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Abstract

This study investigates the development of Ni-based catalysts for low-temperature dry methane
reforming (DMR) at 550 °C. The catalysts were prepared by dispersing Ni on y-Al2Os modified with
9 wt% MgO and 1 wt% ZrOz, while 10 wt% Ni-x wt% ZrO: promoters (0, 1, and 3 wt%) were
introduced using the incipient wetness impregnation method. A Ni-NiO-ZrO:2 surface network was
generated on the 10 wt% Ni-3 wt% ZrO: catalyst via an ammonia vapor—assisted impregnation route.
The ZrO:2 promoter strengthened the metal-support interaction, which increased the total amount of
reducible Ni while shifting the reduction to higher temperatures. This modification also promoted
CO:z activation relative to CHs, thereby enhancing the RWGS pathway and lowering the H2/CO ratio.
In contrast, the Ni-NiO-ZrO: network formed through the ammonia-assisted method increased the
concentration of surface-accessible Ni, reduced excessive coverage by ZrO, and significantly
improved oxygen mobility. These features facilitated continuous oxygen transfer, enhanced coke
oxidation, and ensured a more balanced activation of both reactants. Overall, the combined structural
and functional synergies achieved through promoter optimization and the ammonia vapor-assisted
preparation method resulted in superior catalytic activity and selectivity for DMR at 550 °C.

Keywords: Ni-ZrO:2 catalysts; dry methane reforming; oxygen mobility; metal-support interaction;
ammonia vapor-assisted impregnation

1. Introduction

Net zero emissions in energy production is defined as a process wherein the cumulative
greenhouse gas (GHG) emissions across both the production and utilization stages of energy or
derived products are effectively neutralized [1]. Within this conceptual framework, the dry methane
reforming (DMR) process exemplifies an approach that aligns with the net-zero paradigm [2-4]. The
overall DMR reaction consumes two of the most prevalent atmospheric greenhouse gases (methane
(CH4) and carbon dioxide (CO2)) to yield synthesis gas (syngas), composed primarily of hydrogen
(H2) and carbon monoxide (CO) (Equation 1). Hydrogen, as a product, may be directly employed as
a clean energy carrier, while syngas serves as a valuable intermediate for the synthesis of sulfur-free
and nitrogen-free hydrocarbons or other chemical products [5,6]. Consequently, when assessed on a
system-wide basis, DMR does not result in a net increase in atmospheric GHG concentrations.

Typically, the dry methane reforming (DMR) process relies on efficient catalysts to moderate the
severe reaction conditions; however, it still operates at temperatures of 650-800 °C under atmospheric
or higher pressures [7,8]. Among various catalytic systems, nickel-supported catalysts are the most
widely employed owing to their favorable balance of activity, stability, and cost-effectiveness, in
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which metallic Ni particles are primarily dispersed on suitable supports to facilitate the reforming
reactions [2,5]. Nonetheless, high operating temperatures promote Ni particle sintering, which along
with side reactions like the Boudouard reaction (Equation 2) and methane decomposition (Equation
3), leads to carbon deposition that remains unoxidized on the catalyst surface [7,9-11]. Additionally,
the reverse water—gas shift (RWGS) side reaction may occur as CO: is a reactant and water may form
via reduction by hydrogen (Equation 4), the H>/CO ratio in the syngas product is consequently
diminished [12,13].

CHa+ CO2 — 2CO + 2Hz AHP295 = + 248 kJ.mol! 1)
2CO — CO» +C AH®2sx=+173 k].mol! @)
CH: — 2H:+C AH®2sx=+ 75 kJ.mol! 3)
CO: + Ho — CO + H20 AH®29sx=+ 41 k].mol"! 4)

The key to mitigating these three issues lies in the rational design of Ni-based catalysts with
synergistic physicochemical properties, including inside interactions that may be reinforced by the
formation of structural networks, which facilitate efficient adsorption and dissociation of CHs and
CO2, as well as the transfer of their intermediates to drive the desired DMR pathway [14-17].
Furthermore, catalytic performance is significantly enhanced when the support promotes water
dissociation and provides active oxygen species, thereby suppressing carbon accumulation and Ni
sintering [10,18]

Based on these properties, several studies have developed Ni catalysts with high dispersion and
strong interaction with high-surface area supports such as y-AlOs. Although such systems
demonstrated improved resistance against sintering, the role of support extends beyond mere metal
dispersion. Specifically, the acidic nature of Al20Os facilitates CHa activation but does not sufficiently
promote CO: adsorption, thereby leading to carbon deposition. To address this limitation, mixed
metal oxide supports such as MgAlOs, Mg2Zr«Ali—x, and CeO2-Al20s have been introduced, which
enhance basicity and surface oxidation capacity [19-23]. However, their preparation is often complex
and typically yields limited quantities. More recently, a surface modification strategy for
commercially available y-Al20s has been proposed, whereby incorporation of 9 wt% MgO and 1 wt%
ZxrO:z provides the optimal oxygen mobility. This modification significantly reduces both the quantity
and severity of carbon deposition, producing carbon species that are more easily removed, owing to
the enhanced carbon oxidation capability of the supported Ni catalyst surface. Moreover, this
approach allows for large-scale improvement of y-Al:Os while remaining cost-effective, thereby
offering a practical pathway for catalyst development [24].

Promoters are often incorporated into Ni-based catalysts to improve their activity and stability
in DMR. Oxides of alkali and alkaline earth metals such as K Mg or Ca increase catalyst basicity,
thereby enhancing CO2 adsorption and facilitating the conversion of carbon species formed from CHa
decomposition into CO [25-27]. Meanwhile, CeO:z and ZrO: act as redox promoters, providing high
oxygen storage and transfer capacities that suppress carbon deposition by promoting oxygen
mobility across the catalyst surface [28-30]. In addition, hierarchical surface modification can be
achieved by forming layered hydroxides (LH) or layered double hydroxides (LDH) through the
ammonia vapor diffusion impregnation method. These sheet-like layers create interconnected
structures that enhance oxygen transfer between active metals and their oxides. Furthermore, the
LH/LDH-derived structures exhibit a memory effect, enabling hydroxide regeneration and
promoting the formation of hydroxide intermediates, thereby preventing the condensation of surface
intermediates into water [31-33].

This study reports the development of Ni-based catalysts supported on y-Al20s modified with
9 wt% MgO-1 wt% ZrO: (OM1ZA) for low-temperature DMR at 550 °C. Beyond enhancing the
basicity and oxygen mobility of the support [24], additional interactions at the active phase—support
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interface were introduced through the incorporation of ZrO: promoters. ZrO: was incorporated
either as dispersed species within the Ni phase via incipient wetness impregnation or as a Ni-NiO-
ZrO:z surface morphology formed through an ammonia vapor-assisted impregnation route. Catalysts
containing 10 wt% Ni with varying ZrO:2 loadings (0, 1, and 3 wt%) were synthesized by incipient
wetness impregnation, denoted as 10N/9SM1ZA, 10N1Z/9M1ZA, and 10N3Z/9M1ZA, respectively.
An additional catalyst prepared using ammonia vapor diffusion, containing 10 wt% Ni and 3 wt%
ZrO2, was denoted as 10N3Z(T)/9M1ZA. The catalysts were comprehensively characterized by
FESEM, TPR, O,-TPD, and XPS, and their catalytic performance was assessed. Coke deposition on
selected spent catalysts was characterized by TPO. The results reveal that both ZrO: incorporation
and synthesis methodology profoundly influence interfacial interactions, surface basicity, and
oxygen mobility. These insights provide a foundation for the rational design of efficient DMR
catalysts that support CO2 utilization and advance net-zero emission strategies.

2. Results and Discussion
2.1. Catalyst Characterization

The surface morphology of the catalysts was examined by FESEM, as presented in Figure 1.
Calcined catalysts prepared via conventional impregnation (Figure 1(a)—(c)) exhibited dispersed
particles with relatively isolated distribution and limited connectivity, whereas ZrO:-promoted
samples displayed finer particles than the unpromoted catalyst, suggesting improved dispersion of
the active species. In contrast, the catalyst synthesized through the ammonia-assisted impregnation
method (Figure 1(d)) exhibited a rough and interconnected surface morphology within the active
phase layer, which is indicative of the formation of a NiO-ZrO: network during preparation
[31,34,35].

Figure 1. FESEM micrographs of calcined (a) 10N/9M1ZA, (b) 10N1Z/9M1ZA, (c) 10N3Z/9M1ZA, and (d)
10N3Z(T)/9M1ZA catalysts.

Crystalline phases of modified Al2Os support and catalysts were investigated through the XRD
patterns (Figure 2). The diffraction patterns of all samples exhibit the y-Al:0s phase, with peaks
observed at 2-theta of 31.9°, 37.6°, 39.5°, 45.8°, 60.9°, and 66.8° (JCPDS No. 00-010-0425) [35,36], and
MgO at 2-theta of 43° and 62.3° (JCPDS No. 01-075-0447) [37]. The peak patterns of the NiO phase at
2-theta of 37°, 43°, and 62.5° (JCPDS No. 01-078-4374) [38] are observed in all diffractogram of catalyst
samples.

The diffraction peaks observed at 2-theta of 31°, 37°, 45.7°, 59°, and 66° can be attributed to the
presence of spinel-type phases, specifically NiAl2Os (JCPDS No. 01-078-695) and MgAl:04 (JCPDS
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No. 01-084-0377) [39,40]. These phases are likely formed through the incorporation of Ni* or Mg?
ions into the y-ALQO:s crystal lattice, indicating the formation of a thermodynamically stable structure
via isomorphous substitution within the Al20s framework [41,42]. This structural transformation
enhances the dispersion of metal species on the catalyst surface. However, no diffraction peaks
corresponding to ZrO: are observed in the support diffractogram due to the low ZrO: content relative
to the overall composition.

TON3Z(T)OMIZA

10N3Z/SM17ZA

10N1Z/9M1ZA]
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Intensity (a.u.)

NiO | | \
NiMgO | |
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Figure 2. XRD patterns of all catalysts and the modified alumina support.

The crystalline size of NiO (reporting in Table 1) revealed that ammonia vapor-assisted
impregnation produced larger NiO than conventional impregnation. The growth of such larger
crystallites is plausibly linked to the formation of network-like on the surface observed in the FESEM
results.

Table 1. The textural properties of all samples.

Average Pore volume? Size of NiO
Surface Areaa . _ .

Samples _ pore radius? (cm3-g™) crystalline®

(mZ.g 1)
(nm) (nm)
9M1ZA support 145 6.06 0.44 -

10N/IM1ZA 125 6.24 0.40 8.59
10N1Z/9M1ZA 132 6.37 0.42 8.63
10N3Z/9M1ZA 124 6.39 0.40 8.67
10N3Z(T)/9M1ZA 137 6.04 0.41 9.71

1 Calculated from BET method. 2 Determined from XRD results.

The nitrogen adsorption-desorption isotherms and the pore size distribution curves of the
sample surface are shown in Figure 3, while the specific surface area, average pore radius, and pore
volume are summarized in Table 1. According to the results, the support and catalysts exhibit type
IV isotherms, characteristic of mesoporous materials, with H1-type hysteresis loops associated with
uniform and interconnected cylindrical pores [35,43]. Pore size distribution analysis reveals that the
support possesses slightly smaller pores than the catalysts. This observation is consistent with the
BET analysis, where the support possesses the highest specific surface area (145 m?g!) and the highest
pore volume (0.44 cm3g™), as well as the almost smallest average pore radius (6.06 nm). Upon
incorporation of the active species via the impregnation method, both the surface area and pore
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volume of the catalyst were reduced, whereas the average pore radius increased compared to the

support. This phenomenon can be attributed to a pore blocking effect, wherein the impregnated

species partially occlude the smaller pores, thereby limiting access to the internal surface area

[24,34,44].
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Figure 3. N2 adsorption-desorption isotherms and pore size distributions of the modified alumina support and

all catalysts.

A comparison among the catalysts prepared via incipient wetness impregnation revealed that
the catalyst containing 1 wt% ZrO: exhibited a higher specific surface area and pore volume than
both the undoped catalyst and the one containing 3 wt% ZrO2. This observation suggests that the
incorporation of 1 wt% ZrO: enhances the dispersion of NiO [45]. However, further increasing the
ZrO2 content to 3 wt% likely induces pore blocking effects, thereby reducing the accessible surface
area and pore volume [28]. In contrast, for the catalyst incorporating 3 wt% ZrO: within the active
phase and prepared via the ammonia-assisted impregnation method, the formation of a network-like
surface morphology led to an overall increase in surface area.

The reducibility influenced by metal-support interactions of the prepared catalysts was
evaluated through H>-TPR. As shown in Figure 4, all catalysts exhibited reduction starting above 500
°C, with major peaks centered above 600 °C, characteristic of strong metal-support interactions
(SMSI) [46-49]. Nevertheless, the reducibility varied with ZrO: content and surface morphology. The
undoped catalyst (10N/9M1ZA) showed the easiest reduction, with the peak center appearing at the
lowest temperature, indicating relatively weaker metal-support interactions compared to the ZrO»-
promoted catalysts.
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Figure 4. H2 -TPR profiles of all catalysts.

The incorporation of ZrO: into the active layer matrix of the catalyst (I0N1Z/9M1ZA and
10N3Z/9M1ZA) significantly increased the quantity of reduction. The reduction onset occurred at
higher temperatures and proceeded more readily, indicating that the presence of ZrO: facilitated the
reduction of NiO. This enhancement is likely due to the formation of oxygen vacancies within the
ZrQO: lattice, which promotes hydrogen spillover and increases the mobility of lattice oxygen,
resulting in the presence of more active sites [50,51]. When comparing the two ZrOz-doped samples
prepared by incipient wetness impregnation, the catalyst with 1 wt% ZrO2 showed lower reduction
temperature, implying weaker metal-support interactions [28,52]. On the other hand, the 3 wt% ZrO2
sample exhibited a higher overall hydrogen uptake and more uniform reduction profile, reflecting
stronger and more homogeneous metal-support interaction. This behavior can be attributed to the
increased generation of oxygen vacancies and the incorporation of ZrO, into the active phase,
coupled with its intimate interaction with the MgO-ZrOz>-modified support surface [53,54]. Such
structural evolution is expected to strengthen metal-support interactions and may affect catalytic
performance.
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A comparative H>-TPR analysis between 10N3Z(T)/9M1ZA and 10N3Z/9M1ZA reveals that the
ammonia vapor-assisted impregnation (10N3Z(T)/9M1ZA) induced an LDH intermediate prior to
calcination, which enhanced active-site integration [55,56]. The TPR profile of 10N3Z(T)/9M1ZA
shows two resolved peaks at 620 °C and 777 °C, compared with a single peak centered at 782 °C for
10N3Z/9M1ZA. The O-TPD profile (Figure 5) of 10N3Z(T)/9M1ZA suggests that the active sites
generated on 10N3Z(T)/9M1ZA enhance oxygen mobility in the surface region, likely arising from
improved connectivity within the active layer [24,57,58]. These changes are evidenced by the shift in
the temperatures of reduction and the increase in oxygen desorption relative to 10N3Z/9M1ZA,
underscoring the crucial role of precursor chemistry and atmosphere in governing reducibility

(interaction strength) and oxygen mobility.

_ —— 10N3Z(T)/9MIZA
i g — . —10N3Z/9MI1ZA
el
s 75 ‘3‘-5.3.& - - = 10NI1Z/OMIZA
? [ ,’".'.".af': "\ .......... 10N/9M1ZA
E.« [ ,f i 5,
af £/ \_
‘ iy
st A A\
A
B r I
2t £
of g .
= :I "
L f N .
i
L ;’ - .
. S
50 150 250 350 450 550 650 750

Temperature (C)

Figure 5. O2 -TPD profiles of all catalysts.

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface chemical states
of the reduced catalysts with varying ZrO: contents. The mass concentrations of the constituent
elements (Mg, Ni, O and Al) on the catalyst surfaces are summarized in Table 2. The core-level spectra
of Al2p, Ni 2p, Zr 3d and O 1s were deconvoluted and analyzed for all catalysts as shown in Figure

6.

Table 2. XPS quantitative analysis of the prepared catalysts.

Mass concentration (%)

Catalysts Mg 1s Ni 2p O 1s Al 2p
10N/9M1ZA 1.34 7.89 49.52 41.25
10N1Z/9M1ZA 1.67 6.54 50.87 40.92
10N3Z/9M1ZA 1.90 5.25 52.05 40.79
10N3Z(T)/9M1ZA 1.01 6.85 49.86 42.27

The unpromoted catalyst, I0N/9IM1ZA, exhibited a surface nickel concentration of 7.89%. Upon
introducing 1 wt% ZrO: as a promoter, the surface Ni content of 10N1Z/9M1ZA decreased to 6.54%,
and it further declined to 5.25% for 10N3Z/9M1ZA with 3 wt% ZrO: loading. This inverse correlation
between promoter loading and surface Ni concentration suggests that the zirconia species are
deposited in close proximity to, or partially covering, the nickel oxide particles. This phenomenon,
often referred to as decoration or shielding, is typical in promoted catalyst systems and can affect the
accessibility of active sites [59,60].

Concurrently, the surface concentration of oxygen increased from 49.52% to 52.05%, which is
consistent with the addition of another oxide component (ZrO:) to the system. The aluminum

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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concentration remained relatively stable, indicating that the bulk support was not significantly
masked [61].

In contrast, the 10N3Z(T)/9M1ZA catalyst prepared using ammonia vapor exhibits a markedly
higher surface nickel concentration of 6.85% and a lower surface oxygen concentration of 49.86%,
representing more than a 30% increase in exposed nickel relative to the conventional catalyst. This
enhancement originated from the formation of LDH complexes during impregnation, which alters
the precipitation into impregnation pathway. Upon calcination, a larger amount of nickel oxide
remains exposed, forming a more integrated Ni-NiO-ZrO: network derived from LDH growth. This
structure not only facilitates more efficient oxygen transfer but is also less susceptible to coverage by
the zirconia promoter, resulting in a catalyst that can be reduced at a lower temperature.

Zr3d O1s

10N/9M 1
CALAARS APV LA A s g A

Al 2p

10N/OMIZA 10N/OM1ZA

10N1Z/9MI1ZA 1ON1Z/9M1
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Figure 6. (a) Al 2p, (b) Ni 2p, (c) Zr 3d and (d) O 1s XPS spectra of all catalysts.

2.2. Catalytic Performance in the DMR Reaction

The catalytic performance of the prepared catalysts in the dry reforming of methane (CHa: CO2:
N2 = 1:1:1, 550 °C, 360 min) was evaluated in terms of CH4 conversion, CO:z conversion, and Hz/CO
ratio (Figure 7(a)-(c)). Ni on modified alumina (10N/9M1ZA) achieved average CHs and CO:2
conversions of 27% and 26%, respectively (CH4 conversion/CO: conversion ~ 1.0) with an H2/CO ratio
of 0.56. Addition of 1% ZrO: promoter into the active phase decreased CH4 conversion to 23% but
increased CO2 conversion to 30% (CH4 conversion/CO:2 conversion ~ 0.77; H2/CO ratio = 0.49). With
3% ZrO2 promoter, CHs conversion rose to 28% and CO: conversion to 37% (CHs conversion/CO:
conversion ~ 0.76; Hz2/CO ratio = 0.51).
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Figure 7. (a) CHa4 conversion, (b) CO2 conversion, and (c) O 1s XPS spectra of all catalysts.

The Ni/modified alumina catalyst exhibited a CHas-to-CO:z activity ratio and Hz/CO ratio closer
to theoretical values than ZrO2-promoted catalysts. This behavior is attributed to the basic surface of
Ni and CO:z active of the modified alumina support, which enables comparable activation of CHs and
CO2. ZrO:z promotion increased oxygen vacancy content but cover Ni active site area, favoring CO2
activation and the reverse water—gas shift (RWGS) reaction, thereby lowering H2/CO. At higher ZrO:
loading (3%), improved the number of reducible active sites from both Ni and oxygen vacancies
enhanced overall activity but the surface coverage still affects. When the 3% ZrOz-promoted catalyst
was prepared via ammonia vapor-assisted impregnation, a Ni-NiO-ZrO2 network layer formed on
the surface. This catalyst achieved CH4 and CO2 conversions of 39% and 37%, respectively (CHa
conversion/CO2 conversion ~1; H2/CO ratio of 0.62), indicating a stronger driving of the reaction
toward the DRM pathway. The enhanced performance is attributed to improved oxygen mobility
facilitated by better delocalized electron distribution resulting from the redox property within the
network associated with the deduction of the surface coverage of ZrOo. In this structure, nickel oxide
sites serve as active centers for oxygen-containing reactants, while metallic Ni provides active sites
for CHs activation. Efficient transfer of oxygen intermediates to CHx species facilitates the DMR
mechanism, resulting in simultaneous gains in activity and selectivity When the 3% ZrO:-promoted
catalyst was prepared via incipient wetness impregnation under a basic vapor atmosphere, a
hierarchical Ni-NiO-ZrO: network layer formed on the surface.

2.3. Carbon Deposits on Spent Catalysts

The spent catalysts 10N3Z/9M1ZA and 10N3Z(T)/9M1ZA after 360 min of DMR reaction were
analyzed for the types and quantities of carbon deposits using TPO. The TPO profiles (Figure 8),
together with the amount of oxygen consumed during oxidation expressed as the percentage of
carbon deposits relative to the carbon fed from the reactants (Table 3), indicate that although both
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catalysts possess identical compositions, the distinct surface structures resulting from different
synthesis routes significantly affect both the nature and amount of carbon formed. The carbon
deposits observed on 10N3Z/9M1ZA are primarily composed of species ranging from medium-to-
hard to oxidize, which results in a broad, continuous signal spanning 400-800 °C. This thermal profile
suggests a dense, uniform accumulation of carbon on the nickel surfaces, a morphology consistent
with the relatively uniform surface species and interactions generated by the incipient wetness

impregnation method used in its preparation.

—— 10N3Z(T)/9MIZA

— - —=10N3Z/9M1ZA

TCD respond (a.u.)

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 8. TPO profiles of spent 10N3Z/9M1ZA and 10N3Z(T)/9M1ZA catalysts.

Table 3. Oxygen uptake and coke deposition determined from TPO profiles for spent 10N3Z/9M1ZA and
10N3Z(T)/9M1ZA catalysts.

Oxygen uptake in TPO Carbon deposition
Spent catalyst (mmol/g) (%Dc)
10N3Z/9M1ZA 3.825 4.59
10N3Z(T)/9M1ZA 6.747 8.09

In contrast, 10N3Z(T)/9M1ZA, which was synthesized using the ammonia vapor—assisted
impregnation method to create a distinct Ni-NiO-ZrO; interfacial network, displays a diverse range
of carbon deposits. This variety is evident in the clearly separated oxidation peaks corresponding to
different species including easy-to-oxidize (120-300 °C, amorphous carbon), medium-to-oxidize
(300-700 °C, graphitic carbon) and hard-to-oxidize (700-850 °C, filamentous carbon) [24,31]. This
behavior suggests that the network structure significantly increases the diversity of active sites
available for reaction. This diverse environment enhances the efficiency of oxygen transfer to
intermediate carbon species, which in turn favors the formation of easily oxidized, amorphous
carbon. Furthermore, the peak oxidation temperatures for both the easy- and medium-oxidized
carbon species found in 10N3Z(T)/9M1ZA are notably lower than those observed for the
10N3Z/9M1ZA catalyst, indicating that the new network facilitates easier removal of most deposits.
Despite this overall improvement in coke manageability, 1I0N3Z(T)/9M1ZA exhibits a 1.4-fold higher
rate of methane activation. This increased reactivity means that carbon accumulation still occurs to
some extent, resulting in the formation of some persistent, hard-to-oxidize carbon species, likely due
to the sheer volume of material being processed more quickly.
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3. Materials and Methods

3.1. Catalyst Preparation

The catalytic synthesis utilizes various chemicals, including deionized water, gamma aluminum
oxide (y-AlOs, 98% Sigma-Aldrich), magnesium nitrate hexahydrate (Mg(NO3)2-6H20, 98%, Sigma-
Aldrich), zirconyl nitrate (ZrO(NOs)2-H20, 98%, Acros Organics), nickel (II) nitrate hexahydrate
(Ni(NOs)2:6H20, 98%, Acros OrganicsTM).

The modified alumina support with 9 wt.% MgO and 1 wt.% ZrO: (denoted as IM1ZA) was
prepared using the incipient wetness impregnation method similarly to our previous study [24].
Nickel-based catalysts with The 10 wt% Ni —with varying Ni:ZrO: weight ratios (10:0, 10:1, and 10:3)
were synthesized by impregnating Ni(NOs),6H,O and Zr(NOs)2xH20 mixed solution onto the
prepared support before powder samples were dried at 60 °C overnight and calcined at 650 °C for 5
h. Finally, each sample was pelletized and collected for the particle between 355-710 micrometer
range (denoted as 10N/9M1ZA, 10N1Z/9M1ZA, and 10N3Z/9M1ZA, respectively). The catalyst
comprising 3 wt% ZrO: as a promoter within the active phase was synthesized via an ammonia
vapor-assisted impregnation method. The impregnated powder was placed in a sealed vessel
containing an aqueous NH4OH solution and maintained under these conditions for 20 hours, thereby
facilitating the formation of a layered double hydroxide (LDH) intermediate [31,32]. Subsequently,
the material was subjected to drying and calcination to yield the corresponding oxide phase,
following the thermal treatment protocol previously described.

3.2. Catalyst Characterization

Field emission scanning electron microscopy (FESEM) with a JEOL JSM-7600F microscope (JEOL
Ltd., Welwyn Garden City, UK), operated at 5.00 kV, was used to examine the morphologies of the
catalyst samples. Each sample was sputter-coated with a thin layer of platinum (Pt) using a JEOL JFC-
1600 coater (JEOL Ltd., Welwyn Garden City, UK) prior to imaging.

X-ray Diffraction (XRD) was applied to determine crystallinity and phase composition for fresh
and spent catalysts through non-destructive diffraction analysis on the Bruker AXS Model D8
Discover using Cu-Ka radiation at 40 kV and 40 mA scanning from 20-80° with the rate of 0.02° min-1.
The average NiO crystallite size (d) was determined from the full width at half maximum (FWHM)
of the most intense NiO diffraction peak at 2-theta about 43°, using the Debye—Scherrer equation
(Equation 5), where K is the shape factor (0.94), A is the X-ray wavelength (0.15406 nm), {3 is the line
broadening in radians, and 0 is the Bragg angle [34,62].

i KA
~ BcosO ©)

The N2 physisorption measurement at constant temperature of -196 °C was conducted on a BET
surface area analyzer (BELSORP-mini, Microtrac BEL Corp., Japan) to investigate the textural
properties of fresh catalysts. Each sample surface was degassed in a vacuum at 350 °C for 4 h before.
Then, the equilibrium adsorption-desorption isotherms were obtained at varying pressures ranging
from 0.01 to 1.0 P/P, (relative pressure). Multipoint Brunauer-Emmett-Teller (BET) analysis was
employed to calculate the specific surface area, pore volume, and average pore diameter, whereas the
pore size distribution was evaluated using the Barrett—Joyner-Halenda (BJH) method.

Temperature-programmed reduction of H2 (H2-TPR) was conducted on a BELCAT-basic system
(BEL JAPAN, INC., Osaka, Japan) equipped with thermal conductivity detector (TCD). This
technique examines reducibility and elucidates the interaction between metal and support of fresh
catalysts. Prior to the H>-TPR analysis, each catalyst sample was pretreated in an argon (Ar) flow at
200 °C for 1 hour, then cooled to 50 °C. The TPR measurement was subsequently carried out under a
5 vol% Hz/Ar mixture, with the temperature ramped up to 800 °C at a rate of 10 °C/min, followed by
holding at this temperature for 0.5 hour.
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Temperature-programmed desorption of Oz (O2-TPD), employing the same apparatus as for the
H>-TPR measurements, was conducted to investigate the oxygen mobility in fresh catalysts, which is
related to the presence of oxygen vacancies. Before the measurement, the sample was pre-reduced in
at 600 °C for 1.5 hours following by cooling to 200 °C under Ar flow. The isothermal chemisorption
of O2 was carried out at 200 °C for 1.0 hour under O: flow. Non-chemisorbed O: species on the
catalyst surface were purged by an Ar flow at an ambient temperature for 30 minutes. Then, the
amount of Oz desorption was monitored in the temperature range from an ambient temperature to
750 °C with the heating rate of 10 °C/min under an Ar flow.

X-ray photoelectron spectroscopy (XPS) was performed using an AXIS Ultra DLD, Kratos
Analytical spectrometer, equipped with a monochromatic Al Ka (1486 eV) X-ray source. The system
was operated under ultra-high vacuum conditions (pressure < 10 Torr). This technique was
employed to investigate the surface elemental composition and oxidation states of the catalysts. High-
resolution spectra were collected for Ni 2p, Al 2p, O 1s, and Zr 3d using a pass energy of 20 eV with
an energy resolution of 0.1 eV. The binding energy scale was calibrated with the C 1s signal at 284.8
eV. Data analysis was performed using CasaXPS software, with background subtraction using the
Shirley method and peak fitting using Gaussian-Lorentzian functions. The atomic compositions were
determined based on the peak areas and sensitivity factors of each element.

To investigate species and quantity of carbon deposited on 10N3Z/9M1ZA and
10N3Z(T)/9M1ZA during the reaction, temperature-programmed oxidation (TPO) was performed
using the same instrument as for H>-TPR. Prior to the measurement, the spent catalyst was degassed
at 200 °C for 1 hour and then cooled to 40 °C under an Ar flow. Subsequently, the sample was oxidized
from 40 °C to 850 °C at the heating rate of 10 °C/min in a 5 vol% Oz/Ar stream. The amount of oxygen
uptake was calculated using equation (6). The percentage of carbon deposition (Dc, %) relative to
catalyst weight calculated according to equation (7).

No,(TPO) = Vo, (6)
02 24,400
%D, = No,(TPO)*SF;xMWx100 @)

where N, (TPO) is oxygen uptake in TPO measurements (mmol gcat-1), Vo, is the amount of
oxygen consumed during in TPO (cm? ger?), SF1 is a stoichiometry factor for O, in the oxidation step
(C mol:Oz2 mol in the oxidation = 1), and MWC is an atomic weight of carbon (g mol).

3.3. Catalytic Test

The catalytic activity for the DMR reaction was assessed in a tubular fixed-bed reactor containing
about 0.30 g of catalyst. Initially, the catalyst sample was subjected to in-situ reduction at 600 °C for
3 hours under a H: flow to activate the Ni metal phase [24]. During the DMR reaction, the feed gas
mixture (comprising CHs, COz, and N2 in an equal molar ratio) was introduced into the reactor at a
total flow rate of 60 mL/min. The reaction was maintained at 550 °C for a duration of 6 hours. The
composition of the outlet gas stream was analyzed using an on-line gas chromatograph (Agilent
GC7890A, Agilent Technologies, Santa Clara, CA, USA) equipped with a TCD. The performance of
the DMR reaction was assessed based on methane conversion (Equation 8), carbon dioxide
conversion (Equation 9), and the H2/CO product ratio (Equation 10).

Flow rate CH, j,-Flow rate CHy o
Flow rate CHy ,

CH, conversion (%) = x100 (8)

) Flow rate CO, ;,-Flow rate CO, .
CO, conversion (%) = Flowf ate CO . x100 )
2,in

H, p ~ Flow rate of Hy oyt 10
co e T Flow rate of CO,; 1o
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4. Conclusions

This work highlights the synergistic effects of employing a y-Al:Os support modified with 9 wt%
MgO and 1 wt% ZrOg, together with ZrO: promotion and the ammonia vapor—assisted impregnation
method, for the development of Ni-based catalysts for low-temperature DMR (550 °C). The MgO-
ZrOz>-modified support provides a highly basic surface and generates a substantial concentration of
oxygen vacancies, both of which facilitate CO2 adsorption and activation while mitigating carbon
deposition, consistent with previous findings for Ni catalysts operated at 600 °C [24]. The
incorporation of 3 wt% ZrO: as a promoter further strengthens the metal-support interaction. The
uniformly dispersed zirconia species enhance the CO:2 activation capability of the surface, but may
partially cover Ni sites, thereby increasing the contribution of the RWGS pathway.

Importantly, the ammonia vapor-assisted impregnation technique induces the formation of
LDH-derived intermediates, which upon calcination evolve into a well-integrated Ni-NiO-ZrO:
surface network. This structural arrangement results in a higher concentration of surface-accessible
Ni species and the formation of additional active phases, which enhance the oxygen mobility while
reducing excessive masking by the ZrO: promoter. The resulting catalyst therefore provides
improved Ni accessibility and more favorable surface environment for DMR, while concurrently
suppressing RWGS side reactions and promoting more efficient coke oxidation.
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