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SUMMARY

Dry reforming of methane (DRM) offers a sustainable route to convert CH4 and CO, into syngas, addressing
both greenhouse gas emissions and energy demand. However, catalyst deactivation due to sintering and
coking limits practical applications. In this work, we developed a mesoporous Ni-based catalyst (Ni/
ZrSBA-15-OH) featuring abundant Ni-ZrO, interfaces and small Ni nanoparticles (5.6 nm) confined within a
stable silica framework. This catalyst showed excellent performance, achieving 80% CH, and 87% CO, con-
versions at 750°C, with minimal coke formation (0.4 mg gea: ' h™') and high durability (1.3% CH,4 conversion
loss over 20 h). Advanced characterizations (X-ray absorption spectroscopy [XAS], transmission electron mi-
croscopy [TEM], Ho-temperature programmed reduction [H>-TPR], and temperature-programmed surface
reaction [TPSR]) revealed that the metal-oxide interface enhances the activation of reactants and stabilizes
active sites. Density functional theory (DFT) calculations confirmed that the Ni-ZrO, interface increases the
energy barrier for CH* dehydrogenation, effectively suppressing carbon deposition. This study provides a
rational strategy for designing structurally robust and coke-resistant Ni-based catalysts for efficient DRM.

INTRODUCTION

Dry reforming of methane (DRM) is a promising strategy for con-
verting the major greenhouse gases, carbon dioxide (CO,) and
methane (CHy), into valuable carbon monoxide (CO) and
hydrogen (H.)."* The resulting syngas serves as a critical feed-
stock for various chemical processes, including Fischer-
Tropsch (F-T) synthesis, methanol production, and even
ammonia synthesis.®>”” The aforementioned catalytic conversion
pathway has attracted substantial interest from both academic
and industrial communities due to its significant implications,
prompting intensified research efforts that have extended to pre-
liminary investigations of commercial viability.> Among various
DRM catalytic systems, Ahmed S. Al-Fatesh investigated as
many as 8 active sites (Fe, Co, Ni, Ru, Rh, Pd, Ir, and Pt), 12
different supports, and 35 promoters. Notably, Ni active sites
demonstrate methane and carbon dioxide conversion rates
comparable to noble metals, while benefiting from abundant
crustal reserves and low cost.® > However, the Ni-based cata-
lysts suffer from nanoparticle (NP) sintering at operating temper-
atures exceeding the Tammann temperature of metallic Ni
(581°C), leading to aggregation and coke formation. Additionally,
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Ni-based catalysts with active sites in close proximity facilitate
successive C-H bond dissociation of CH,, followed by C-C
coupling, which accelerates carbon deposition and shortens
the catalyst’s operational lifespan.'® To address these issues,
various strategies have been developed, including the incorpo-
ration of transition metals (e.g., Mo, W, Bi, Sn, etc.), support
modification, and the construction of heterogeneous interfaces
with metal oxides or silica.’*"”

Creating heterogeneous interfaces between metal active sites
and various supports has emerged as an effective strategy to
enhance catalytic performance and maintain the structural stability
of catalysts in photocatalysis, electrocatalysis, as well as thermal
catalysis.’®2" This design concept has also been applied to the
development of high-performance DRM catalysts. For example,
Dai et al. synthesized Ninanoparticles (NPs) supported on dendritic
mesoporous silica (Ni/DMS) with abundant Ni-silica interfaces, em-
ploying a surface spatial confinement strategy.”? Notably, meso-
porous silica provides stable framework structures capable of with-
standing harsh reaction conditions. However, the Ni/DMS catalyst
faces challenges in preventing the sintering and aggregation of Ni
NPs during long-term testing (>700°C) due to relatively weak
metal-silica interactions. As a result, many researchers have
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explored metal oxides as alternative supports to strengthen metal-
support interactions (MSI) and develop more durable catalysts.
ZrO, is a widely used support material due to its strong anchoring
effect on active metal dispersion and its redox capacity, which en-
ables the instantaneous oxidation of carbon deposits. The Ni/ZrO,
system exhibits finely tuned acid-base properties, particularly in
the tetragonal phase, whereas other supports generally display
either predominantly acidic or basic sites.>®> Additionally, ZrO,
can be combined with other elements to form composite sup-
ports.”>*2° For example, Ahmed Sadeq Al-Fatesh et al. reported
that phosphate-zirconia-supported Ni catalysts exhibited remark-
able activity for hydrogen production. This enhanced performance
was attributed to multiple CH, decomposition sites and sufficient
basic surface properties, which facilitate CO, activation via both
physisorption and chemisorption as carbonate/carboxylate spe-
cies.”* While metal oxide supports can stabilize active metal sites
to some extent via the strong MSI process, bulk metal oxides still
face substantial challenges in preventing the sintering of active
metal NPs and structural collapse during catalytic reactions. There-
fore, Ni-based catalysts with stable framework structures and
robust MSI remain a significant challenge. SiO,, on the other
hand, possesses exceptional catenation properties, second only
to carbon, allowing for a diverse range of structural architectures,
from nonporous to mesoporous materials. Notably, mesoporous
silica offers a high specific surface area that effectively disperses
active metal components, while its confinement effect significantly
inhibits the sintering of Ni nanoparticles.>”

Our study aims to combine the advantages of both metal oxide
supports and inert carriers by developing a catalyst system that in-
tegrates the thermal stability of a silica framework with active sites
conducive to DRM reactions. In this study, we utilized silanol-rich
mesoporous silica (SBA-15-OH) to enhance the interfacial interac-
tion between silica and zirconia, successfully developing a nickel-
based catalyst for dry reforming of methane (Ni/ZrSBA-15-OH).
The designed composite catalyst features abundant nickel-zirco-
nia (Ni-ZrO,) interfaces, integrated with a stable mesoporous silica
(SBA-15-OH) framework and strong metal-support interaction
(SMSI). Specifically, the Ni/ZrSBA-15-OH catalyst was prepared
using a ZrO, nanolayer confined within mesoporous silica pore
channel (ZrSBA-15-OH) as the support and nickel nitrate as the
precursor. The resulting Ni/ZrSBA-15-OH catalyst exhibited abun-
dant Ni-ZrO, interfaces, relatively uniform particle sizes (5.6 nm),
and a stable framework. Furthermore, this catalyst demonstrated
high CH4 and CO, conversion (80% and 87 %, respectively) and
excellent stability over 20 h at 750°C. Additionally, the Ni/ZrSBA-
15-OH catalyst exhibited a significantly lower coke formation
rate of 0.4 mg gca(1 h=1, indicating that the creation of metal-ox-
ide heterogeneous interfaces enhances catalytic performance,
suppresses coke formation, and efficiently stabilizes the active
metal sites. This work presents an effective approach for synthe-
sizing highly stable and durable catalysts.

RESULTS AND DISCUSSION
Microstructures and morphologies of Ni-based
catalysts

A composite catalyst with abundant Ni-ZrO, interfaces, desig-
nated as Ni/ZrSBA-15-OH, was synthesized via consecutive
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impregnation and calcination. The ZrO,-coated mesoporous
silica support (ZrSBA-15-OH) was prepared through a
surface modification using zirconium oxychloride octahydrate
(ZrOCil,-8H,0) as a precursor, and a silanol group-rich mesopo-
rous silica (SBA-15-OH) as a support, followed by calcination at
300°C for 4 h in air.?®?° Nickel nitrate was then deposited onto
the ZrSBA-15-OH support and calcined at 500°C for 2 h. Refer-
ence samples were synthesized following the same procedure
but using different supports, including SBA-15-OH, surface-
cast mesoporous ZrO, (SCO-Zr), and commercial ZrO., yielding
catalysts designated as Ni/SBA-15-OH, Ni/SCO-Zr, and Ni/
Commercial ZrO,, respectively.

Low-angle X-ray diffraction (LAXRD) patterns of Ni/SBA-15-
OH and Ni/ZrSBA-15-OH catalysts exhibit distinct (100), (110),
and (200) diffraction peaks, characteristic of a two-dimensional
hexagonal mesoporous structure (Figure 1A). These reflections
confirm that both catalysts retain a well-ordered mesostructure
similar to the parent SBA-15-OH. The sharpness and intensity
of the (100) peak indicate high structural integrity, while the pres-
ence of higher-order peaks, such as (110) and (200), further con-
firms the preservation of long-range mesostructure after metal
incorporation. The support materials and reference catalysts
were also analyzed (Figure S1). The wide-angle X-ray diffraction
(WAXRD) pattern of ZrSBA-15-OH (Figure S1) exhibits a broad
array of Bragg diffraction peaks, suggesting that the high-sur-
face-area silica framework promotes the formation of small zir-
conia crystalline domains (PDF#79-1769).°° In addition, the
WAXRD patterns of Ni/ZrSBA-15-OH and Ni/SBA-15-OH
(Figure 1B) display three distinct diffraction peaks at 44.4°,
51.8°, and 76.2°, corresponding to the (101), (012), and (110)
crystal planes of cubic nickel oxide (NiO), respectively.®’ The
full width at half-maxima (FWHM) of the NiO reflections in Ni/
ZrSBA-15-OH is significantly broader than in Ni/SBA-15-OH,
indicating smaller NiO particle sizes due to the formation of
abundant NiO-ZrO, heterogeneous interfaces. It should be
noted that, as demonstrated in our previous studies,”® ZrO,
forms a tubular structure within the mesoporous silica channels.
This unique configuration preferentially promotes NiO-ZrO,
interfacial formation. Subsequent nitrogen physisorption ana-
lyses further corroborate the existence of the ZrO, layer. Addi-
tional control samples were also characterized, as shown in
Figures S1B and S1C. Nitrogen adsorption-desorption iso-
therms for Ni/ZrSBA-15-OH, Ni/SBA-15-OH, and Ni/SCO-Zr
(Figure 1C and S1) exhibit type IV isotherms with distinct H1-
type hysteresis loops, indicative of ordered mesoporous struc-
tures.®® The reduction in pore size and weakened peak intensity
of Ni/ZrSBA-15-OH clearly demonstrate the uniform coating of a
ZrO, layer within the mesoporous channels (Figure 1C inset). The
nitrogen adsorption capacity of these catalysts and their corre-
sponding supports decreased upon ZrO, and/or NiO incorpora-
tion compared to the parent SBA-15-OH. Furthermore, the cor-
responding pore size distribution plots (Figures 1C and S1 inset),
obtained using the Barrett-doyner-Halenda (BJH) algorithm,
reveal a significant decrease in maximum pore sizes upon
ZrO, and/or NiO introduction. This reduction in both nitrogen
adsorption capacity and pore size confirms the successful
impregnation of ZrO, and NiO precursors into the mesoporous
silica support. The comprehensive textural parameters of
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Figure 1. Structural characterization of
fresh catalysts

(A-C) (A) LAXRD patterns, (B) WAXRD patterns,
(C) nitrogen adsorption-desorption isotherms and
corresponding pore size distribution plots (insert)
of Ni/SBA-15-OH and Ni/ZrSBA-15-OH catalysts.
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catalyst carriers and their supported Ni-based catalysts are
summarized in Table S1. Additionally, the final Ni content of
these catalysts was determined by inductively coupled
plasma atomic emission spectrometry (ICP-OES). Specifically,
Ni/ZrSBA-15-OH and Ni/SBA-15-OH exhibited Ni loadings of
4.7 wt.% and 5.2 wt.%, respectively.

To investigate the structures and morphologies of the sam-
ples, microstructural analysis was conducted using scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), and STEM. SEM images (Figure S2) of Ni-based catalysts
(Ni/ZrSBA-15-0OH, Ni/SBA-15-OH, and Ni/SCO-Zr) derived from
the SBA-15-OH template reveal rod-like structures similar to the
parent SBA-15-OH. Additionally, TEM images (Figures 1D and
S3) of Ni/ZrSBA-15-OH and Ni/SBA-15-OH confirm that their
structures and morphologies closely resemble their respective
supports. Notably, the TEM image of Ni/ZrSBA-15-OH displays
a relatively uniform NiO particle size distribution compared to
Ni/SBA-15-OH (Figure S3). The average NiO particle sizes of
Ni/ZrSBA-15-OH and Ni/SBA-15-OH are 5.6 nm and 11.6 nm,
respectively, consistent with WAXRD results. These findings
indicate that the ZrO,-coated support significantly reduces NiO
particle size, likely due to surface interactions between NiO
and ZrO.. It should be noted that although the average nanopar-
ticle size of NiO (11.6 nm) exceeds the pore diameter of SBA-15-
OH (9.3 nm), this does not preclude the presence of NiO within
the mesoporous channels. It is important to note that SBA-15-
OH does not consist solely of isolated tubular channels; instead,
adjacent channels are interconnected via numerous junctions.
These interconnections enable nanoparticles to extend across

0.2

Line scanning

(E-L) (E) High-resolution TEM image, (F) Aberra-
tion-corrected high-angle annular dark-field
scanning transmission electron microscopy (AC-
HAADF-STEM) image, (G) Scanning transmission
electron microscopy (STEM) image, and (H-L)
Energy-dispersive X-ray spectroscopy (EDX)
elemental mappings of the Ni/ZrSBA-15-OH
catalyst. The white dashed line in (f) represents
the heterogeneous interfaces between NiO parti-
cle and ZrO, support.

04 0.6 08 1.0
Relative pressure (P/P,)

neighboring pores, facilitating their incor-
poration.>® Additionally, nanoparticle
growth within the mesopores occurs in
a random orientation. In SBA-15-OH,
NiO nanoparticles can preferentially
grow along the longitudinal axis of the
channels, leading to an apparent in-
crease in particle size.

To further confirm the presence of het-
erogeneous interfaces, high-resolution
TEM (HR-TEM) imaging of Ni/ZrSBA-15-OH was performed
(Figure 1E). Two distinct interplanar spacings of 0.296 nm and
0.210 nm were identified, corresponding to the (111) plane
of ZrO, and the (012) plane of NiO, respectively. Additionally,
aberration-corrected high-angle annular dark-field STEM
(AC-HAADF-STEM) imaging and corresponding elemental line
scanning profiles (Figure 1F) reveal overlapping Zr and Ni sig-
nals, confirming the formation of a well-defined ZrO,-NiO
interface. In contrast, Ni/SBA-15-OH exhibits only the character-
istic (012) plane of NiO, as shown in Figure S3. The microstruc-
tures and morphologies of the support and other control sam-
ples (e.g., Ni/SCO-Zr, Ni/Commercial ZrO,) are presented
in Figures S4-S6. Furthermore, STEM imaging (Figure 1G)
and energy-dispersive X-ray spectroscopy (EDX) mappings
(Figures 1H-1L) of Ni/ZrSBA-15-OH, taken perpendicular to
the channel direction, reveal a homogeneous distribution of Si,
Zr, Ni, and O species. In contrast, STEM imaging and EDX map-
pings of Ni/SBA-15-OH, which lacks ZrO, modification, show
significant Ni aggregation on the support surface. This suggests
that the absence of metal oxide modification hinders the uniform
dispersion of Ni species. Therefore, the ZrO, surface modifica-
tion strategy not only facilitates the formation of NiO-ZrO, het-
erogeneous interfaces but also enhances the stability of catalyt-
ically active sites through strong surface interactions.

Catalytic performance of Ni-based catalysts

The catalytic performance of Ni-based catalysts for DRM was
evaluated in a fixed-bed reactor at temperature intervals of
50°C within the range of 550°C-800°C, under a weight hourly
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Figure 2. Catalytic performances of Ni-based catalysts in the DRM reaction
(A and B) (A) CH, conversion and (B) CO, conversion over Ni-based supported catalysts. Reaction conditions: CH,4:CO,:N, = 2:2:1, weight hourly space velocity

(WHSV) = 30,000 mL geae "h™".

(C) Comparison of mass-specific activity between Ni/ZrSBA-15-OH and other typical catalysts used in the DRM reaction.

(D) Kinetic studies and calculated activation energy (E,) for CH4 over Ni/ZrSBA-15-OH and Ni/SBA-15-OH.

(E and F) (E) CH4 and (F) CO, conversion of Ni-based catalysts as a function of time on stream at 750°C under reaction conditions.
(G and H) (G) H,/CO ratio and (H) carbon balance over the Ni-based supported catalysts.

space velocity (WHSV) of 30,000 mL geat ' h™". Prior to testing, all
catalysts were pretreated in an H, gas stream at 500°C, followed
by exposure to a CH4:CO4:N, reaction gas mixture (2:2:1). The
catalytic activity was recorded using gas chromatography. As
shown in Figures 2A and 2B, CH,4 and CO, conversions increased
significantly with temperature, confirming the strong endothermic
nature of the reaction. Notably, the Ni/ZrSBA-15-OH catalyst ex-
hibited superior reactant conversion compared to the control
samples (Ni/SBA-15-OH, Ni/SCO-Zr, and Ni/Commercial ZrO,)
across the entire temperature range. At 800°C, CH,4, and CO,
conversions for Ni/ZrSBA-15-OH reached approximately 88%
and 92%, respectively. Microstructural analysis suggests that
the enhanced catalytic performance of Ni/ZrSBA-15-OH can be
attributed to its Ni-ZrO, heterogeneous interfaces, smaller Ni par-
ticle size, and stable framework. In contrast, Ni/SBA-15-OH fea-
tures a stable framework but larger Ni particles, while Ni/SCO-
Zr contains Ni-ZrO, interfaces but lacks structural stability. It is
evident that the Ni/Commercial ZrO, catalyst exhibits significantly
lower activity compared to other catalysts. This can be attributed

4 iScience 28, 112582, June 20, 2025

to the bulk-phase nature of commercial ZrO,, which fails to effec-
tively disperse NiO nanoparticles. The larger particle size results in
a reduced number of NiO-ZrO, interfacial sites, which are crucial
for catalytic performance. The synergistic effect of these charac-
teristics in Ni/ZrSBA-15-OH significantly improves catalytic activ-
ity. Additionally, CO, conversion was consistently higher than
CH,4 conversion, likely due to the reverse water-gas shift
(RWGS) side reaction.>**° The corresponding H,/CO ratios for
Ni-based catalysts are presented in Figure S7, while Figure S8
confirms the inactivity of ZrSBA-15-OH. Compared to reported
catalysts (Figure 2C; Table S2), Ni/ZrSBA-15-OH demonstrates
superior reactivity. The apparent activation energy (E,) for CH,4
and CO, was determined using the Arrhenius equation
(Figures 2D and S9). For CH,4, E, values for Ni/ZrSBA-15-OH
and Ni/SBA-15-OH were 34.9 kd/mol and 47.3 kd/mol, respec-
tively, indicating that methane activation is more favorable on
Ni/ZrSBA-15-OH. In contrast, E, for CO, was similar for both cat-
alysts (34.7 kd/mol and 38.7 kdJ/mol), suggesting comparable acti-
vation capabilities for CO,.
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To assess the long-term stability of Ni-based catalysts, dura-
bility tests were conducted at 750°C under atmospheric pres-
sure (Figures 2E and 2F). Notably, the Ni/ZrSBA-15-OH catalyst
exhibited excellent stability, with no significant decrease in CH,
and CO,, conversion over 20 h of continuous operation. Although
Ni/ZrSBA-15-OH and Ni/SBA-15-0H initially showed similar CH,
and CO, conversions, their activities declined by 7% and 10%,
respectively, within 11.5 h. This confirms that the introduction
of the ZrO, interface layer, which forms Ni-ZrO, heterogeneous
interfaces and stabilizes Ni species, is crucial for enhancing
catalyst durability. In contrast, Ni/SCO-Zr and Ni/Commercial
ZrO,, despite also possessing Ni-ZrO, heterogeneous inter-
faces, exhibited significant deactivation over time. Specifically,
CH, conversion for Ni/Commercial ZrO, and Ni/SCO-Zr declined
by 23% and 43%, respectively, within 18 h (Figure 2E), while CO,
conversion followed a similar trend (Figure 2F). This rapid deac-
tivation is likely due to mesostructure collapse of the SCO-Zr
support and/or Ni nanoparticle aggregation on different sup-
ports. Further analysis of Ho/CO ratios and carbon balance dur-
ing stability testing at 750°C is presented in Figures 2G and 2H.
The Ni/ZrSBA-15-OH catalyst maintained a consistent C/H ratio
of ~0.9, making its products suitable as high-quality feedstock
for further chemical processes. In contrast, other catalysts suf-
fered from either excessive C/H ratio fluctuations or instability.
The carbon balance, estimated by comparing the carbon con-
tent in reactants and products, approached 1 for Ni/ZrSBA-15-
OH, Ni/SBA-15-OH, and Ni/Commercial ZrO,, while the Ni/
SCO-Zr catalyst showed lower carbon utilization efficiency
(Figure 2H). Overall, the Ni/ZrSBA-15-OH catalyst, with its abun-
dant Ni-ZrO, heterogeneous interfaces, small Ni particle size,
and stable framework, demonstrated the highest catalytic activ-
ity and stability. These findings highlight that constructing stable
metal-ZrO, interfaces and utilizing thermally stable silica sup-
ports are effective strategies for achieving efficient DRM
reactions.

Electronic structures of Ni-based catalysts

X-ray absorption spectroscopy (XAS) was employed to investi-
gate the chemical valence and coordination structures of Ni spe-
cies. The X-ray absorption near-edge structure (XANES) spec-
trum reveals that the K-edge position of Ni in Ni/ZrSBA-15-OH
lies between that of Ni foil and NiO, suggesting a transitional
oxidation state between 0 and +2 (Figure 3A). This suggests
electron transfer between Ni and Zr0,.°®°” The peak at
8334 eV corresponds to quadrupole transitions of 7s photoelec-
trons to Ni3d-O2p hybridized orbitals in the oxide phase, the
metallic phase, or a combination of both. The peak at 8352 eV
is attributed to transitions of 7s electrons to Ni4p-O2p orbitals
in the oxide phase.’®*® The intensity of these peaks in Ni/
ZrSBA-15-OH falls between those of Ni foil and NiO, with a closer
resemblance to the oxide spectrum. Moreover, the spectral fea-
tures in the 8335-8340 eV region differ from those of Ni foil and
NiO, indicating a distinct local chemical environment for Ni.
Extended X-ray absorption fine structure (EXAFS) fitting further
clarifies the coordination environment of Ni/ZrSBA-15-OH. The
R-space comparison (Figure 3B) and fitting results (Figure S10;
Table S3) reveal predominant first-shell Ni-O and Ni-Ni/Zr coor-
dination, along with second-shell Ni-O-Ni/Zr coordination.
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Detailed fitting parameters are provided in the corresponding ta-
ble. The k-space analysis confirms strong agreement between
experimental data and simulations (Figure 3C). Additionally,
wavelet transform (WT) analysis (Figures 3D-3F) supports these
findings, identifying dominant first-shell Ni-O and Ni-Ni/Zr coor-
dination, as well as second-shell Ni-O-Ni/Zr coordination,
consistent with the R-space fitting results.*>*° In summary,
XAS analysis confirms that Ni/ZrSBA-15-OH exhibits a distinct
chemical environment for Ni, arising from strong interactions be-
tween Ni and ZrO, at the interface.

X-ray photoelectron spectroscopy (XPS) was conducted to
analyze the valence states of the pre-catalysts and reduced cat-
alysts. XPS of Ni 2p3,» on the fresh Ni/ZrSBA-15-OH and Ni/SBA-
15-OH catalysts (Figures S11A and S11D, respectively) showed
the Ni?* signal at around 857.0 eV. Specifically, the Ni 203/, main
peaks of the Ni/ZrSBA-15-OH and Ni/SBA-15-OH catalysts are
located at 856.8 eV and 857.0 eV, respectively, while the shoul-
der peaks on the right side (both at 854.2 eV) correspond to the
spin-orbit splitting of the main peaks.®”*'~*° The binding energy
data indicate that the valence state of Ni in both the Ni/ZrSBA-
15-OH and Ni/SBA-15-OH catalysts is +2. The peaks located
near 862 eV are a satellite peak. However, the 0.2 eV difference
in the binding energy positions of the Ni 2p3/, main peaks be-
tween the two catalysts suggests that the electron density of
Ni may differ in these two systems. The O 7s spectra were de-
convoluted into two peaks (Figures S11B and S11E). The peaks
located at 532.6 eV (Ni/ZrSBA-15-OH) and 533.1 eV (Ni/SBA-15-
OH) can be assigned to the lattice oxygen of SiO,, while those at
530.1 eV (Ni/ZrSBA-15-OH) and 529.6 eV (Ni/SBA-15-OH) corre-
spond to the lattice oxygen of metal oxides.**° It is observed
that the Ni/ZrSBA-15-OH catalyst exhibits a higher content of
metal oxide lattice oxygen. The Zr 3d peaks exhibit well-defined
symmetry, allowing them to be fitted as a single doublet
(Figures S11C and S11F). For the Ni/ZrSBA-15-OH catalyst,
the Zr 3ds,, and 3ds, peaks are located at 182.9 eV and
185.2 eV, respectively, while for the Ni/SBA-15-OH catalyst,
they appear at 183.0 eV and 185.3 eV.""~*° The minimal binding
energy shifts (<0.3 eV) suggest that the electron density of the
Zr/SBA-15-OH support remains largely unchanged before and
after Ni loading. The O 1s peaks of the ZrSBA-15-OH support
(Figure S12A) were deconvoluted similarly to previous results,
with the peak at 533.0 eV assigned to lattice oxygen in SiO,
and the peak at 530.6 eV attributed to lattice oxygen in metal ox-
ides (ZrOy)

The reduced catalyst was also characterized by XPS. Shown
as Figure 3G, the peaks located at 853.5 eV (Ni/ZrSBA-15-OH)
and 853.1 eV (Ni/SBA-15-0OH) are attributed to the 2ps, orbital
of metal nickel (Ni°, while the peaks at 856.9 eV (Ni/ZrSBA-15-
OH) and 856.8 eV (Ni/SBA-15-OH) correspond to the 2pz/.
orbital of divalent nickel (Ni?*). The peaks in the range of
862.0-863.0 eV are assigned to satellite peaks. The results indi-
cate the co-existence of divalent nickel (Ni2*) and zerovalent
nickel (Ni°, with metallic Ni comprising 45% in the Ni/SBA-15-
OH catalyst and 38% in the Ni/ZrSBA-15-OH catalyst, indicating
greater reduction resistance in the Ni/ZrSBA-15-OH catalyst.
Divalent nickel may be attributed to the exposure of the reduced
sample to air during XPS testing. Meanwhile, by comparing the
binding energy positions, it is observed that the 2p3,, peaks of
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Figure 3. Characterization of Ni-ZrO,, Interactions

(A) Normalized Ni K-edge XANES spectra of Ni/ZrSBA-15-OH, Ni foil, and NiO.

Binding Energy (eV)

Temperature (°C)

(B) Fourier transform (FT)-EXAFS spectra of Ni/ZrSBA-15-OH compared with Ni foil and NiO.

(C-H) (C) k®-weighted Fourier transformed EXAFS spectra of Ni foil, NiO, and Ni/ZrSBA-15-OH. Wavelet transform (WT) results of the EXAFS signals for (D) Ni foil,
(E) NiO, and (F) Ni/ZrSBA-15-OH. XPS analysis of (G and H) Ni/ZrSBA-15-OH and Ni/SBA-15-OH after H, reduction for 2 h at 500°C.

() Ho-TPR profiles of Ni/ZrSBA-15-OH and Ni/SBA-15-OH under a heating rate of 10 °C min~" and an H, flow rate of 50 mL min~".

metal nickel in the two catalysts differ by 0.4 eV, indicating a vari-
ation in electron density. In contrast, the 2p3,, peaks of divalent
nickel (Ni*) show no significant difference. Similarly, the O s
peaks located at 530.4 eV (Ni/ZrSBA-15-OH and Ni/SBA-15-
OH) are assigned to lattice oxygen in metal oxides (Figure 3H),
while the peaks at 532.9 eV (Ni/ZrSBA-15-OH) and 533.1 eV
(Ni/SBA-15-OH) correspond to lattice oxygen in silica. That
means, for the oxygen in metal-oxygen bonds (M-0), there is
no significant difference in binding energy for Ni/ZrSBA-15-OH
and Ni/SBA-15-OH. And the O 71s spectrum shows a higher
metal-oxygen content in the Ni/ZrSBA-15-OH catalyst (6.51%)
compared to the Ni/SBA-15-OH catalyst (2.28%). The Zr 3d
peaks of the ZrSBA-15-OH support and Ni/ZrSBA-15-OH cata-
lyst are located at 183.2 eV and 182.8 eV (Figures S12B and
S12C), respectively, indicating an increase in electron density
around Zr after Ni loading. The comparative analysis of XPS
binding energies reveals that while the O 7s binding energy re-
mains essentially unchanged after reduction, the metal Ni 2p3,-»
binding energy exhibits an increase, and the Zr 3d binding en-
ergy decreases upon Ni loading. These observations collectively
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hypothesize that electrons are transferred from Ni species to the
ZrO, region, suggesting a potential interaction between Ni spe-
cies and Zr0,.*>%°

To further validate the strong interaction between Ni and ZrO»,
Ho-temperature programmed reduction (H.-TPR) was per-
formed on the pre-catalysts (Figures 31 and S13). The support
material (ZrSBA-15-OH) exhibited no reduction peaks, indicating
that ZrO, remains stable and does not undergo reduction up to
750°C. Three distinct reduction peaks were observed in the Ni-
based catalysts, corresponding to different reduction steps.®’
The first peak is attributed to the reduction of free NiO nanopar-
ticles. The second peak corresponds to the reduction of NiO
weakly interacting with the support, while the third peak at higher
temperatures represents the reduction of NiO nanoparticles with
strong metal-support interactions.®>>* During H,-TPR, Ni/
ZrSBA-15-OH exhibited a dominant H, consumption in the third
reduction stage, with a reduction temperature of 78°C higher
than that of Ni/SBA-15-OH. This significant increase in reduction
temperature further confirms the strong interaction between
ZrO, and Ni. A comparison of the reduction peak positions
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Figure 4. Structural characterization of
spent catalysts

(A and B) (A) WAXRD patterns, (B) nitrogen
adsorption-desorption isotherms and corre-
sponding pore size distribution plots (insert) of Ni/
SBA-15-OH-used and Ni/ZrSBA-15-OH-used
catalysts.

(C and D) (C) TEM image and (D) HR-TEM images
of Ni/SBA-15-OH-used.

(E-J) (E) STEM image and (F-J) corresponding
EDX mappings of Ni/ZrSBA-15-OH-used.

(Kand L) (K) TGA curves with corresponding DSC
profiles (insert) and (L) Raman spectra of Ni/SBA-
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decrease in specific surface area, pore
volume, and peak pore size was
observed due to carbon deposition and
pore blockage (Table S4). The significant
reduction in the specific surface area of
Ni/SCO-Zr suggests that its mesoporous

Temperature (°C)

between Ni/Commercial ZrO, and Ni/SCO-Zr catalysts reveals
distinct hydrogen consumption behaviors. For the Ni/SCO-Zr
catalyst, hydrogen consumption is predominantly concentrated
in the reduction peak region at 485°C, whereas the Ni/Commer-
cial ZrO, catalyst exhibits hydrogen consumption near 328°C.
These results suggest that the reduction of NiO is not solely gov-
erned by Ni-ZrO, interactions but is also influenced by the mes-
oporous structure. The confinement effect of the mesoporous
framework may hinder the reduction of NiO.

Structural characterization of spent catalysts

To evaluate the structural stability of Ni-based catalysts, the
spent Ni/ZrSBA-15-OH and Ni/SBA-15-OH samples were
analyzed after the stability test. XRD patterns (Figure 4A) of the
spent Ni/SBA-15-OH catalyst exhibited distinct diffraction peaks
corresponding to graphite, whereas no such peaks were
observed for the spent Ni/ZrSBA-15-OH catalyst. This result in-
dicates that the Ni/ZrSBA-15-OH catalyst experiences negligible
carbon deposition compared to Ni/SBA-15-OH. The broad
FWHM of the ZrO, diffraction peaks in the spent Ni/ZrSBA-15-
OH catalyst remained largely unchanged compared to the fresh
catalyst, suggesting that the mesoporous support, with its high
surface area and functional groups, effectively stabilizes the
ZrO, layer within the mesoporous channels. Additionally, char-
acteristic diffraction peaks corresponding to metallic Ni species
were observed in both spent catalysts. However, the FWHM of
these peaks in the Ni/SBA-15-OH sample was significantly nar-
rower than that in the Ni/ZrSBA-15-OH sample, indicating that
the ZrO, layer effectively prevents Ni particle sintering and en-

100 200 300 400 500 600 700 800 1000 1100 1200 1300 1400 1500 1600 1700 1800

structure was severely degraded after the
reaction (Figures S14A and S14B;
Table S4). To restore the catalysts, the
spent samples were treated in air at 800°C to remove surface
coke. After treatment, their textural parameters largely returned
to levels comparable to those of the fresh catalysts. Notably,
the Ni/SCO-Zr catalyst exhibited near-complete restoration of
its structural properties (Figures S14C and S14D; Table S5).
These findings confirm that both Ni/ZrSBA-15-OH and Ni/SBA-
15-OH catalysts, utilizing SBA-15-OH as a rigid framework,
demonstrate high structural stability during the DRM reaction.
The microstructures and morphologies of the spent catalysts
were further analyzed using SEM and TEM techniques. SEM im-
ages of the four catalysts (Figure S15) reveal that the Ni/ZrSBA-
15-OH catalyst maintains a clean surface, indicating negligible
carbon deposition. In contrast, minor carbon accumulation
observed on the Ni/SCO-Zr catalyst is likely due to its rapid
deactivation during the reaction. TEM images further support
this conclusion. The Ni/ZrSBA-15-OH-used catalyst (Figure 4C)
shows no obvious coke formation and exhibits relatively smaller
Ni particles (7.0 nm, Figure 4C, inset) compared to the Ni/SBA-
15-OH-used catalyst (24.0 nm, Figure S16A inset). In contrast,
numerous carbon whiskers, such as carbon nanotubes
(Figure S16A), are clearly visible on the surface of the Ni/SBA-
15-OH-used catalyst, confirming severe carbon deposition.
This behavior is likely attributed to the larger Ni particle size
formed during the stability test (11.6-24.0 nm), a hypothesis
confirmed by TEM images and particle size distribution analysis.
The HR-TEM image (Figure 4D) of Ni/ZrSBA-15-OH-used re-
veals a well-defined interface between ZrO, (111) and Ni (200),
demonstrating that the metal-ZrO, interface remains intact
even after 20 h of stability testing. STEM and EDX spectroscopy

Raman shift (cm™")
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(Figures 4E-4J) further confirm a uniform elemental distribution,
with only slight nickel aggregation. Notably, no significant car-
bon whisker formation was observed around the ZrO,-Ni inter-
face, consistent with the catalyst’s enhanced durability. For Ni/
SBA-15-OH-used catalyst, TEM images (Figure S16B) show
that metallic Ni nanoparticles are encapsulated by multilayer
graphite with a lattice spacing of 0.340 nm, further evidencing
severe carbon deposition. Significant carbon deposition is
clearly observable for the Ni/SCO-Zr catalyst, with distinct lattice
fringes of carbon nanotubes also visible (Figures S16C and
S16D), and particle size statistics reveal an average diameter
of 21.2 nm (Figure S16C inset). Notably, the variation in particle
size of Ni/SCO-Zr before and after the reaction follows a similar
trend with Ni/SBA-15-OH. TEM images of Ni/Commercial ZrO,
demonstrate a pronounced growth in Ni nanoparticle size,
reaching an average diameter of 41.8 nm. Furthermore, a sub-
stantial number of Ni nanoparticles detach from the support
and become dispersed freely after the reaction (Figures S16E
and S16F). This observation indicates the instability of active
sites in the Ni/Commercial ZrO, catalyst, which likely contributes
to its rapid deactivation.

To quantify the coke content in the spent catalysts, thermog-
ravimetric analysis (TGA) was conducted. As shown in Figure 4K,
Ni/ZrSBA-15-OH-used and Ni/SBA-15-OH-used exhibit distinct
weight losses of 3.0 and 46 wt. %, respectively, after stability
tests of approximately 20 and 10.5 h.?>°>*% This corresponds
to carbon accumulation rates of 0.4 and 26 mg gear ' h™ ',
respectively, confirming the superior coke resistance of the Ni/
ZrSBA-15-OH catalyst. To further analyze the nature of carbon
deposition, Raman spectroscopy was performed (Figure 4L).
During DRM, two types of carbon deposits typically form>°%:
(1) low-crystallinity, disordered carbon that can be readily
removed in an oxidizing atmosphere and (2) highly graphitized
carbon, which is more stable and difficult to eliminate, leading
to catalyst deactivation. The Raman spectra of the spent cata-
lysts reveal two distinct peaks at 1,343 cm™" and 1,588 cm™',
corresponding to the D-band and G-band of carbon, respec-
tively.°°®® The D-band (1,343 cm™") represents disordered,
defect-rich carbon that can be more easily removed, while the
G-band (1,588 cm ™) reflects highly ordered graphitized sp? car-
bon, which strongly adheres to the catalyst surface and blocks
active sites, impairing catalytic performance. The relative inten-
sity ratio of the D-band to G-band (Ip/lg) serves as a key param-
eter for assessing the structural defects of carbon deposits and
indirectly reflects catalyst stability, yielding values of 0.80 for Ni/
SBA-15-OH-used, 1.24 for Ni/ZrSBA-15-OH-used, 1.25 for Ni/
SCO-Zr, and 1.36 for Ni/Commercial ZrO, catalysts. Notably,
all ZrO,-containing catalysts exhibited Ip/lg ratios exceeding 1
after stability testing, indicating that ZrO, promotes the forma-
tion of highly disordered carbon species, which is easier to re-
move. Under conditions of comparable mesostructural stability,
the elevated Ip/lg ratio may constitute an additional factor
contributing to the superior catalytic durability of Ni/ZrSBA-15-
OH relative to Ni/SBA-15-OH.

Reaction mechanism for the DRM reaction

To elucidate the reaction pathways of the DRM, highly sensitive
temperature-programmed surface reaction (TPSR) experiments,
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including CH,-TPSR and CO,-TPSR, were conducted.®*°
Freshly prepared catalysts (NiO/ZrSBA-15-OH and NiO/SBA-15-
OH) were first pretreated with a 5 vol % Ho/Ar gas mixture before
introducing a 20 vol % CH,4/Ar gas mixture into the reactor while
simultaneously recording the corresponding mass signals. As
shown in Figures 5A and 5C, the initial CH4 decomposition tem-
peratures for Ni/ZZrSBA-15-OH and Ni/SBA-15-OH were approxi-
mately 320°C and 200°C, respectively. This indicates that the
strong metal-support interactions in Ni/ZrSBA-15-OH slightly
reduce CH, activation. The dissociation of CH, intensified as the
reaction temperature increased, with a significantly stronger H,
signal at ~620°C for Ni/SBA-15-OH compared to 570°C for Ni/
ZrSBA-15-OH. Notably, the temperature corresponding to the
highest CH, dissociation rate was lower for Ni/ZrSBA-15-OH, sug-
gesting its superior low-temperature catalytic activity. Addition-
ally, CO signals were detected in both samples, originating from
the reaction of C* or CH,* intermediates with surface oxygen spe-
cies (e.g., hydroxyl groups).?” To further investigate the conversion
pathways of C* or CH,* intermediates, a 20 vol % CO./Ar gas
mixture was introduced into the reactor. As shown in Figures 5B
and 5D, the coke gasification temperatures for Ni/ZrSBA-15-OH
and Ni/SBA-15-OH were approximately 650°C and 700°C,
respectively. The relatively weak CO signal in the CHy-treated
Ni/ZrSBA-15-OH sample indicates lower carbon deposition on
its surface, leading to enhanced durability under stability tests.
This observation aligns with the catalyst’s stability performance.
Based on the TPSR-MS analysis, the Ni/ZrSBA-15-OH catalyst,
with its abundant Ni-ZrO, heterogeneous interfaces, small particle
size, and stable framework, exhibited a lower CH, dissociation
temperature and coke gasification temperature than Ni/SBA-15-
OH. These structural features of Ni/ZrSBA-15-OH catalyst provide
a well-balanced mechanism for reactant activation and coke
removal, resulting in improved catalytic stability.®’

In-situ diffuse reflectance infrared Fourier transform spectros-
copy (DRIFTS) was employed to investigate the behavior of
methane molecules during the reaction process. After in-situ
reduction of the catalysts at 500°C, a 20% concentration of
methane was introduced, and the corresponding spectra were
recorded (Figures 5E and 5F). Over time, both catalysts exhibited
a characteristic methane signal at 3,016 cm~'. However, notable
differences were observed between the two catalysts. For the Ni/
SBA-15-OH catalyst, distinct CO, peaks (2,362 cm~") and CO
peaks (2,175 cm~ ' and 2,076 cm ") appeared within 2 min, sug-
gesting that active oxygen on the catalyst surface facilitated the
oxidation of deposited carbon. In contrast, for the Ni/ZrSBA-15-
OH catalyst, weak CO, peaks were observed only after 7 min.
The delayed appearance and lower intensity of these peaks indi-
cate that carbon deposition on the Ni/ZrSBA-15-OH catalyst is
more challenging, further demonstrating its reduced methane
decomposition ability. The evolution of hydroxyl groups followed
a similar trend for both catalysts, suggesting analogous reaction
pathways (Figure S17). Overall, the in-situ DRIFTS results
confirm that the Ni-Zr interface suppresses excessive methane
dissociation and mitigates carbon deposition.

DFT calculations
To further understand the mechanism behind the carbon resis-
tance of Ni/ZrSBA-15-OH, Figure 6 illustrates the energy profiles
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Figure 5. TPSR-MS and in-situ DRIFTS analysis of DRM mechanisms

Temperature (°C)

Wavenumber (cm™)

TPSR-MS profiles of Ni/SBA-15-OH (A) and Ni/ZrSBA-15-OH (C) after CH,4 introduction. TPSR-MS signals of Ni/SBA-15-OH (B) and Ni/ZrSBA-15-OH (D) after
CO, introduction following CH,4 treatment. In-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) of Ni/SBA-15-OH (E) and Ni/ZrSBA-15-OH

(F) under a CH,4 atmosphere.

for methane cracking pathway on Ni-ZrO, interface and Ni-SiO,
interface. Obviously, the step, CH,* - CH* + H*and CH* - C* +
H*serves as the rate-determining step for Ni/SBA-15-OH and Ni/
ZrSBA-15-OH, respectively. Based on the energy barrier anal-
ysis, the initial dissociation step of methane (CH;* — CH3* +
H*) exhibits a significantly lower activation barrier on Ni/ZrSBA-
15-OH (1.89 eV) compared to Ni/SBA-15-OH (2.06 eV), indi-

cating enhanced activity in the Ni/ZrSBA-15-OH. The subse-
quent two reaction steps demonstrate nearly identical energy
barrier values for the two catalysts, with only 0.1 eV difference
observed in both steps. The calculations reveal that the com-
plete decomposition of methane into C* is significantly more
challenging on Ni/ZrSBA-15-OH, with an energy barrier of
2.72 eV, compared to only 1.95 eV on Ni/SBA-15-OH. This aligns

Ni/SBA-15-OH
— — NilZrSBA-15-OH

*+CH4 L

CHy

Reaction coordination

Figure 6. Reaction energy profiles for CH, activation on different interfaces
Energy diagrams for CH,* —» CH3* + H*, CH3* - CHy* + H*, CHy*— CH* + H* and CH* — C* + H* on Ni/ZrSBA-15-OH (Ni-ZrO, interface) and Ni/SBA-15-OH

(Ni-SiO;, interface).
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with the experimental findings from TPSR and in-situ DRIFTS
analysis. The results suggest that at the Ni-ZrO, interface, the
final step of methane dehydrogenation—the removal of the last
hydrogen atom to form carbon—is energetically unfavorable,
effectively suppressing carbon deposition. Although the Ni/
ZrSBA-15-OH catalyst exhibits a lower reaction energy for the
final step (CH* — C* + H*) compared to the Ni/SBA-15-OH cata-
lyst, we contend that this reaction step remains more unfavor-
able on the Ni/ZrSBA-15-OH catalyst. Under the high-tempera-
ture environment of 750°C, thermodynamic constraints exert a
diminished influence, while kinetic factors dominate the reaction
dynamics. Specifically, the Ni/ZrSBA-15-OH catalyst demon-
strates a higher energy barrier and consequently a slower reac-
tion rate for this step. The higher energy barrier in the final step
may be attributed to differences in CH* adsorption sites. At the
Ni-ZrO, interface, CH* adsorption occurs at the side position
of Ni atoms, whereas on the Ni-SiO, interface, adsorption takes
place at the top position of Ni atoms. This structural difference
likely contributes to the superior coke resistance of Ni/ZrSBA-
15-OH. Some recently DFT works for Ni-ZrO, system also
have studied the effect of interface.®®~"? ZrO, effectively reduces
the activation energy of reactant molecules through heterointer-
face formation with metals, while its abundant oxygen vacancies
facilitate the adsorption of CO, and other reactants. For
instance, Wang et al.”® elucidated the role of Ni-ZrO, interfaces
in adsorption and activation processes. Their work demon-
strated that CO, adsorption is more stable on Ni sites (adsorp-
tion energy: —0.84 eV), whereas O and OH species preferentially
adsorb at Ni-ZrO, interfaces. This behavior stems from the high
d-band energy of ZrO, and SMSI. Notably, interfacial sites signif-
icantly lower the activation barrier for CO, dissociation, while Ni
sites exhibit superior CH, activation.

Conclusion

In summary, we developed a Ni/ZrSBA-15-OH catalyst featuring
abundant Ni-ZrO, interfaces, uniform particle sizes (5.6 nm), and
a robust framework structure using a surface-modification
approach followed by impregnation-calcination. This catalyst
demonstrated high CH, and CO, conversions of 80% and 87%,
respectively, along with excellent stability for approximately 20 h
at 750°C. Additionally, the Ni/ZrSBA-15-OH catalyst exhibited a
significantly lower coke formation rate of 0.4 mg geat ' h ™.
Comprehensive structural characterization and reaction behavior
analysis confirmed that the formation of metal-oxide heteroge-
neous interfaces in Ni/ZrSBA-15-OH effectively enhances cata-
lytic performance, suppresses coke formation, and stabilizes
the active metal sites. Furthermore, a dynamic balance between
coke formation and elimination was observed on the catalyst sur-
face. DFT calculations further revealed that the Ni/ZrSBA-15-OH
catalyst exhibits a higher energy barrier for CH* dehydrogenation
to C*, thereby improving resistance to carbon deposition. This
approach offers a promising strategy for designing highly stable
Ni-based composite catalysts for the DRM reaction including in
thermal catalysis and photocatalysis.

Limitations of the study

Building upon this research, we plan to increase the WHSV to
evaluate the stability and anti-coking performance of Ni/
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ZrSBA15-OH under higher flow conditions. Additionally, we
outline future research directions, including further investiga-
tions into defect modulation and in-situ studies of reaction mech-
anisms. The Ni/ZrSBA-15-OH catalyst with Ni-ZrO, interfaces
may also exhibit potential in other fields (e.g., photocatalysis
and electrocatalysis), so we have listed some relevant literature.
(Table S8). As for the novelty, we developed highly stable meso-
porous catalysts for DRM, featuring a unique Ni-ZrO, interface
confined within the mesoporous channels, and investigated the
mechanism underlying their enhanced stability.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Triblock copolymer poly(ethylene oxide)-b- Merck & Co. Inc CAS: 9003-11-6

poly(propylene oxide)-b-poly-(ethylene oxide)
PEO-PPO-PEO, Pluronic P123, average Mn ~5800

Tetraethoxysilane China National Medicines Co. Ltd CAS: 78-10-4

TEOS

Nickel(ll) nitrate hexahydrate China National Medicines Co. Ltd CAS: 13478-00-7

Ni(NO3)o-6H,0

Zirconium Oxychloride Octahydrate China National Medicines Co. Ltd CAS: 13520-92-8

ZrOCl,-8H,0

Software and algorithms

Origin OriginLab Co. Ltd https://www.originlab.com/
Microsoft office Microsoft https://www.microsoft.com/zh-cn/
VASP Tri-1-Biotech(Shanghai),-Ltd. https://www.vasp.at/

Jade Materials Data, Inc. https://jade.tilab.com/download/jade/

license/jade-download/

METHOD DETAILS

Catalyst synthesis

Synthesis of SBA-15-OH

Mesoporous silica SBA-15-OH was synthesized following our previously reported method.?®"* In a typical procedure, 20.0 g of tri-
block copolymer poly(ethylene oxide)-b-poly(propylene oxide)-b-poly-(ethylene oxide) (PEO—PPO—PEO, Pluronic P123, average
Mn ~5800) was dissolved in 650 mL of distilled water and 100 mL of concentrated HCI. The solution was stirred at 38°C for 2 h until
Pluronic P123 was completely dissolved. Subsequently, 41.6 g of tetraethoxysilane (TEOS) was slowly added under identical con-
ditions and allowed to react for 24 h. The resulting suspension was transferred to a hydrothermal reactor and treated at 110°C for
24 h. After filtration, the obtained surfactant-silica composite was thoroughly dried at 50°C. Finally, the SBA-15-OH support was
obtained by treating the composite with a mixture of concentrated nitric acid and hydrogen peroxide at 80°C for 3 h, followed by
filtration, washing, and drying.

Preparation of ZrSBA-15-OH

The ZrO, surface-coated mesoporous silica support (denoted as ZrSBA-15-OH) was prepared following a previously reported
method.?® In a typical procedure, 1.12 g of zirconium oxychloride octahydrate (ZrOCl,-8H,0) was dissolved in 12 mL of deionized
water (H20) to form a homogeneous solution. Then, 1.0 g of SBA-15-OH was added to the solution and stirred at room temperature
for 2 h. The mixture was then evaporated in an oven at 90°C and dried for 2 h. Finally, the ZrSBA-15-OH support was obtained by
calcination at 300°C for 4 h in a muffle furnace.

Preparation of SCO-Zr

The pure mesoporous ZrO, support was obtained by treating the ZrSBA-15-OH sample in 2 M NaOH at 70°C to remove silica
template.

Synthesis of Ni-based catalysts

All Ni-based catalysts were synthesized via an impregnation-calcination method. Specifically, 0.26 g of nickel nitrate hexahydrate
(Ni(NO3),-6H,0) was dissolved in 12 mL of deionized water. Once the metal nitrate was fully dissolved, 1.0 g of different supports
(SBA-15-OH, ZrSBA-15-OH, SCO-Zr, or commercial ZrO,) was added to the solution and stirred thoroughly for 2 h. The solvent
was then removed by evaporation in an oven at 70°C for approximately 2 h. Finally, the Ni-based catalysts were obtained by pyrolysis
in a muffle furnace at 500°C for 2 h. The resulting catalysts were denoted as Ni/SBA-15-OH, Ni/ZrSBA-15-OH, Ni/SCO-Zr, and
Ni/commercial ZrO,, corresponding to the respective supports used.

Characterization

The phase composition and crystal structure of the samples were analyzed using an X-ray diffractometer (XRD) (Rigaku SmartLab
SE, 2.2 kW, Japan) with Cu Ka radiation (A = 0.154 nm) at a tube current of 50 mA and a voltage of 40 kV, covering the 20 range
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of 10-80°. The specific surface area, pore volume, and pore size distribution were determined using a TriStar Il 3020 analyzer (Micro-
meritics, USA) at 77 K. Before adsorption measurements, each sample was degassed under vacuum at 150°C for at least 6 h to re-
move physically adsorbed species. Transmission electron microscopy (TEM), high-resolution TEM (HR-TEM) imaging, scanning
transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDX) mapping were conducted using a
JEM-F200 multipurpose electron microscope (JEOL Ltd., Japan) and a JEM-NEOARM microscope with a Schottky cold field emis-
sion gun at School of Physics and Technology, Wuhan University.

The actual nickel content was determined by inductively coupled plasma optical emission spectrometry (ICP-OES) using an Agilent
ICP-OES 730 instrument (Agilent, USA). The coke content of catalysts after stability tests was measured using a METTLER TOLEDO
TGA/DSC3+ thermogravimetric analyzer (METTLER TOLEDO, Switzerland). Raman spectra were acquired with a LabRAM HR Evo-
lution Raman spectrometer (Horiba, France) using a 532 nm Ar-ion laser to analyze carbon species after stability testing. X-ray photo-
electron spectroscopy (XPS) was performed using a Thermo Fisher Scientific ESCALAB 250Xi spectrometer (Thermo Fisher Scien-
tific, USA) with a monochromatic Al Ka source (1486.6 eV) at Institute of Materials Science and Devices, Suzhou University of Science
and Technology. Binding energies were calibrated using the C 1s signal at 284.8 eV as a reference.

X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) of the Ni K-edge were con-
ducted at the Diamond Light Source (UK) and Spring-8 (Japan). Data reduction, analysis, and EXAFS fitting were performed using the
Athena and Artemis programs within the Demeter data analysis package, which utilizes the FEFF6 program for EXAFS data
fitting.”>”® The energy calibration of the sample was conducted using a Ni foil standard, which was measured simultaneously as
a reference. A linear function was subtracted from the pre-edge region, and the edge jump was normalized using Athena software.
The y(k) data were obtained by subtracting a smooth third-order polynomial that approximates the absorption background of an iso-
lated atom. The k3-weighted y(k) data were Fourier transformed after applying a Hanning window function (Ak = 1.0). For EXAFS
modeling, the global amplitude parameters (coordination number (CN), bond distance (R), Debye-Waller factor (6?), and energy shift
(AEQ)) were obtained through nonlinear least-squares fitting of the EXAFS equation to the Fourier transformed data in R-space using
Artemis software. The EXAFS of Ni foil was fitted first, and the obtained amplitude reduction factor (So2 = 0.782) was used in the
EXAFS analysis to determine the coordination numbers (CNs) of the sample.

CH,4 and CO, temperature-programmed surface reactions (TPSR) were conducted using a Bel Cata |l apparatus integrated with
an online mass spectrometer. A total of 100 mg of catalyst was pretreated at 500°C for 2 h under 5.0 vol % hydrogen in argon (Ar)
(30 mL min~"). After pretreatment, the catalyst was cooled to room temperature under Ar flow, and a mixture of 20 vol % CH, in Ar
(30 mL min~") was introduced into the reactor. Once the mass spectrometry baseline stabilized, the reaction temperature was
ramped up to 750 °C at a rate of 10 °C min~' and maintained for 30 min, during which the corresponding mass signals for CH,-
TPSR were recorded. Subsequently, the CH4/Ar gas mixture was switched to pure Ar, and the system was cooled to room temper-
ature. Then, a mixture of CO, and Ar (30 mL min~") was introduced into the reactor. Once the mass spectrometry signal baseline
stabilized, the CO,-TPSR experiment was performed, and the characteristic mass signals were recorded accordingly.

Hydrogen temperature-programmed reduction (Ho-TPR) experiment was conducted using a iChem-700 instrument. Typically,
50 mg of catalyst was loaded into a U-shaped quartz tube reactor. Before measurement, the catalyst was pretreated under helium
(He) flow (30 mL min~") at 150°C for 30 min. The sample was then cooled to ambient temperature under He flow. Subsequently, a
4.5 vol % Hy/N, gas mixture was introduced into the reactor, and the temperature-programmed reduction experiment was
performed. The thermal conductivity detector (TCD) signal was recorded once the baseline stabilized.

Catalytic performance

The catalytic performance for the dry reforming of methane (DRM) was evaluated in a fixed-bed reactor under atmospheric pressure.
Typically, 50 mg of catalyst was homogeneously mixed with 300 mg of quartz sand (250—500 pm) and loaded into a quartz reaction
tube. Before measurement, the catalyst was reduced in-situ at 500°C for 2 h under a 4.5 vol % H,/N, gas mixture (50 mL min~"). After
pretreatment, high-purity N> was introduced into the reactor to remove any residual gas mixtures. Subsequently, the reaction gas
mixture (CH4:COx:N, = 2:2:1, 50 mL min~", corresponding to a wight hourly space velocity (WHSV) of 30,000 mL g ' h™") was
introduced once the temperature reached 550°C. After maintaining this temperature for 15 min, the gas composition was analyzed
using gas chromatography (Thermo Scientific TRACE 1310, USA) with a thermal conductivity detector (TCD). Methane and carbon
dioxide conversions were calculated using nitrogen as the internal standard, according to the following equations:

_ Moles of (CH,)in — Moles of (CH,4)out
- Moles of (CH,)in

Conv.cp,) *100% (Equation 1)

_ Moles of (COy)in — Moles of (CO,)out o .
Conv. o, = Moles of (CO,)in *100% (Equation 2)

Conv.cha) and Conv.cop) corresponds to the conversion of methane and carbon dioxide, respectively.
Computational details

All density functional theory (DFT) calculations were performed using the Vienna ab-initio simulation package (VASP).”” The projec-
tor-augmented wave method’® was emploted with the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof
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(PBE).”® An energy cut-off of 520 eV was used to guarantee the accuracy. The electronic convergence criterion was set to 107° eV.
The Brillouin zone was sampled with a grid spacing of approximately 0.2 A~ for bulk calculations, and only the I" point was consid-
ered for all slab calculations. The 1 x 1x 3 orthogonal SiO,(001) slab and ZrO,(100) slab, each adsorped with one Ni atom on the
surface, were constructed with a vacuum of 10 A. Atomic layers below the top two layers were all fixed in geometric relaxations
for the initial SiO,-Ni and ZrO,-Ni slabs. The energetically preferable Ni sites were determined by considering different initial Ni sites
on the surface. The optimal SiO»-Ni and ZrO,-Ni slabs were then extended by 3 x 3 to consider different adsorbates. Then, the pref-
erable sites for different adsorbates were determined by the atomic relaxation of different initial positions. More detailed structural
information of the final constructed models are summarized in Table S6. The climbing-image nudged elastic band (CINEB) method®°
with three images was employed to estimate the corresponding reaction energy barriers.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis for average particle size (Figures 1D, S3D, S5B, S6C, and S16F) was performed using Origin (OriginLab).
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