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Ni-based catalysts supported on composite metal oxides (NiO-Al,03, MgO-Al;03, Co304-Al303) were synthesized
via coprecipitation followed by Ni impregnation to investigate the influence of support composition on catalyst
stability in methane steam reforming. Accelerated deactivation protocols (methane decomposition, high-
temperature sintering, hydrothermal oxidation) revealed hydrothermal oxidation as the primary cause of irre-
versible deactivation. The 10Ni/NiAl catalyst (10 wt% Ni/10 wt% NiO-Al;03) showed remarkable regenerability
after 923 K hydrothermal treatment, fully restoring its activity. This was attributed to coexisting reduced Ni
species and readily reducible NiO, facilitating rapid reactivation. Other catalysts formed thermally stable
NiAl;0y4, leading to permanent deactivation. Methane cracking at 973 K had negligible effect, and 10Ni/NiAl
catalyst exhibited the lowest carbon deposition (17.02 %). Under extreme hydrogen purged at 1223 K, only the
10Ni/CoAl catalyst exhibited a minor activity decline. The superior stability of 10Ni/NiAl was attributed to an in
situ-formed NiAl composite metal oxides during 973 K calcination, which effectively anchored Ni particles,
suppressed sintering, and prevented extensive oxidation.

1. Introduction

Hydrogen is widely recognized as a clean and efficient energy car-
rier, possessing a high gravimetric energy density (~142 MJ/kg), and
playing a pivotal role in the global transition toward sustainable and
decarbonized energy systems [1-4]. Among hydrogen production
technologies, methane steam reforming (MSR) dominates commercially
due to its high hydrogen yield, process maturity, and favorable eco-
nomics [2,5]. As a highly endothermic reaction, MSR operates optimally
at 973-1173 K, making it particularly suitable for integration with high-
temperature energy conversion devices.

With the rapid development of decentralized energy systems,
particularly in residential and small-scale industrial applications, on-site
hydrogen generation coupled with fuel cell power systems has attracted
significant attention. A prominent example is Japan’s ENE-Farm initia-
tive, which deploys domestic-scale combined heat and power (CHP)
systems fueled by natural gas [6]. These systems predominantly utilize
proton exchange membrane fuel cells (PEMFCs) owing to their compact
design, low operating temperatures (333-353 K), high power density,
and fast transient response [7,8]. In addition, high-temperature PEMFCs

* Corresponding authors.

(HT-PEMFCs), operating at 393-473 K with phosphoric acid-doped
polybenzimidazole (PBI) membranes, have been developed to enhance
thermal integration and improve CO tolerance [9,10]. Nevertheless,
even HT-PEMFCs suffer from thermal mismatch with MSR, requiring
complex heat management and stringent gas purification to satisfy strict
fuel purity requirements.

In contrast, solid oxide fuel cells (SOFCs), operating at 873-1273 K,
provide direct thermal compatibility with MSR [11,12]. This thermal
synergy enables internal reforming, streamlines heat integration, and
improves overall system efficiency. Moreover, SOFCs exhibit broad fuel
flexibility and strong tolerance to CO and unconverted hydrocarbons,
making them particularly attractive for integrated reforming—fuel cell
systems. Owing to these attributes, MSR-SOFC configurations have
emerged as a promising pathway for high-efficiency, low-emission
distributed power generation.

However, applying MSR in decentralized systems presents challenges
distinct from those encountered in conventional large-scale operations.
Industrial MSR reactors, such as those used in ammonia production,
typically operate under high pressures (20-40 bar), low gas hourly space
velocities (GHSV < 10,000 h’l), and steady-state conditions [13]. In
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contrast, distributed systems demand low or atmospheric pressure, high
GHSV (> 10,000 h_l), intermediate temperatures (873-1023 K), and
frequent start-up/shut-down cycles. These stringent conditions impose
severe demands on catalyst activity, structural stability, sintering
resistance, and redox durability [14].

To address these challenges, the development of reforming catalysts
specifically tailored for the dynamic and harsh operating conditions
characteristic of MSR-SOFC systems is essential. Ni-based catalysts have
received extensive attention due to their cost-effectiveness, high
intrinsic activity, and well-established role in MSR. However, their
practical application in decentralized systems remains limited by their
vulnerability to deactivation and insufficient regenerability, defined as
the ability to recover activity after operational cycles [15]. Although Ni
effectively activates C—H bonds [16], it remains prone to sintering,
coking, and steam oxidation under MSR conditions. The endothermic
nature of MSR requires elevated temperatures for efficient reforming,
particularly at high space velocities, which accelerate Ni particle
agglomeration and coke formation. Ultimately leading to pore blockage
and progressive loss of active sites [17-19]. Moreover, exposure to
steam at temperatures above 973 K can lead to hydrothermal oxidation,
a process that not only oxidizes metallic Ni but can also promote the
formation of inert NiAl,O4 spinel, irreversibly disrupting the catalytic
cycle and depleting active Ni° sites [20,21].

The support effect is critical in this context, and y-Al;O is commonly
used as a support due to its high surface area and thermal stability, and
can generate a strong metal-support interaction (MSI), which improves
Ni dispersion and durability by anchoring the nanoparticles against
sintering [22,23]. However, the strong interaction between NiO and
Al;03 may lead to the formation of NiAl,O4 spinel phases, significantly
reducing the availability of active Ni® sites [24,25]. To overcome these
limitations, recent studies have increasingly focused on composite metal
oxide supports that offer enhanced structural stability and tunable
basicity.

Composite oxides such as MgO-Al,O3 and Co304-Al;03 have
demonstrated superior performance compared to single oxides, pri-
marily due to improved metal dispersion and optimized strong MSI [26].
Ni-Mg-Al catalysts prepared via coprecipitation-impregnation exhibit
enhanced reducibility, superior Ni dispersion, and improved resistance
to sintering under MSR conditions [16]. Likewise, Co-modified systems
stabilize Ni nanoparticle via CoAlyO4 spinel formation, suppress coke
formation, and extend long-term performance during hydrocarbon
reforming [27]. The inclusion of MgO also increases the surface basicity,
facilitating CO, adsorption and coke suppression [28].

Despite the widespread application of Ni-based composite catalysts,
the role of Ni as a structural component in the support matrix remains
insufficiently explored. While NiAl,O4 spinel structures have shown
promise in dry reforming of methane (DRM), their synthesis typically
requires high calcination temperatures (> 973 K) and precise compo-
sitional control, complicating large-scale preparation [29]. In MgAl>04-
supported catalysts, the structural contribution of MgAl,04 tends to be
emphasized over the synergistic effects involving Ni [30]. Nevertheless,
NiAl;04-based catalysts have demonstrated superior performance in
glycerol steam reforming and DRM compared to their Mg- and Co-based
counterparts, benefiting from their optimal acidity, structural stability,
and Ni—Al synergy, which are beneficial for Ni® stabilization and carbon
suppression [31].

Although substantial progress has been made, the fundamental
deactivation mechanisms of Ni-based composite catalysts remain
insufficiently understood. While coke formation and sintering are
recognized as primary deactivation pathways [32], the influence of
support structures and steam-induced deactivation under realistic
operating conditions requires further elucidation. For example, the
exceptional coking resistance of Ni/MgAl,O4 in DRM suggests that
spinel stability may play a crucial role in maintaining long-term activity,
yet this correlation is not fully characterized [29].

While composite metal oxides significantly enhance the performance
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of Ni-based catalysts, research efforts remain uneven. Recent studies
have made significant strides in developing coke- and sintering-resistant
catalysts through various strategies [33-40]. However, a comprehensive
understanding of catalyst stability under severe hydrothermal condi-
tions and sequential multi-stress tests (coking, steaming, and sintering)
is lacking. Furthermore, the role of Ni not just as the active phase but as
an integral structural component of the support itself represents an
innovative but less-explored strategy for achieving ultimate stability
[31]. Addressing this scarcity of mechanistic studies on deactivation
mechanisms will facilitate the rational design of robust catalysts for
industrial applications. Given the frequent start-up and shut-down cy-
cles inherent to integrated reforming—fuel cell systems, investigations
into key deactivation factors and mitigation strategies are essential.

To bridge these gaps, the present study systematically investigates
the influence of composite oxide supports on Ni-based catalyst perfor-
mance under MSR conditions tailored for SOFC integration. A series of
composite metal oxide catalysts, as 10Ni/NiAl (10 wt% Ni/10 wt% NiO-
Aly03), 10Ni/MgAl (10 wt% Ni/10 wt% MgO-Al;03), and 10Ni/CoAl
(10 wt% Ni/10 wt% Co304-Alp03), were synthesized by modifying
y-Aly03 with Ni, Mg, and Co. For comparison, two additional catalysts,
10Ni/Al (10 wt% Ni/Al;0O3) and 20Ni/Al (20 wt% Ni/Al;03), were
prepared using y-Al;Os as the support. This study aims to systematically
evaluate the influence of support effects on catalyst activity and stability
in MSR and to identify the key factors governing deactivation. To
comprehensively assess catalyst robustness, three targeted deactivation
protocols were designed: forced coke deposition by methane decompo-
sition, forced sintering at high temperature, and steam-induced deacti-
vation. Additionally, the long-term stability of the most efficient catalyst
was evaluated, along with the influence of start-up and shut-down cycles
on its catalytic performance.

2. Experimental
2.1. Materials

The chemical reagents used in the experiment included Ni
(NO3)2-6H20, Mg(NO3)2-6H20, Co(NO3)-6H20 and NHs-H0, which
were purchased from Sinopharm Chemical Reagent Co., Ltd. y-Al,O3
was obtained from Shanghai Aladdin Biochemical Technology Co., Ltd.
All the chemicals were analytic grade and could be used directly without
pretreatment.

2.2. Preparation of the catalysts

Aqueous solutions were prepared by dissolving the corresponding
metal nitrates (Ni(NOg3)2-6Ho0, Mg(NO3)2-6H20, Co(NO3)2-6H20) in
deionized water. A precise amount of y-Al,O3 was then introduced to
maintain a metal content of 10 %. Ammonia was added three times
during stirring as a precipitant, with the objective of controlling the pH
at 9. The mixture was then aged for 6 h, after which it was dried using a
water bath at a temperature of 353 K. The material was further dried
overnight at 383 K, and finally calcined in air at 973 K for 3 h, resulting
in the formation of the various composite metal oxide supports.

To obtain different Ni-based catalysts, a secondary impregnation
process was performed using 10 wt% Ni loaded on various composite
metal oxide supports, utilizing Ni(NO3)2-6H20 as the Ni precursor. The
samples were first dried in a 353 K water bath, followed by overnight
drying in an oven at 383 K. However, the calcination temperature was
adjusted to 773 K, and the calcination time was once again set at 3 h.

For comparison, two baseline catalysts, 10Ni/Al and 20Ni/Al, were
prepared using a conventional one-step impregnation method directly
onto the y-Al,O3 support, followed by calcination at 773 K for 3 h. This
approach was deliberately chosen to create catalysts with a relatively
weak MSI, which serves as a benchmark against which to evaluate the
catalysts prepared on the co-precipitated composite supports. The co-
precipitation method, in contrast, is designed to foster strong MSI by
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integrating metal cations into the support lattice. This comparative
experimental design is fundamental to isolating and understanding the
“support effect” on catalyst stability and performance. The calcination
temperature of 773 K was selected to ensure complete precursor
decomposition without inducing excessive spinel formation in the
baseline samples.

2.3. Catalyst characterization and catalytic performance evaluation

The experimental methodologies for catalyst characterization and
activity testing (including accelerated deactivation experiments) are
detailed in the Supporting Information.

3. Results and discussion

Before presenting the detailed catalytic results, it is crucial to high-
light the intentional design strategy underpinning the synthesis of our
catalysts, which leverages the distinct outcomes of co-precipitation and
impregnation methods. The composite supports (NiAl, MgAl, CoAl) were
prepared via co-precipitation to create atomically-mixed, homogeneous
oxide structures. This method ensures that the promoter cations are
structurally integrated into the alumina lattice, forming robust spinel-
type phases that serve as stable anchors and generate beneficial sur-
face defects.

Subsequently, the primary active Ni phase was introduced onto these
pre-formed supports via impregnation. This second step deposits NiO
nanoparticles onto the support surface, ensuring they are highly acces-
sible and readily reducible to the active metallic Ni® state. The superior
performance of the 10Ni/NiAl catalyst, as will be demonstrated, stems
directly from this synergistic, two-step approach. It combines a stable,
co-precipitated anchor with a highly active, impregnated surface phase,
a design fundamentally different from the conventional single-step
impregnation used for the 10Ni/Al control catalyst. This methodolog-
ical distinction is key to understanding the structure-performance re-
lationships discussed below.

3.1. MSR with different WHSV

Fig. 1 illustrates the time-on-stream performance of various Ni-based
catalysts for MSR under different WHSV: F/W = 120,000 mL/(h-gcat) (2)
and 240,000 mL/(h-gca) (b). All tests were conducted at 973 K with a
steam-to-carbon ratio (S/C) of 3. Among them, Cat-1 and Cat-2 repre-
sent commercially available catalysts. As shown in Fig. 1(a), all catalysts
initially exhibit methane conversion rates exceeding 95 %. However,
with prolonged reaction time, the activity of most catalysts decreases
significantly, with the exception of 10Ni/NiAl, Cat-2 and 20Ni/Al. The
ranking of catalyst activity based on the methane conversion rate after
20 h of reaction can be summarized as follows: Cat-1 < 10Ni/MgAl <
10Ni/Al < 10Ni/CoAl =~ 20Ni/Al = Cat-2 ~ 10Ni/NiAl. When the F/W is
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increased to 240,000 mL/(h-gca), only 10Ni/NiAl maintains high ac-
tivity and stability, while other catalysts demonstrate varying degrees of
deactivation. Notably, Cat-1 undergoes complete deactivation after
approximately 7 h of reaction. Although Cat-2 exhibits good initial
stability within the first 10 h, a gradual decline in performance is
observed thereafter, with an accelerated deactivation rate over time, as
illustrated in Fig. 1(b).

These results demonstrate that current commercial catalysts fail to
meet the long-term stability requirements under high-WHSV steam
reforming conditions. Moreover, they highlight the importance of
evaluating catalyst performance under realistic and demanding reaction
environments when developing or selecting catalysts for practical
applications.

3.2. XRD of the fresh and reduced catalysts

The XRD patterns in Fig. 2(a) reveal the evolution of the crystalline
structure of NiAl samples with calcination temperature. All samples
display characteristic diffraction peaks of y-Al,O3 at 31.9°, 37.6°, 39.5°,
45.9°, 60.9°, and 67.0° (JCPDS No. 10-0425), indicating that the
y-Al;03 crystalline structure remains stable throughout the different
synthesis processes without significant phase transformation [22].

For the NiAl-773 sample, distinct diffraction peaks are observed at
43.3° and 62.9°, which are unambiguously assigned to the crystalline
NiO phase (JCPDS No. 04-0835) [22]. Although the peak near 37.2°
overlaps with that of Al;Os, the relatively higher intensity compared to
pure Al,O3 suggests the presence of a superimposed contribution from
NiO, implying a co-existence of both phases at this diffraction position.

Upon increasing the calcination temperature to 973 K (NiAl-973),
the intensity of the NiO-related peaks at 43.3° and 62.9° diminishes
significantly, with only a weak but discernible peak remaining at 43.3°.
Nevertheless, the intensity of the 37.2° peak remains significantly more
intense than that of pure y-Al,O3. When the temperature is further raised
to 1173 K (NiAl-1173), the 43.3° peak completely disappears, while the
37.2° peak still maintains elevated intensity. These results suggest that a
solid-state reaction between NiO and Al,O3 to form a nickel aluminate
spinel, NiAl,04 (JCPDS No. 10-0339) [22,41,42].

Direct confirmation of the NiAl,04 phase is challenging due to the
severe overlap of its major diffraction peaks with those of y-Al,Os.
However, compelling evidence is provided by the systematic shift of the
most intense y-Al;O3 peak, as highlighted in the magnified view in Fig. 2
(b). The peak at 67.0° for pure y-Al,O3 progressively shifts to a lower 20
value of 66.4° for NiAl-1173. This shift is consistent with the incorpo-
ration of Ni*" into the alumina lattice, forming the NiAl,O4 spinel,
whose corresponding diffraction peak is located at approximately 65.5°.
This observation provides strong evidence for the formation of a solid
solution or spinel phase.

Following the secondary Ni loading (10Ni/NiAl), the intensity of the
NiO peaks at 43.3° and 62.9° increases markedly compared to those of
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Fig. 1. Methane conversion stability of the prepared catalysts at two different WHSVs: (a) 120,000 mL/(h-g.,) and (b) 240,000 mL/(h-gcap)-
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(c) High-resolution Ni 2p3,» XPS spectra.

the NiAl-973 support, suggesting that the impregnated Ni predomi-
nantly exists in the form of surface-dispersed NiO.

Fig. 2(c) shows the Ni 2p XPS spectra of NiAl-X samples. The Ni 2p3/2
peak for NiAl-773 observed at 855.5 eV signifies the presence of Ni2*
species resulting from the coexistence of NiO and NiAl,04. Specifically,
the peak at 854.6 eV corresponds to NiO species interacting with the
support, while the peak at 856.5 eV is attributed to Ni* ions within the
NiAl;O4 single crystal phase [22]. The binding energy gradually in-
creases from 855.5 eV at 773 K to 856.1 eV at 973 K and further to 856.3
eVat 1173 K, accompanied by a gradual decrease in peak intensity as the
calcination temperature rises. This trend indicates a stronger metal-
support interaction and the partial integration of nickel into the Al,O3
lattice.

Collectively, the combined XRD and XPS analyses confirm that the
thermal treatment significantly affects the Ni phase distribution, with
higher calcination temperatures favoring the formation of stable
NiAl;,O4 spinel, which can potentially affect catalytic activity and sta-
bility during reforming reactions.

Fig. 3 presents the comparative XRD patterns of the fresh (a) and
reduced (b) Ni-based catalysts, along with the H,-TPR profiles of the
fresh samples. Both the fresh and reduced catalysts retain the y-Al,O3
structure, indicating that neither the preparation procedures nor the
employed reduction conditions cause significant changes to the cata-
lyst’s crystalline framework.

Fig. 3(a) shows the XRD patterns of the freshly prepared catalysts.
Compared with y-Al,03, the XRD patterns of the 10Ni/NiAl catalyst
exhibit similar diffraction features, suggesting minimal structural

alteration upon Ni incorporation. However, the 10Ni/MgAl and 10Ni/
CoAl catalysts display more pronounced peak shifts toward lower angles
at approximately 45° and 67°, which can be attributed to the charac-
teristic reflections of spinel-type MgAl,O4 (JCPDS No. 77-1203) at 44.8°
and 65.2°, and CoAl,04 (JCPDS No. 44-0160) at 44.7° and 65.0°,
respectively. Moreover, the diffraction peaks of CoAl,04 and Co304
(JCPDS No. 43-1003) are known to be nearly indistinguishable, in
agreement with previous studies [23,27,43].

The presence of characteristic NiAl;04 peaks in the fresh 10Ni/Al
and 20Ni/Al catalysts suggests the formation of a spinel phase even at
the relatively low calcination temperature of 773 K [29]. To provide
direct, microstructural evidence for this intriguing finding, HRTEM was
performed on the 10Ni/Al sample. As shown in Fig. S2, the HRTEM
images clearly reveal the presence of highly crystalline nanodomains at
the Ni/support interface. The measured lattice fringe spacing of 0.242
nm is in excellent agreement with the (311) plane of the cubic NiAlyO4
spinel structure [44]. This unequivocally confirms that a well-
crystallized NiAl,O4 phase is indeed formed during calcination at 773
K, a result of the strong interaction between the impregnated nickel
species and the alumina support.

All catalysts display distinctive diffraction peaks attributed to NiO
(JCPDS 04-0835) at 20 angles of 37.3°, 43.3°, 62.9° and 75.4°.This
observation highlights that NiO was generated on the support surface
during the catalyst preparation process. A comparison between the
20Ni/Al and 10Ni/Al fresh catalysts reveals that the intensity of NiO
characteristic peaks is significantly enhanced in 20Ni/Al, consistent
with its higher Ni loading.
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Fig. 3. Characterization of the Ni-based catalysts. (a) XRD patterns of fresh catalysts. (b) XRD patterns after reduction at 973 K. (c) H,-TPR profiles.
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Among these catalysts, the NiO peaks at 43.3° and 62.9° for 10Ni/
MgAl appear broader and lower in intensity, indicating that the Ni
particles on the catalyst are smaller and more evenly dispersed. Uskov
et al. [45] reported that Ni-MgO-Al,O3 catalysts exhibit comparable
activity to industrial methanation catalysts, attributing the enhanced
dispersion of Ni to Ni-MgO interactions. Similarly, Braga et al. [46]
demonstrated that Co doping in Ni-based catalysts modifies metal par-
ticle size and properties, enhancing the thermal stability of both Co and
Ni oxides. Many other studies have also confirmed that bimetallic or
polymetallic Ni-based catalysts can effectively improve Ni dispersion
[47-49]. Similar results were also confirmed by the TEM morphologies
and elemental distribution analysis, as shown in Fig. S3.

Fig. 3(b) exhibits that all catalysts retained their crystalline phases,
even after reduction treatment at 973 K. In particular, the crystalline
phases of spinel such as NiAl;04, MgAl,04 and CoAl;04 remained intact
with no evidence of crystal structure collapse. This observation suggests
that the reduction temperature applied was insufficient to effectively
reduce the spinel phases.

Compared with Fig. 3(a), the characteristic peaks of NiO at 43.3°,
62.8° and 75.4° have disappeared after reduction, while new diffraction
peaks corresponding to Ni® (JCPDS 04-0850) emerged at 44.5°, 51.9°
and 76.4° in Fig. 3(b), and these results confirm that the nickel oxide
species on the fresh catalysts are reduced to metallic Ni after hydrogen
reduction at 973 K [22,41]. Furthermore, neither nickel impregnation
calcination, nor reduction processes caused detectable damage to the
structural integrity of the catalyst support [31].

As the metallic state of Ni acts as the active center for MSR, pre-
reduction of the catalyst is essential to ensure optimum performance.
The H,-TPR profiles shown in Fig. 3(c) provide valuable insights into the
reduction behavior of the fresh catalysts, revealing hydrogen con-
sumption over the temperature range of 373-1273 K, indicative of
multiple reduction steps.

According to previous studies [29,32], three characteristic reduction
peaks are typically observed NiAl-based catalysts in this temperature
range. These peaks correspond to different degrees of interaction be-
tween NiO species and the alumina support. The first peak, occurring
below 673 K, is assigned to the reduction of surface-exposed, weakly
bound NiO species, which are more readily accessible and reducible. The
second peak, ranging from 673 K to 873 K, is associated with the
reduction of NiO species more strongly interacting with the support,
resembling the reduction behavior of bulk NiO. In contrast, the third
peak observed above 973 K corresponds to the reduction of stoichio-
metric nickel aluminum spinel (NiAly04), which is highly stable due to
the strong Ni-Al;O3 interaction, and thus requires substantially higher
temperatures for reduction [29].

As shown in Fig. 3(c), the reduction peaks in the low and medium
temperature regions of 10Ni/NiAl, 10Ni/MgAl and 10Ni/CoAl should be
attributed to the reduction of the oxide species of nickel, as these tem-
peratures correspond to the typical reduction ranges for NiO. Specif-
ically, for 10Ni/NiAl, the reduction peak observed at approximately 993
K is attributed to the reduction of NiAl,O4: NiAly04(s) + Ha(g) <— Ni(s)
+ Al,O3(s) + H20(g) [22]. This result confirms that the presence of
NiAlyOy4 in this catalyst, whose reduction at higher temperatures aligns
with its intrinsic stability and strong metal-support interaction. For the
10Ni/MgAl catalyst, the observed high-temperature peaks are also likely
due to the reduction of NiAl;04 phases, since MgO itself is typically non-
reducible under these conditions. Meanwhile, in the 10Ni/CoAl catalyst,
the high-temperature reduction features can be attributed to the pres-
ence of both CoAl,04 and NiAlyO4 spinel structures.

High-temperature reduction peaks assigned to NiAl,O4 are also
detected in the 10Ni/Al and 20Ni/Al samples, corroborating the XRD
analysis shown in Fig. 3(a). Compared with the 10Ni/NiAl sample, the
reduction peaks in the low and medium temperature regions for the
10Ni/Al and 20Ni/Al samples shift to higher temperatures. This shift
suggests that some of the nickel oxide species in the 10Ni/NiAl catalyst,
especially those introduced during secondary nickel loading, exhibit
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higher dispersion and are therefore more readily reducible, reflecting
improved metal dispersion due to the NiAl composite support.

To gain deeper insight into the metal-support interactions and their
consequences, a detailed XPS analysis was conducted. The Ni 2ps/»
spectra (Fig. S4) reveal that the 10Ni/NiAl catalyst exhibits a Ni 2ps,»
peak at a higher binding energy compared to the 10Ni/Al reference. This
positive shift signifies a strong MSI, where electron density is withdrawn
from the Ni species by the underlying NiAl composite support. This
electron-deficient state not only provides a strong anchoring effect to
inhibit sintering but also increases the energy barrier for reduction,
which perfectly explains the shift of the main reduction peaks to higher
temperatures in its Hy-TPR profile.

Furthermore, analysis of the O 1s spectra (Fig. S5) provided a direct
link between the support composition and its surface defect chemistry
[2]. Deconvolution of the O 1s peaks revealed a distinct hierarchy in the
concentration of surface defect oxygen, which followed the clear order
(Table S1): 10Ni/NiAl > 10Ni/MgAl > 10Ni/CoAl. This trend is
consistent with established principles of charge compensation [50],
where the univalent nature of Mg is more effective at generating ox-
ygen vacancies in the alumina lattice than the variable-valent cobalt
ions, and the Ni-Al composite structure is the most effective of all.

Collectively, the superior stability and regenerability of the 10Ni/
NiAl catalyst stem from a synergistic effect: 1) a strong electronic
interaction (evidenced by Ni 2p XPS) that anchors the active Ni phase,
and 2) the creation of a uniquely high concentration of surface oxygen
vacancies (quantified by O 1 s XPS) that enhances the catalyst’s redox
flexibility.

3.3. Characterization of the spent Ni-based catalysts

Fig. 4 presents the XRD and H,-TPR results after the MSR process at
the WHSV of 240,000 mL/(h-gcat). As shown in Fig. 4(a), all catalysts
exhibit distinct diffraction peaks corresponding to NiO at 20 values of
43.3°, 62.9° and 75.4°, indicating that a portion of the metallic Ni has
been oxidized to NiO during the reaction. Notably, the NiO peaks for the
10Ni/NiAl catalyst are relatively weaker, suggesting a lower extent of Ni
oxidation. Moreover, only the 10Ni/NiAl catalyst retains pronounced
diffraction peaks of metallic Ni at 44.5°, 51.8°, and 76.4°, whereas these
characteristic peaks are absent in the other samples. This observation
indicates that a significant amount of Ni°’ remains in the 10Ni/NiAl
catalyst after the reaction, which is likely one of the reasons for its su-
perior catalytic activity.

Comparing Fig. 4(b) with Fig. 3(c) reveals a notable reduction in the
peak area of the low and medium temperature reduction peaks for all
catalysts, except for the 10Ni/NiAl sample. Simultaneously, the spinel
reduction peaks at approximately 1100 K are significantly larger for the
10Ni/MgAl, 10Ni/CoAl, 10Ni/Al, and 20Ni/Al catalysts. This suggests
that the most of the nickel species on the surface of these catalysts have
been converted to NiAl;04, which likely leads to a decrease in catalytic
activity [29].

The reduction peak profile of the 10Ni/NiAl catalyst exhibits
remarkable stability before and after the reaction, with only minimal
fluctuations observed. This stability stands in stark contrast to the pro-
nounced changes in reduction behavior seen in other catalysts, indi-
cating that a substantial amount of NiO remains readily reducible on the
surface of 10Ni/NiAl. During the reaction, the emergence of a reduction
peak at 530 K confirms the formation of more easily reducible nickel
species. This suggests that part of the oxidized nickel undergoes further
activation, forming a “free-state” NiO configuration that participates in
a dynamic redox cycle between Ni° and Ni2*. Such activated species are
associated with enhanced reactivity, thereby contributing to improved
catalytic performance.

Meanwhile, the overall shift of the reduction peaks toward higher
temperatures, along with the emergence of a high-temperature peak at
approximately 1053 K, indicates that a minor fraction of nickel oxide
interacts with alumina to form the NiAl,04 phase. However, the extent
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Fig. 4. Characterization of the catalysts after 20 h of MSR at WHSV = 240,000 mL/(h-g,). (@) XRD patterns. (b) H,-TPR profiles.

of this interaction appears to be limited, as evidenced by only a slight
increase in the corresponding peak area.

The collective results, encompassing the stability of reduction peaks,
the limited formation of NiAlyO4, the preservation of catalytically active
nickel oxide species, and the activation of a substantial portion of nickel
oxide, collectively elucidate the remarkable catalytic activity demon-
strated by the 10Ni/NiAl catalyst. This exceptional performance un-
derscores the significant potential of this catalyst for a diverse array of
applications that require both high activity and stability.

3.4. Forced coke deposition by methane decomposition

Fig. 5 illustrates the catalytic performance of different catalysts after
methane decomposition. As evident from the figure, with the notable
exception of the 10Ni/CoAl catalyst, the catalytic activities of the other
samples have predominantly reverted to its initial levels. During the
methane decomposition, a minor amount of Hy was detected. This can
be attributed to the catalytic decomposition of methane by Ni and Co,
both of which are transition metals known for their ability to catalyze
this reaction at 973 K, as reported in previous studies [51-54].

Therefore, a small amount of Hy is generated during the process of
methane decomposition [55,56]. Methane and hydrogen, both consid-
ered as clean and renewable energy sources, are widely used as re-
ductants to reduce metal oxides. Reza Alizadeh has reported that the
successful reduction of nickel oxide to metallic nickel by methane within
the temperature range of 873-998 K [57]. Melek Cumbul Altay has
confirmed the complete reduction of nickel oxide with low Ni content in
the Hy atmosphere at 625 K, which coincides with the temperature at
which methane initiates the reduction of nickel oxide [58].

Following two instances of methane exposure, the activity of the
10Ni/CoAl sample has decreased to a certain extent, with the methane
conversion rate diminishing to approximately 80 %, accompanied by a
corresponding decrease in hydrogen yield.

When methane purged occurs, the main reaction is methane
decomposition reaction (1), which is an important method for producing
carbon nanotubes and carbon nanofibers [59-61]. These residual spe-
cies could it is important to note that trace amounts of water, carbon
monoxide, and carbon dioxide may remain in the system from the pre-
vious steam reforming reaction, such as reactions (2), (3), and (4),
thereby influencing the overall catalytic performance.

CH;—C+ 2H27 AHoogx = +74.52 kJ/IIlOl (1)

COz -+ 3H2—>CH4 + Hgo, AHzggK = —165 kJ/rnol (2)

CH4 -+ H20—>CO + SHZ, AH298K = +206 kJ/mOl (3)

CO+ H20—>C02 + Hz, AHpggx = — 41.2 kJ/mOl (4)

Moreover, high-performance catalysts such as the 10Ni/NiAl catalyst
exhibit remarkable methane conversion rates, achieving up to 98 % at
973 K. Under these conditions, the outlet gas composition comprises
over 80 % hydrogen, accompanied by an excess of steam. This envi-
ronment poses significant challenges for the deposition of carbon from
methane on the catalyst surface, as the abundant water vapor inhibits
stable carbon deposit formation.

Francois-Xavier Chiron has discovered that methane interacts with
active nickel sites on the NiO/NiAl,04 catalyst, resulting in the forma-
tion of coke deposits [62]. However, these deposits can be effectively
alleviated through steam-carbon gassing reactions, which consume the
coke and produce a concentrated stream of CO/Hj;. Therefore, even in
instances where carbon deposition occurs, its effect can be substantially
reduced by the presence of excess steam.

As mentioned previously, carbon deposition may contribute to the
deactivation of the 10Ni/CoAl catalyst, although it is not the sole factor
responsible for catalyst deactivation. The restoration of catalyst activity
following methane purged can be attributed to the efficient reduction of
nickel oxide in both methane and hydrogen environments.

After the methane treatment test, carbon was deposited on the
catalyst surface in the form of coke, a byproduct of methane cracking. To
evaluate the carbon accumulation performance of different catalysts,
TGA was performed, and the results are presented in Fig. 6(a). The
weight losses measured for thelONi/Al, 20Ni/Al, 10Ni/NiAl, 10Ni/
MgAl, and 10Ni/CoAl catalysts were 29.1 %, 25.1 %, 17.7 %, 23.0 %,
and 19.0 %, respectively. Among these, the 10Ni/NiAl catalyst exhibited
the lowest carbon deposition, indicating its strong resistance to this
deactivation pathway.

The spent 10Ni/NiAl catalyst shows a high D-to-G band intensity
ratio (Ip/Ig) of 1.39, characteristic of disordered, amorphous carbon. In
contrast, the 10Ni/Al catalyst displays a much lower Ip/Ig ratio of 1.23,
indicating the formation of more ordered, graphitic carbon (Fig. 6(b))
[2,32,56]. These findings corroborate the TGA results, linking lower
carbon amounts to less graphitic structures.

The lower carbon deposition on the 10Ni/NiAl catalyst can be
attributed to the combined effects of its well-dispersed Ni particle size
distribution, enhanced surface basicity, and strong MSI, which together
inhibit graphitic carbon formation and promote the gasification of car-
bon precursors.

To understand the mechanism behind this resistance, the nature and
morphology of the deposited carbon were investigated by TEM, which
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provide a striking visualization of the underlying cause. The spent 10Ni/
Al catalyst (Fig. S6(a)) revealed severe Ni sintering, with large particles
promoting filamentous carbon nanotube growth [29]. Conversely, the
10Ni/NiAl catalyst (Fig. S6(b)) maintained small, well-dispersed Ni
nanoparticles without agglomeration, thereby inhibiting filamentous
coke formation.

Collectively, these analyses indicate that strong MSI in the 10Ni/NiAl
catalyst mitigate Ni sintering-a key precursor to filamentous coke
nucleation. This results in reduced carbon deposition and a preference
for amorphous over graphitic forms, accounting for its superior perfor-
mance in resisting deactivation.

3.5. High-temperature force sintering experiment

Fig. 7 illustrates the effect of forced sintering treatment at 1223 K on
the activity of various catalysts. As indicated, only the 10Ni/CoAl
catalyst experienced a decline in activity following 12 h of forced sin-
tering, whereas the remaining catalysts have exhibited high level of
resistance to sintering. Prior to the forced sintering treatment, the cat-
alytic activity of 10Ni/CoAl remained relatively stable, but a gradual
decrease was observed during prolonged high-temperature exposure.
This suggests that the performance deterioration of the 10Ni/CoAl
catalyst is primarily attributable to the sintering of nickel crystallites,
whereas sintering does not appear to be a significant deactivation
pathway for the other catalysts. Moreover, although forced sintering did
not compromise the high-temperature catalytic activity, it adversely
affected the low-temperature performance. Additionally, the longer the
sintering duration, the more pronounced the loss of activity, as shown in
Fig. S7.
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Fig. 7. Catalytic activity before and after a forced sintering treatment (1223 K,
Hy/Nj, 12 h).

Fig. 8 shows that the 10Ni/NiAl catalyst is the only one that
exhibited XRD diffraction peaks of reduced Ni (at approximately 44.5°,
51.9°, and 76.4°) after high-temperature sintering. These peaks were not
observed in the other four catalysts. Furthermore, there are prominent
NiO characteristic peaks at approximately 43.3°, 62.9° and 75.4°.
However, the NiO peaks in the 10Ni/NiAl catalyst were broader and
shorter in duration compared to those in the other catalysts, suggesting
that nickel is primarily present in its reduced state in the spent 10Ni/
NiAl catalyst. It also suggests that the other catalysts are more likely to
form NiAl;Og4.

3.6. Steam induced oxidation

Following steam treatment at 923 K, a significant decline in catalytic
activity was observed for most catalysts, with conversion dropping
below 10 %. In contrast, the 10Ni/NiAl catalyst demonstrated remark-
able thermal and structural resilience, as its catalytic performance was
fully restored upon reactivation in the steam reforming reaction at 973
K, reaching levels comparable to those prior to steam exposure (Fig. 9).

This finding underscores the unique properties of the 10Ni/NiAl
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Fig. 9. Catalytic activity showing the effect of steam treatment (923 K, H,O/N>) on different catalysts.

catalyst, which enable it to withstand the adverse effects of steam
treatment and effectively recover its activity. It suggests that the catalyst
may possess enhanced structural stability and the ability to preserve its
active sites during steam purged. Alternatively, the catalyst may exhibit
efficient mechanisms for regenerating its active sites after steam
treatment.

Comparison with Fig. 2(b) and (c), the distinctive peaks of Ni and
NiO disappeared for all catalysts except 10Ni/NiAl (Fig. 10(a)). Instead,
the diffraction peaks at approximately 37.0°, 45.0°, and 67.0° increased
in intensity, corresponding to of y-AlyO3 and NiAl;O4. This increase
indicates the progressive growth and crystallinity enhancement of
NiAl;04, while alumina content remains unchanged. For the 10Ni/NiAl
catalyst, the XRD pattern after steam treatment at 923 K remained
similar to that in Fig. 4(a), with well-preserved metallic Ni diffraction
peaks, confirming its superior resistance to steam oxidation due to the

pre-formed NiAl;O4-like support structure that stabilizes Ni and sup-
presses further transformation into catalytically inert spinel.

This “Ni-to-spinel” transformation is precisely the core mechanism of
irreversible deactivation under steam. Under high-temperature steam
conditions, active metallic Ni° sites are readily oxidized to NiO. Due to
the close contact between this newly formed NiO and the alumina
support, a solid-state reaction occurs to generate thermodynamically
stable NiAlyO4. As shown in the Hy-TPR results (Fig. 10(b)), the reduc-
tion temperature of NiAl;O4 exceeds 993 K, much higher than the MSR
reaction temperature (973 K) and typical regeneration temperatures.
Consequently, once Ni species are incorporated into the spinel lattice,
they cannot be reduced back to their active metallic state under oper-
ational conditions, leading to a permanent reduction in active sites and
ultimately irreversible deactivation.

As demonstrated in the previous methane decomposition-induced
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Fig. 10. Characterization of catalysts after steam treatment at 923 K. (a) XRD patterns. (b) H,-TPR profiles.

coking experiments, both methane and the hydrogen from its cracking
can act as reducing agents. Therefore, after eliminating steam exposure,
nickel oxide can be reduced, causing activity to quickly return to its
initial state.

Fig. 10(b) displays the H,-TPR profiles of various catalysts after
steam treatment at 923 K. Compared with the fresh samples (Fig. 3), the
low- and medium-temperature NiO reduction peaks almost disappear
for all catalysts except 10Ni/NiAl, while the high-temperature peak
(~993 K) becomes significantly more intense. This suggests that the
majority of Ni species are converted into a spinel-type structure after
steam exposure, which is consistent with the XRD results shown in
Fig. 10(a).

In contrast to the spent catalysts after 20 h of methane steam
reforming (Fig. 4(b)), the structural transformation induced by the 923
K steam treatment is more pronounced. The samples in Fig. 4(b) still
retain part of the low-temperature reduction peak, whereas a complete
disappearance of these peaks is observed after only 3 h of steam treat-
ment (Fig. 10(b)). Simultaneously, the high-temperature peaks not only
dominate the profiles but also shift to higher temperatures, indicating
that the steam treatment more effectively promotes the incorporation of
Ni into the spinel phase, leading to stronger metal-support interactions
and a higher degree of structural stabilization.

For the 10Ni/NiAl catalyst, steam treatment results in a weakened
medium-temperature peak and an overall shift of the reduction profile
toward higher temperatures, compared with its fresh counterpart (Fig. 3
(). Relative to the sample after 20 h of reaction (Fig. 4(b)), the pro-
portion of low-temperature peaks decreases while the high-temperature
peak slightly intensifies. Notably, a new reduction peak appears at 521 K
after steam treatment, closely resembling the 530 K peak observed after
long-term reaction. This may indicate the generation of highly redox-
active Ni species during the treatment, which may be key to maintain-
ing its activity.

The combined XRD and TPR analyses indicate that Mg and Co-doped
composite oxide supports exhibit reduced resistance to steam oxidation
than Ni-doped supports. Specifically, the readily reducible NiO in the
10Ni/NiAl catalyst acts as a reversible redox reservoir Ni® NiO),
maintaining activity during steam exposure and subsequent reforming.
In contrast, in MgAl- and CoAl-supported catalysts, Ni species are more
readily incorporated into stable spinel phases (MgAlpO4, CoAl304),
which require much higher reduction temperatures and therefore lead to
irreversible deactivation. This finding suggests that the 10Ni/NiAl
catalyst possesses robust resistance to hydrothermal degradation.

To systematically investigate the effect of steam treatment temper-
ature on the structural and catalytic properties of the catalyst, 10Ni/
NiAl was selected as a representative sample. In addition to the treat-
ment at 923 K, two higher-temperature treatments at 948 and 973 K
were introduced. The samples were subsequently characterized by XRD

and H,-TPR, as shown in Fig. 11.

As depicted in Fig. 11(a), when the steam treatment temperature
increased from 923 K to 948 K, the characteristic diffraction peaks of
metallic Ni° at 44.5°, 51.8°, and 76.4° gradually disappeared, accom-
panied by a significant increase in the peak intensities at 45.0° and
67.0°. According to the Fig. 2(a), these changes can be ascribed to the
enhanced formation of the NiAl,04 spinel phase. Further raising the
temperature to 973 K led to a substantial decrease in the intensity of
NiO-related peaks at 43.3°, 62.9°, and 75.4°, with a concomitant further
enhancement of the NiAl;O4 peaks. These results indicate a progressive
transformation of Ni species into the thermodynamically stable NiAloO4
phase under high-temperature steam treatment. Compared with other
catalysts treated at 923 K (Fig. 10(b)), where NiO reflections nearly
vanished, the persistence of NiO peaks in 10Ni/NiAl suggests superior
resistance to structural degradation under hydrothermal conditions.

Fig. 11(b) shows the Ha-TPR profiles of the steam-treated samples.
All samples exhibited considerable reducibility, yet the reduction peaks
systematically shifted toward higher temperatures with increasing
treatment temperature. At 948 K, the high-temperature reduction peak
became dominant while the intensities of the low- and medium-
temperature peaks were significantly suppressed, indicating partial
transformation of NiO into NiAl,04 with stronger MSI. When the
treatment temperature reached 973 K, only a broad high-temperature
peak remained, with an onset temperature as high as 1086 K, reflect-
ing the presence of strongly bound NiAlyO4 species. This reduction
behavior resembles that of other catalysts treated at 923 K (Fig. 10(b)),
confirming the formation of a spinel structure with enhanced thermal
stability and poor reducibility. These results are in good agreement with
the XRD analysis.

The influence of steam treatment temperature on catalytic activity is
further illustrated in Fig. 11(c). A notable decline in CH4 conversion was
observed even when the treatment temperature was raised by only 298
K, suggesting a rapid deactivation process. At 948 K, the catalyst
exhibited a marked loss of activity, which became even more severe at
973 K. Combined with the XRD and H»-TPR data, this deactivation is
primarily attributed to the irreversible transformation of active Ni’ and
NiO species into catalytically inert NiAlOy4, resulting in a significant
reduction in the number of accessible active sites.

In summary, high-temperature steam treatment promotes the for-
mation of the NiAl,O4 spinel phase, which, despite its structural sta-
bility, exhibits poor catalytic activity. This transformation is the primary
cause of performance degradation. Notably, the 10Ni/NiAl catalyst
treated at 923 K retained a considerable level of activity, demonstrating
superior hydrothermal stability and structural resistance compared to
other samples.
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3.7. Effect of Hy and steam on the oxidation resistance of 10Ni/Al
catalyst

Fig. 12 illustrates the time-on-stream performance of the 10Ni/Al
catalyst under varying inlet hydrogen flow rates and steam-to-carbon
(S/C) ratios at 973 K and a space velocity of 240,000 mL/(h-gcat). As

100 10Ni/Al
~
X 80r
N
g
‘w601
S
0]
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Fig. 12. Effect of co-feeding H, at different steam-to-carbon (S/C) ratios on the
stability of the 10Ni/Al catalyst.
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observed in Fig. 1(b), all catalysts except 10Ni/NiAl exhibited pro-
nounced deactivation under the tested conditions. Therefore, the 10Ni/
Al catalyst, which displayed relatively poor stability, was selected for
further investigation to assess the effects of Hy co-feeding and steam
content on catalytic durability.

The red curves correspond to an S/C ratio of 3, while the blue curves
represent S/C = 5. Under S/C = 3 conditions, increasing the inlet Hj
flow from 0 to 50 mL/min (from red triangle to red square markers)
exhibits a marked improvement in catalyst stability. Notably, when 50
mL/min of Hj is introduced, the CH4 conversion remains relatively
stable over 20 h, indicating effective suppression of catalyst deactiva-
tion. This stabilization effect is primarily attributed to the role of Hy in
preserving the metallic Ni® phase, thereby preventing oxidation-induced
deactivation.

In contrast, under S/C = 5 conditions (blue curves), even increasing
the Hy flow from 0 to 150 mL/min still fails to maintain stable activity,
as CHy conversion continuously declines regardless of the Hy content.
Specifically, at the highest Hy flow rate tested, only limited improve-
ment in catalytic stability is observed. This suggests that the excessive
steam at high S/C ratios dominates the surface redox environment,
facilitating the oxidation of active Ni sites. The primary cause of deac-
tivation in this case is the steam-induced oxidation of the Ni surface,
which overrides the protective effect of co-fed Hj.

Overall, while H; co-feeding is effective in enhancing the stability of
Ni-based catalysts under moderate steam conditions, its protective effect
is substantially diminished at elevated S/C ratios due to steam-induced
oxidation. This emphasizes the need for an optimal integration of both
H, addition and steam content to ensure long-term catalyst durability
under conditions relevant to reforming-based hydrogen production.
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3.8. Comprehensive evaluation with 10Ni/NiAl

The 10Ni/NiAl catalyst was systematically evaluated under three
accelerated deactivation protocols simulating extreme industrial oper-
ating conditions: (1) transient hydrothermal aging (923 and 973 K), (2)
forced carbon deposition via methane decomposition, (3) high-
temperature thermal aging at 1223 K to induce sintering. As depicted
in Fig. 13, the catalyst exhibited distinct responses to these sequential
challenges. After steam treatment at 923 K, the catalyst fully recovered
its activity (<1 % conversion loss) through in situ reduction, consistent
with previous findings (Fig. 10). In contrast, steam purged at 973 K led
to irreversible deactivation, with approximately 90 % loss in methane
conversion, in agreement with the results shown in Fig. 11(c). Ho-TPR
results (Fig. 11(b)) confirmed that high-temperature hydrogen treat-
ment (> 1086 K) effectively reduced the spinel phase, enabling recovery
of the initial activity comparable to that of the fresh catalyst. After
regeneration, the catalyst demonstrated excellent stability during sub-
sequent forced deactivation tests, maintaining 98+0.5 % methane
conversion under methane purged conditions and following thermal
sintering. This dual resistance to both carbon deposition and thermal
degradation is attributed to strong metal-support interactions, which
inhibit nickel migration while preserving active sites. Notably, the
sequential deactivation-regeneration cycles resulted in minimal irre-
versible activity loss, significantly outperforming conventional Ni/
Al,O3 catalysts.

The regeneration mechanism is primarily governed by the thermally
activated reduction of NiAlyO4, which becomes irreducible below 1056
K, as evidenced in Hy-TPR profiles (Fig. 11(b)). This temperature-
dependent reducibility explains the permanent deactivation observed
at 973 K and the subsequent activity recovery at 1123 K. This regener-
ative capability, combined with inherent structural stability, highlights
the promise of 10Ni/NiAl as a thermally resilient catalyst for MSR sys-
tems operating under frequent thermal cycling.

In summary, these findings provide new insights into hydrothermal
deactivation mechanisms in Ni-based catalysts and establish quantita-
tive performance benchmarks under harsh operating conditions. The
demonstrated regeneration capability through controlled hydrogen
treatment offers practical strategies to extend catalyst lifetimes in in-
dustrial hydrogen production, particularly in systems powered by
intermittent renewable energy sources.
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3.9. Long-term stability evaluation of 10Ni/NiAl

The spherical 10Ni/NiAl catalyst (Fig. S8) with optimized
morphology was synthesized to improve its suitability for large-scale
hydrogen production applications. To evaluate the operational robust-
ness of the catalysts in the absence of inert gas, long-term stability tests
were conducted using a reforming reaction system (Fig. S9) integrated
with a 5 kW high-power fuel cell diagnostic system (Fig. S10). The
catalytic performance was assessed in a tubular reactor (Fig. S11) under
thermochemical conditions designed to simulate real-world operation (T
=973 K, P =1 bar).

The time-on-stream analysis revealed exceptional catalytic dura-
bility, with less than 5 % activity loss observed over the first 300 h of
continuous operation (Fig. 14). Notably, the catalyst exhibited full re-
covery of its initial conversion efficiency (98.5+0.5 %) upon system
restart, maintaining stable performance (CH4 conversion: 97.84+0.6 %)
during five subsequent 50 h operational cycles.

This reversible behavior under multiple dynamic DSS conditions
suggests remarkable structural stability and resistance to common
deactivation mechanisms, such as coking or metal sintering. These
findings confirm the catalyst can withstand repeated thermal cycling
and prolonged exposure to reforming reaction environments without
significant deactivation. The demonstrated combination of multiple
restart capabilities and long-term stability positions this 10Ni/NiAl
catalyst as a promising candidate for commercial hydrogen production
systems, particularly those requiring intermittent operation or load-
following capabilities.

3.10. Comparison with literature

To comprehensively evaluate the performance of the 10Ni/NiAl
catalyst developed in this study, a comparison with recently reported
state-of-the-art Ni-based catalysts for MSR is presented (Table S2).

As shown in Table S2, previous works have enhanced Ni-based
catalyst activity and stability using strategies such as noble metal
doping, bimetallic alloying, core-shell structures, or novel supports. A
critical challenge in MSR catalysis, especially for decentralized fuel cell-
integrated applications, is maintaining stability under high space ve-
locities and dynamic conditions. While many reported catalysts exhibit
good initial activity, they are often tested at WHSV values below
100,000 mL/(h-gc,¢). In contrast, the 10Ni/NiAl catalyst demonstrates
stable performance (CH4 conversion > 95 %) at a high WHSV of
240,000 mL/(h-g.a), where conventional catalysts deactivate rapidly.

100 g
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Fig. 13. Comprehensive performance of the 10Ni/NiAl catalyst under sequential deactivation protocols simulating steam treatment, methane decomposition, and

high-temperature sintering.
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Fig. 14. Long-term stability test of the 10Ni/NiAl catalyst, including multiple start-up/shut-down (DSS) cycles, integrated with a 5 kW fuel cell system.

The key advantage lies in its structural resilience and regenerability
after exposure to severe deactivation protocols (high-temperature
steaming, forced coking, and sintering), including full activity recovery
post-steam deactivation-a feature seldom reported. This durability suits
applications requiring frequent cycles and long-term robustness.

4. Conclusions

Composite metal oxide supports (NiO-Aly03, MgO-Al203, and Co304-
Al,03) were synthesized and impregnated with Ni to prepare Ni-based
catalysts. The influence of the supports on catalyst stability was sys-
tematically evaluated. This study comprehensively explored the deac-
tivation mechanisms of Ni-based catalysts during MSR under high-
temperature hydrothermal conditions. Key causes of catalyst deactiva-
tion—carbon deposition, oxidation by steam, and sintering-were identi-
fied through a series of accelerated deactivation tests, including
methane, steam, and hydrogen treatments.

Among the tested catalysts, the 10Ni/NiAl catalyst exhibited supe-
rior catalytic performance and stability, particularly under high WHSV
conditions of 240,000 mL/(h-gca). It demonstrated remarkable resil-
ience to steam exposure at 923 K, whereas the other catalysts experi-
enced complete loss of activity. Post-treatment characterization
revealed that 10Ni/NiAl catalyst retained partially reduced Ni species
and easily reducible NiO, which could be reactivated by Hy or CHy,
enabling rapid recovery of catalytic activity. In contrast, the other cat-
alysts underwent irreversible deactivation due to the complete oxidation
of Ni to the inert NiAl,O4 phase.

Methane decomposition at 973 K caused minimal deactivation, with
the 10Ni/NiAl catalyst showing the lowest carbon deposition (17.02 %).
Under severe hydrogen treatment at 1223 K, only the 10Ni/CoAl cata-
lyst exhibited a slight decline in activity. The enhanced stability of the
catalysts was attributed to the formation of NiAl composite metal oxides
during high-temperature calcination, which effectively anchored the Ni
nanoparticles, preventing sintering and inhibiting the formation of the
less reducible NiAl,04 phase.

The 10Ni/NiAl catalyst displayed exceptional operational stability,
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maintaining consistent performance for over 300 h in a 5 kW fuel cell
reforming application and achieving full recovery after start-up and
shut-down cycles. Synthesized via industrially viable co-precipitation
and impregnation methods, it offers costs comparable to commercial
catalysts due to similar elemental compositions, while its simpler
makeup enables easier recycling and lower environmental impact than
complex formulations, promoting sustainability for industrial-scale use.

These results highlight 10Ni/NiAl catalyst’s superior regenerability
and coking resistance under harsh hydrothermal and high-WHSV con-
ditions, positioning it as a promising candidate for decentralized
MSR-SOFC systems with fluctuating operations.
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