly reactive hydrogen atoms (H*) that migrate
across the catalyst surface via hydrogen spillover. These activated hydrogen atoms react with the
adsorbed CO> to form surface-bound formate species (HCOO* and HCOOH?*), the key intermediate
driving the reaction along the low-energy formate pathway. Stepwise hydrogenation then produces
formyl (CHO) and methoxy (OCH3) intermediates, which are stabilized by interactions with the oxide
support. Stepwise hydrogenation of the adsorbed formate produces formyl (CHO*) and methoxy
(OCH3") as intermediate species, which are stabilized through interactions with OH* groups and adjacent
OVs. Finally, hydrogenation and C-O bond cleavage of the methoxy species (OCH3") releases CHa,

regenerating the active sites.

The cooperative interplay between Ni’ nanoparticles, the NiAlOx interface, OVs, and OH* groups is
critical for the high activity and selectivity. Ni provides active sites for Hz dissociation, the NiAl>O4
interlayer stabilizes Ni nanoparticles and promotes hydrogen spillover, while OVs and OH* enhance
CO; adsorption and intermediate stabilization. Collectively, this multi-component system establishes a
low-energy, selective pathway for CMR, minimizing side reactions and highlighting the mechanistic

dominance of the formate route.
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4. Performance comparison of AxNy with literature reports

The catalytic performance of the optimized AsoN»o catalyst was benchmarked against state-of-the-art
Ni-based systems reported in recent literature to evaluate its advancement. The comparison clearly
demonstrates that AsoN2o delivers cutting-edge performance in terms of Xco2, Schs, and TOF (Table 3).
Under industrially relevant higher temperatures (400°C, Ho/CO» = 4), AsoN2o achieves an Xco2 of 67.1%
with an Scus of 95.2% and a TOF of 0.18 s™'. A detailed analysis of Table 3 reveals the critical impact
of support and promoter selection. For example, the modification of a simple Ni/Al,O3 catalyst (Xcoo2:
25.5% at 275°C) with a Eu promoter in SEu-Ni/Al>O3 dramatically improves Xco2 to 80.8% under
identical conditions, highlighting the efficacy of rare-earth promotion in enhancing Ni reducibility and
CO, activation (Wang et al., 2025). Similarly, the choice of support composition is paramount, as seen
in the 25Ni/ZrO»-based series. Replacing part of the ZrO with CeOx (i.e., 25Ni/20Ce0,-55Zr0») yields
an Xco2 of 72.53% at 250°C, significantly higher than with Y»03 (45.55%) or without a promoter
(27.97%), underscoring CeO»'s role in providing oxygen storage capacity and promoting metal dispersion

(Italiano et al., 2025).

A key advantage of AsoN2o is revealed under reactant-rich conditions (H2/CO2 = 10), where its
performance surges to an Xcoz of 92.1% and a TOF of 0.25 s™!. Although a direct comparison is
challenging due to differing temperatures, this TOF under high-conversion conditions is highly
competitive. For instance, it surpasses the TOF of catalysts like 25Ni/20Ce0,-55ZrO> (0.09 s at 250°C)
and Ni-La;O3/Na*-BEA (0.12 s! at 250°C), despite AsoN2o operating at a significantly higher
temperature where thermodynamics are less favorable for CO, conversion, underscoring its superior
intrinsic kinetics and active site efficiency (Italiano et al., 2025; Kizil et al., 2025) (Table 3). The intrinsic
activity, measured by TOF, further distinguishes AsoN2o. Its TOF of 0.25 s™! (H2/CO; of 10) is notably

higher than that of many promoted and structured catalysts in Table 3, including 15Ni/Ce0»-U (0.06 s!
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at 200°C) and the Ni-CeCry 1/Sepiolite system (0.0055 s at 150°C) (Han et al., 2025; Li et al., 2025b).
This high TOF, achieved at a high space velocity (GHSV =60 L g'! h'!), indicates exceptionally efficient
use of Ni active sites. Furthermore, while many entries in Table 3 report performance under mild
conditions (< 300°C) to avoid Ni sintering, AsoN2o maintains high activity and stability at 400°C. This
demonstrates the success of its design principle: the strong MSI via the NiAl,Os interface and the high
defect density (OVs, OH*) collectively stabilize the active phase under demanding conditions where

other Ni catalysts typically deactivate.
5. Conclusions

This study successfully developed a high-performance Ni-doped y-Al>O3 multifunctional catalyst (AsoN2)
for low-temperature CO, methanation. The strategic use of [NH4]»COs3 as an additive engineered a catalyst with a
unique synergistic structure, featuring a high density of frustrated Lewis pairs (surface OH*and OVs) and a strong
NiAl,O4 metal-support interaction interface. This design resulted in superior CO, adsorption, activation, and
exceptional stabilization of ultra-fine Ni’ nanoparticles. The optimized As)N» catalyst demonstrated
outstanding catalytic performance, achieving 92.1% CO, conversion with 98.5% CH, selectivity at
400°C under a H,/CO, ratio of 10, corresponding to a high turnover frequency of 0.25 s!. This
performance surpasses many state-of-the-art Ni-based catalysts, highlighting its remarkable intrinsic
activity and stability at industrially relevant temperatures. The operando DRIFTS analysis confirmed
that the reaction proceeds dominantly via the low-energy formate pathway, facilitated by the synergistic
acid-base sites. In summary, the rational integration of multiple chemical functions, adsorption,
activation, and catalysis within a single nanomaterial provides a compelling strategy. The AsoNaocatalyst
represents a significant advancement, demonstrating high potential to bridge the gap between
fundamental research and the industrial implementation of efficient CO2 methanation technology for

sustainable fuel production.
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625 Tables

626  Table 1. Detailed mass composition and sample codes for Ni-doped y-Al,O3; composite catalysts (AxNy) prepared for CO2 methanation
627  reaction®l.

Mass (mg) M/A mass ratio  N/A mass ratio
Order Sirorglle Metal oxide Dopant Treatment

o NNOMON RO GEICOT T, :

1 A 1000 0 0 0 0 0 0
[1] 20% Ni-Doped y-Al:O3 composites synthesized with varying (NH4)>CO; concentrations

2 AoNa2g 1000 975 200.42 0 0 0 20
3 A10N2o 1000 975 200.42 89 100 10 20
4 A20N2o 1000 975 200.42 89 200 20 20
5 AsoN2o 1000 975 200.42 89 500 50 20

[11] y-Al,0O3 composites with varying Ni doping levels (treated with 50% (NH4)>COs3 template)
6 AsoNs 1000 244 50.16 89 500 50 5
7 AsoNio 1000 488 100.31 89 500 50 10
8 AsoN2o 1000 975 200.42 89 500 50 20
9 AsoN3o 1000 1460 300.12 89 500 50 30

628 A] The final product is named as AxNy, where x = level of second (ammonium carbonate) treatment and y = level of Ni doping.
629 B] The y-AlxOsis treated first by CoH»O4 to increase dispersion (peptization) and enhance the reactivity of the alumina for the subsequent treatment.

630 C] It is then treated by (NH4)>COs to create oxygen vacancies (OVs) and enhance the surface basicity of the product to help doping.
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631

632
633

634

Table 2. Summary of CRM performance of prepared catalysts under diverse operating reaction conditions.

S No | Materials CO:2 Cin Hz/COz RH WHSV Temp | Xcoz Ycna Scha ICH4
' (%) ratio (%) (Lg'hh © (%) (%) (%) (mmol g™ h'")
Catalysts
1 AlLO3 24 0.0 0.0 0.0
2 AN 41.8 48.8 87.1 12.6
3 A10N2o 58.8 62.2 93.2 15.3
4 AsoN2o 68.3 1.9 98.6 20.0
5 AsoNs : 4 0 60 00 41.6 73.7 11.2
6 AsoNio 45.8 51.0 85.7 13.8
7 AsoNoo 67.1 65.7 95.2 16.2
8 AsoN3o 41.7 46.0 87.0 11.1
Effects of H>
9 4 67.1 65.9 95.2 16.3
101 AsoNao 1 6 0 60 400 [ 087 | 340 | 888 8.1
11 8 75.1 67.2 94.4 17.0
12 10 92.1 82.8 98.5 19.9
Effects of RH
13 0 92.1 82.8 98.5 19.9
14 10 79.9 26.7 92.3 6.7
15 AsoNoo ! 10 20 60 W0 TG 22 79.3 5.1
16 30 53.4 43.5 84.8 11.4
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635  Table 3. Performance comparison between AsoN2o and other catalysts employed for CMR.
Cat. mass GHSV H»/CO, Temp Xco2 Scha TOF References
Order Catalysts
(mg) (L g'h? (%) (°C) (%) (%) (s
1 Ni/ALLO3 150 24 4 275 25.5 - ~0.015 (Wang et al., 2025)
2 SEu-Ni/AlLO; 150 24 4 275 80.8 - ~0.05 (Wang et al., 2025)
3 25Ni1/20Ce02-55Zr0; 100 30 4 250 72.53 - 0.09 (Italiano et al., 2025)
4 25Ni/20Y203-55Z10; 100 30 4 250 45.55 - 0.06 (Italiano et al., 2025)
5 25Ni/20Ce02-55Y,0s 100 30 4 250 37.66 - 0.07 (Italiano et al., 2025)
6 25Ni/20Zr0»-55Y203 100 30 4 250 27.97 - 0.05 (Italiano et al., 2025)
7 15Ni/Ce0,-U 100 30 4 200 77.1 98.7 0.06 (Li et al., 2025b)
8 Ni/Na*-BEA 100 12.5 4 250 3 94 0.005 (Kizil et al., 2025)
9 Ni-La,Os/Na*-BEA 100 12.5 4 250 30 99 0.12 (Kizil et al., 2025)
10 Ni-CeO»/Na*-BEA 100 12.5 4 250 30 99 0.09 (Kizil et al., 2025)
11 Ni/Sep 100 30 4 400 75.3 97.6 0.0013* (Han et al., 2025)
12 Ni-Ce/Sep 100 30 4 350 84.6 99.5 0.0035%* (Han et al., 2025)
13 Ni-CeCro.1/Sep 100 30 4 350 89.8 99.9 0.0055%* (Han et al., 2025)
14 AsoN2o 50 60 4 400 67.1 95.2 0.18
This work

15 AsoNao 50 60 10 400 92.1 98.5 0.25

636 *TOF values computed based on the Xco2 at 150°C.

637

638
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642  Figure 1. Crystalline and surface textural properties of AsoN2o composite catalyst and its reference
643  catalysts (i.e., AoN2o and y-Al,03): (a) XRD patterns, (b) N> adsorption-desorption isotherms, and
644  (c) pore size distributions.

645

30



646

647
648
649

650

Figure 2. Surface morphology and elemental mapping of AsoN2o composite catalyst and its
reference catalysts (i.e., AoN2o and y-Al203): (a and d) SEM and EDS mapping of y-Al20Os3, (b and
e) SEM and EDS mapping of AoN2o, and (c and f) SEM and EDS mapping of AsoN2o.
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Figure 3. Crystallographic structure and particle dispersion of AsoN2o composite catalyst and its
reference catalysts (i.e., AoN2o and y-Al>,03): (a, d, and g) TEM, RH-TEM with IFT, and SAED of
v-AlxO3, (b, e, and h) TEM, RH-TEM with IFT, and SAED of AoN»o, and (c, f, and i) TEM, RH-
TEM with IFT, and SAED of As5oNao.
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664  Figure 4. Chemical bonding states of AsoN2o composite catalyst and its reference catalyst (i.e.,
66 AoN2o): (a) Al 2p, (b) Ni 2p, and (c¢) O 1s spectra.
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Figure 5. Optical and surface acid-base properties of AsoN2o composite catalyst and its reference
catalyst (i.e., AoN2o): (a) UV-vis DRS spectra, (b) H>-TPR, and (c) CO.-TPD.
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Figure 6. The effects of process variables on CO; methanation performance of prepared catalysts
across a multi-isothermal temperature ramp from 250°C to 400°C at WHSV of 60 L g'! h'l: (a)
As0N2o and its reference, (b) AsoN2o with different Ho/CO» ratio, and (c) AsoN2o with different RH

levels.
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Figure 7. In-situ DRIFTS spectra of AsoN»g catalyst for CMR: (a) CO; adsorption at 25°C and (b)
CO2 methanation at 400°C.
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