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Abstract

Ammonia decomposition represents a promising route for CO2-free hydrogen production;
however, the development of efficient and stable catalysts remains a critical challenge. In
this work, a series of Al-based mixed-oxide catalysts (AlM, where M = Ni, Co, Ce) were syn-
thesized via co-precipitation and systematically investigated to elucidate the relationship
between physicochemical properties and catalytic performance in ammonia decomposi-
tion. Comprehensive characterization by X-ray diffraction (XRD), N2 physisorption (BET),
scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM–EDX),
X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), and pyridine-
adsorbed Fourier transform infrared spectroscopy (FTIR-Py) revealed significant variations
in surface area, morphology, dispersion, and acidity as a function of the incorporated metal.
Among the investigated catalysts, the AlNi system exhibited superior activity, achieving
the highest ammonia conversion over the studied temperature range. This enhanced per-
formance is attributed to its high specific surface area, homogeneous mesoporous structure,
and a balanced distribution of Lewis/Brønsted acid sites, which promote effective am-
monia adsorption, activation and decomposition. Kinetic analysis further confirmed the
favorable reaction pathway on AlNi, as evidenced by its lower apparent activation energy
and higher pre-exponential factor compared to the other materials. The results demonstrate
a clear correlation between surface acidity, textural properties, and catalytic performance,
highlighting the pivotal role of AlM interactions in governing ammonia decomposition.
These findings provide valuable insights for the rational design of efficient catalysts for
hydrogen production from ammonia.
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1. Introduction
Hydrogen (H2) is a convenient alternative to conventional fossil-based fuels, but its

high volatility and low volumetric energy density at atmospheric pressure limit its use [1,2].
To address these limitations, compressed H2, liquefied H2, liquid organic H2 carriers, and
ammonia (NH3) are the main commercially used or investigated forms of hydrogen for
transportation [3]. Ammonia is one of the most promising hydrogen and energy carriers,
suitable for both on-site and off-site H2 supply models; consequently, its decomposition
has become an intensively studied reaction [4]. NH3 decomposition to hydrogen is an
endothermic process that requires a high reaction temperature, and complete conversion
of NH3 is thermodynamically limited owing to equilibrium constraints [5,6]. Therefore,
numerous catalytic approaches have been explored to achieve high NH3 conversion at lower
temperatures, based on more readily available and sustainable materials as alternatives
to Ru-based catalysts, which, to date, remain the most effective systems for ammonia
decomposition [7–11].

Nickel (Ni) and Cobalt (Co) have been extensively studied as viable substitutes. Ac-
cording to the “volcano plot” for ammonia decomposition, the activity of these metals
is governed by their nitrogen binding energy; Ni and Co offer a balanced compromise
between N–H bond activation and the recombinative desorption of N2 which is typically
the rate-determining step. Recent studies indicate that the catalytic performance of tran-
sition metals can be significantly modulated by the addition of rare-earth elements like
Lanthanum (La). Lanthanum acts as a structural and electronic promoter, increasing the
basicity of the support and enhancing the dispersion of the active metal phase, thereby
preventing sintering at the high temperatures required for the reaction.

Efforts to refine the non-noble-based catalytic systems for NH3 decomposition have
centered on the precise management of active species and their concentration [12–14],
particle size and metal–support interactions [15–17], and the electronic tuning of their
surface properties in order to accelerate the overall reaction kinetics [18–20]. In this study,
catalysts based on the Al-Co, Al-Ni, and Al-La systems were synthesized via coprecipita-
tion. Unlike the traditional impregnation method, coprecipitation allows for atomic-level
mixing of the precursors, leading to superior homogeneity, the formation of spinel-like
structures, which can be reduced to form highly dispersed and stable metal nanoparti-
cles, and enhanced thermal resistance, crucial for the operating temperature window of
ammonia decomposition.

In this context, non-precious metal catalysts based on Ni, Co, Ce, and Fe supported on
oxides, or doped with heteroatoms, have attracted significant attention due to enhanced
metal–support interactions and the presence of oxygen vacancies. Among these candidates,
cobalt represents an attractive alternative, from both economic and availability perspectives,
for replacing ruthenium in ammonia decomposition catalysts.

Hesam Maleki and Volfango Bertola [21] reported that a self-assembled mesoporous
Co–Ce–Al–O catalyst with a Co:Ce:Al molar ratio of 0.5:0.1:0.4 achieved up to 98% ammonia
conversion at 550 ◦C under a GHSV of 12,000 mL·h−1·gcat

−1, while maintaining high
thermal stability over 48 h. Similarly, in the 350–500 ◦C temperature range, NH3 conversion
over Ni/Al2O3-based catalysts increases with support basicity (Ni/Mg–Al–O < Ni/Ca–Al–
O < Ni/Sr–Al–O < Ni/Ba–Al–O), reaching 54.1% at 500 ◦C for Ni/Ba–Al–O compared to
18.4% for Ni/Mg–Al–O [22].

In addition to support basicity effects, Ce-based perovskite catalysts (CeXO3, X = Ni,
Co, Fe) exhibit enhanced NH3 decomposition activity compared to their impregnated
counterparts, with CeNiO3 showing the highest ammonia conversion (≈85%) in the inter-
mediate temperature range (≈350–500 ◦C), highlighting the beneficial role of the perovskite
structure and oxygen-vacancy-rich Ni environments in promoting ammonia activation [23].
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Furthermore, synergistic interactions arising from optimized metal–nitrogen bond
strength, moderated by charge polarization in Co–Ni alloys, facilitate ammonia dissocia-
tion and nitrogen recombination. Co–Ni/Al2O3 achieved the highest turnover frequency
(1.05 s−1 at 500 ◦C). Related studies also investigated Ni–Mg–Al hydrotalcite-derived mixed
metal oxides, demonstrating that optimized nickel content and strong metal–support inter-
actions play a key role in improving activity and stability for ammonia decomposition [24].

Kowalczyk et al. [25] further investigated the synergistic effect of cobalt and nickel
coexistence and the influence of catalytic supports (MgO, Al2O3, and hydrotalcite-derived
Mg–Al oxides), showing that bimetallic Co–Ni catalysts exhibit significantly higher ac-
tivity than their monometallic counterparts. For instance, CoNi–MgO reduced the tem-
perature required for 90% conversion by approximately 35 ◦C compared to Co–MgO or
Ni–MgO systems.

Beyond Ni–Co systems, Zhao et al. [26] reported that FeCo bimetallic catalysts sup-
ported on a proton-conducting perovskite oxide achieved complete ammonia conversion
at 600 ◦C (GHSV = 6000 L·kg−1·h−1), significantly outperforming monometallic Fe, which
reached only 47.7% conversion at 550 ◦C. The superior activity was attributed to Fe–Co
alloying, which facilitates electron transfer and enhances nitrogen desorption.

More recently, Al-promoted CeO2–ZrO2 mixed oxides synthesized by co-precipitation
were employed as supports for Ni catalysts in ammonia decomposition. The Ni/Al–
Ce0.8Zr0.2O2 catalyst showed enhanced activity at moderate temperatures (450–550 ◦C),
achieving complete NH3 conversion at 580 ◦C, compared to 92% at 600 ◦C for a reference
Ni/Al2O3 catalyst. This improvement was attributed to increased surface area and oxygen
vacancies induced by aluminum addition, which promote nickel dispersion and stronger
metal–support interactions [27].

Despite extensive research on non-noble metal catalysts for ammonia decomposition,
the relationship between structural properties, surface acidity, and kinetic behavior in
Al-based mixed oxides remains insufficiently clarified. In particular, the roles of Lewis
acid sites in NH3 activation and the Brønsted sites in subsequent N–H bond cleavage, and
their correlation with mesoporosity and catalytic performance, are not yet fully under-
stood. Therefore, this work aims to establish a clear structure–acidity–activity–kinetics
relationship for the AlNi, AlCo, and AlCe catalysts synthesized by coprecipitation, com-
bining physicochemical characterization with catalytic evaluation and kinetic modeling
to validate the proposed reaction mechanism, and identify the key factors governing
ammonia decomposition.

2. Results and Discussion
2.1. Catalyst Characterization Results
2.1.1. X-Ray Diffraction Analysis

X-ray diffraction analysis (Figure 1) confirms the formation of well-defined crystalline
mixed-oxide phases in the AlNi, AlCo, and AlCe catalysts resulting from coprecipitation
and subsequent calcination. For the AlNi catalyst, diffraction peaks located at 2θ values of
36.8◦, 44.7◦, and 65.4◦ are assigned to the (311), (400), and (440) planes of the cubic spinel
NiAl2O4 phase (JCPDS No. 10-0339), in agreement with previous studies [28–33]. These
reflections indicate the incorporation of Ni2+ cations into the alumina lattice through solid-
state reactions, characteristic of spinel formation in coprecipitated systems. Additional
weaker peaks observed at 43.4◦ and 62.9◦ correspond to the (200) and (220) planes of NiO,
suggesting the presence of a minor segregated nickel oxide phase [34].
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Figure 1. X-ray diffraction (XRD) patterns of the coprecipitated AlNi, AlCo, and AlCe mixed-oxide
catalysts.

The AlCo catalyst exhibits characteristic reflections at 2θ = 31.3◦, 36.8◦, 44.8◦, 59.4◦,
and 65.3◦, which can be indexed to the (220), (311), (400), (511), and (440) planes of the
CoAl2O4 spinel structure (JCPDS No. 44-0160) [33,35–38]. This phase formation reflects the
homogeneous integration of cobalt ions into the alumina framework during coprecipitation.
Minor diffraction peaks at 2θ = 55.8◦ (422) and 77.4◦ (533) are attributed to Co3O4, indicating
partial segregation of cobalt oxide [39,40].

The XRD pattern of the AlCe catalyst displays intense and well-defined peaks at
2θ ≈ 28.6◦, 33.3◦, 47.6◦, 56.5◦, 69.9◦, and 77.2◦, corresponding to the (002), (110), (111), (220),
(210), and (211) planes of CeAlO3 (JCPDS No. 48-1548) [41–45]. Additional reflections
at approximately 59.2◦ and 79◦ are assigned to the (222) and (331) planes of CeO2 [46],
indicating the coexistence of cerium-containing oxide phases formed within the mixed-
oxide matrix.

Crystallite size analysis for the three catalysts was performed using the Debye–Scherrer
equation [47–49], and the calculated average values for each identified crystalline phase
are summarized in Table 1.

For the AlNi catalyst, the NiAl2O4 spinel phase exhibits an average crystallite size of
2.86 nm, whereas the segregated NiO phase shows a slightly larger value of 5.46 nm. This
indicates a high degree of dispersion of the spinel phase within the alumina matrix, which
is expected to enhance the accessibility and density of active sites.

In contrast, the AlCo catalyst shows significantly larger crystallite sizes, with CoAl2O4

and Co3O4 phases displaying average values of 14.55 nm and 15.27 nm, respectively. This
larger crystallite size range suggests a higher degree of crystallinity and particle growth
during calcination, which may lead to reduced surface dispersion and, consequently, a
lower number of accessible active sites.

For the AlCe catalyst, intermediate crystallite sizes are observed, with CeAlO3 and
CeO2 phases exhibiting average values of 8.59 nm and 8.44 nm, respectively. These values
indicate a moderate balance between crystallinity and dispersion, which may contribute to
a more favorable combination of structural and surface properties.

A comparative evaluation reveals a clear trend in crystallite size evolution, following
the order AlNi < AlCe < AlCo. The smaller crystallites observed for AlNi indicate enhanced
structural dispersion, whereas the larger crystallites in AlCo reflect pronounced particle
coalescence and crystal growth.
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Table 1. XRD-derived crystallite size and phase identification of Al-based catalysts.

Catalyst Phase FWHM (hkl) 2θ (◦) D (nm) Average
D (nm)

AlNi

NiAl2O4

5.83 (311) 36.8 1.45

2.862.32 (400) 44.7 3.74

2.75 (440) 65.4 3.47

NiO
1.57 (200) 43.4 5.50

5.46
1.74 (220) 62.9 5.41

AlCo

CoAl2O4

0.56 (220) 31.3 15.02

14.55

0.56 (311) 36.8 15.19

0.64 (400) 44.8 13.67

0.64 (511) 59.4 14.45

0.66 (440) 65.3 14.44

Co3O4
0.54 (422) 55.8 16.88

15.27
0.75 (533) 77.4 13.65

AlCe
CeAlO3

1.00 (002) 28.6 8.28

8.59

1.09 (110) 33.3 7.71

1.05 (220) 47.6 8.35

1.08 (200) 56.5 8.44

1.00 (210) 69.9 9.74

1.14 (211) 77.2 9.00

CeO2
1.11 (222) 59.2 8.32

8.44
1.22 (331) 79 8.55

Overall, the variation in crystallite size among the synthesized catalysts is expected
to play a key role in determining catalytic performance, as smaller crystallites provide a
higher surface-to-volume ratio, promoting improved adsorption and activation of reactant
molecules. This parameter, together with phase composition and surface acidity, governs
the overall catalytic efficiency in ammonia decomposition.

2.1.2. X-Ray Photoelectron Spectroscopy (XPS) Analysis

The surface chemical states of the synthesized AlNi, AlCo, and AlCe mixed-oxide
catalysts were examined by X-ray photoelectron spectroscopy. All spectra were calibrated
using the C 1s signal at 284.8 eV to correct for possible surface charging effects. The
corresponding survey spectra are presented in Figure 2, while the high-resolution spectra
for aluminum and oxygen—elements existing in all synthesized catalysts—are presented
in Figure 3.
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https://doi.org/10.3390/catal16050405


Catalysts 2026, 16, 405 6 of 28

Figure 2. Survey XPS spectra of AlNi, AlCo, and AlCe catalysts.

Figure 3. High-resolution XPS spectra of the O 1s and Al 2p regions of synthesized catalysts.

The survey spectra illustrate the characteristic core-level signals of Al, Ni, Co, Ce,
O, and C for the three materials. The Al 2p signal appears in the range of ~72–73 eV
(Figure 2), close to the reported Al3+ binding energy (~74.3 eV) in spinel-type aluminates
such as NiAl2O4, CoAl2O4 and CeAlO3 [50–55], confirming the incorporation of Al3+ into
the oxide lattice.

For AlNi, the characteristic Ni 2p3/2 and Ni 2p1/2 peaks located at ~855–856 eV and
~873 eV, respectively, are consistent with Ni2+ species in a spinel environment. The binding
energy of Ni 2p3/2 agrees well with reported values for NiAl2O4 [50,51,56,57], confirming
the formation of a nickel aluminate phase. This observation is fully consistent with the
XRD results, where NiAl2O4 was identified as the dominant crystalline phase.

In the case of AlCo, the Co 2p spectrum exhibits Co 2p3/2 and Co 2p1/2 features around
~786 and ~803 eV (Figure 2), characteristic of high-spin Co2+ species in CoAl2O4 [52,53,58,
59]. No distinct peak near ~780 eV, typically associated with Co3O4 [60], is clearly resolved
in the surface-sensitive XPS spectrum. The minor Co3O4 reflections detected by XRD
may therefore correspond to trace bulk phases present below the XPS detection limit or
predominantly located beneath the outermost surface layers.

For AlCe, the Ce 3d region displays characteristic multiplet features, with the main con-
tributions observed at approximately 895 eV (Ce 3d5/2) and 914 eV (Ce 3d3/2), correspond-
ing to mixed Ce3+/Ce4+ oxidation states typical of cerium-containing oxide systems [55,61].
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The presence of Ce3+ is generally associated with CeAlO3-type environments, while Ce4+

corresponds to CeO2 species. Due to the intrinsic multiplet splitting and complex final-state
effects characteristic of the Ce 3d region, the analysis is presented qualitatively in terms of
mixed valence states. The spectral profile is consistent with the coexistence of CeAlO3 and
minor CeO2 phases identified by XRD, although the CeO2 contribution appears limited, in
agreement with its low relative intensity in the diffraction pattern.

The O 1s spectra (≈529–533 eV) can be deconvoluted into lattice oxygen compo-
nents associated with metal–oxygen bonds (Ni–O–Al, Co–O–Al, Ce–O–Al) and higher-
binding-energy contributions assigned to surface hydroxyl or defect-related oxygen
species [52,58,62,63]. The relative intensity of these components reflects differences in
local coordination environments and defect density among the three catalysts. These obser-
vations confirm that the bulk crystalline phases identified by XRD are also reflected in the
near-surface chemical states detected by XPS.

The O 1s high-resolution spectra of all samples presented in Figure 3 exhibit broad,
asymmetric peaks in the 529–532 eV range, indicative of multiple oxygen environments,
including lattice O2−, bridging Al–O–M species, and surface hydroxyl or carbonate
groups [64,65]. A clear trend in binding energy is observed (AlCo > AlNi > AlCe), re-
flecting the electron-withdrawing strength of the secondary metal ion. Co3+ induces the
highest binding energy due to its strong Lewis acidity, which reduces electron density
around oxygen. Ni2+ shows an intermediate effect, consistent with its lower charge density
and typical incorporation in NiAl2O4 spinel structures [66,67]. In contrast, AlCe exhibits the
lowest binding energy due to the mixed valence (Ce3+/Ce4+) and 4f orbital participation of
cerium, allowing partial back-donation of electron density to oxygen [68,69]. Peak broaden-
ing, most pronounced in AlCe, reflects increased structural disorder and diverse oxygen
coordination environments caused by the large ionic radius mismatch of cerium [69,70].

The Al 2p spectra shown in Figure 3 further confirm that the aluminum electronic
environment is strongly influenced by the secondary metal. Shifts in binding energy arise
from two main effects, the inductive electron withdrawal through Al–O–M bridges, and
changes in the Madelung potential due to differences in charge, size, and polarizability
of neighboring ions [71,72]. AlNi shows a sharp, symmetric peak consistent with a well-
ordered NiAl2O4 spinel, suggesting minimal lattice distortion. AlCo displays a higher
binding energy and asymmetric features, attributed to the stronger electron-withdrawing
nature of Co3+ and mixed Co2+/Co3+ valence states causing local distortions [73,74]. AlCe
presents the broadest and weakest Al 2p signal, reflecting significant lattice strain, hetero-
geneous coordination environments, and long-range electronic perturbations induced by
Ce 4f–O 2p hybridization [68,69]. Surface segregation of cerium may also contribute to
reduced Al signal intensity [75].

The combined O 1s and Al 2p results demonstrate consistent electronic trends gov-
erned by the nature of the secondary metal ion, rather than signatures of separate oxide
phases. This provides strong spectroscopic evidence for true chemical integration within a
shared lattice. The observed binding energy order (AlCo > AlNi > AlCe) aligns with the
Lewis acidity sequence Co3+ > Ni2+ > Ce3+ and correlates with known metal–oxygen bond
ionicity trends [64,66,67,76]. Additionally, peak broadening correlates with ionic radius
mismatch, highlighting lattice strain as a secondary factor influencing spectral features.
However, when assessing the surface acidity, we have to factor in the three-fold larger
specific surface area of the AlNi sample compared to the AlCo catalyst, as discussed below.

2.1.3. Nitrogen Adsorption–Desorption Isotherms

The nitrogen adsorption–desorption isotherms of the AlNi, AlCo, and AlCe catalysts
are presented in Figure 4. All samples exhibit a gradual nitrogen uptake at low relative
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pressures, followed by a pronounced increase in the adsorbed volume at higher P/P0

values, accompanied by a clear hysteresis loop between the adsorption and desorption
branches. According to the IUPAC classification, these isotherms correspond to type IV
behavior, which is characteristic of mesoporous materials where capillary condensation
occurs within mesopores [77,78].

Figure 4. N2 adsorption–desorption isotherms of aluminum-based catalysts (AlNi, AlCo, and AlCe).

At elevated relative pressures, the nitrogen adsorption increases sharply for all sam-
ples, reflecting progressive pore filling and capillary condensation phenomena. This feature
indicates the presence of mesopores with contributions from larger interparticle voids
and/or macroporous domains, commonly observed in oxide catalysts prepared by co-
precipitation methods [79,80]. The magnitude of the adsorbed volume follows the order
AlNi > AlCo > AlCe, reflecting differences in the accessible surface area and pore volume
among samples.

Further insight into the pore structure is obtained from the shape of the hysteresis
loops. The AlNi catalyst exhibits a pronounced and asymmetric hysteresis loop that can
be classified as H2(b), suggesting the presence of pore-network effects and ink-bottle-like
mesopores with pore blocking during desorption [77,78]. In contrast, the hysteresis loops
of AlCo and AlCe are less developed; AlCo still shows H2(b)-type characteristics, whereas
AlCe displays a more open loop approaching H3 behavior, which is typically associated
with aggregates of non-rigid particles forming slit-shaped interparticle pores [77,78]. These
differences indicate that AlNi possesses a more complex and constrained mesoporous
network, while AlCe is dominated by interparticle slit-like porosity.

The BJH pore size distribution curves shown in Figure 5 reveal that the AlNi catalyst
displays a relatively narrow and well-defined mesopore distribution centered at approxi-
mately 10–15 nm, consistent with its large pore volume and surface area. A similar, though
less intense, mesopore distribution is observed for AlCo, reflecting a lower density of ac-
cessible pores. In contrast, AlCe exhibits a broader and less uniform pore size distribution
shifted toward smaller mesopores, in agreement with its reduced pore volume.

https://doi.org/10.3390/catal16050405
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Figure 5. BJH pore size distribution of AlNi, AlCo, and AlCe catalysts derived from the N2 desorption
branch.

The quantitative textural parameters derived from the adsorption isotherms are re-
ported in Table 2. The AlNi catalyst exhibits, as expected, the highest BET specific surface
area (255.73 m2·g−1) and total pore volume (0.708 cm3·g−1), confirming the highly devel-
oped porous structure inferred from its isotherm. AlCe shows a significantly lower surface
area (56.76 m2·g−1) and pore volume (0.174 cm3·g−1), while AlCo presents an intermediate
surface area and pore volume (73.675 m2·g−1, 0.224 cm3·g−1). The mean pore diameters
calculated by the BJH method (11.94 nm for AlNi, 13.55 nm for AlCo, and 8.64 nm for
AlCe) lie entirely within the mesoporous range (2–50 nm), further corroborating the type
IV classification.

Table 2. Textural properties of AlNi, AlCo, and AlCe catalysts determined by N2 physisorption.

Catalyst SBET
(m2/g)

Vpore
(cm3/g)

Diam. DV(d)
(nm)

AlNi 255.73 0.708 11.94
AlCo 73.675 0.224 13.55
AlCe 56.76 0.174 8.64

Overall, the combined analysis of isotherm shape, hysteresis loop type, and BJH pore
size distribution confirms that all catalysts are predominantly mesoporous, with AlNi
showing the most developed and interconnected pore network.

2.1.4. SEM–EDX Characterization

Representative SEM micrographs recorded at different magnifications reveal that all
catalysts consist of irregularly shaped particles forming agglomerated structures, which
is characteristic of oxide materials synthesized by co-precipitation methods. Although
overall similar, SEM gives evidence of some important differences. As shown in Figure 6,
the AlNi catalyst exhibits a highly fragmented and loosely packed morphology composed
of relatively small primary particles, assembled into larger agglomerates. The presence of
numerous interparticle voids and open spaces is clearly observed, particularly at lower
magnifications. This morphology is fully consistent with the high BET specific surface
area (255.73 m2·g−1) and large total pore volume (0.708 cm3·g−1) determined from N2

physisorption, indicating a well-developed mesoporous network dominated by accessible
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interparticle porosity. In contrast the AlCo catalyst displays more compact agglomerates
with larger and denser particles. This observation correlates well with the lower surface
area (73.675 m2·g−1) and pore volume (0.224 cm3·g−1) obtained from nitrogen adsorption–
desorption measurements, suggesting a less open mesoporous structure and a higher
degree of particle packing. On the other hand, the AlCe catalyst shows a comparatively
heterogeneous morphology characterized by irregular agglomerates and locally dense re-
gions. The particles appear more strongly sintered, consistent with the lowest pore volume
(0.174 cm3·g−1) and smaller average pore diameter (8.64 nm) derived from BJH analysis.

Figure 6. SEM micrographs of AlNi, AlCo, and AlCe catalysts recorded at different magnifications.

The SEM observations provide strong morphological evidence supporting the conclu-
sions drawn from the nitrogen adsorption–desorption isotherms. The progressive decrease
in surface area and pore volume from AlNi to AlCo and AlCe directly mirrors the transi-
tion from highly open, loosely aggregated structures to more compact particle assemblies,
explaining the differences observed in the shape, and the extent of the hysteresis loops
(H2(b) for AlNi, H2(b)→H3 tendency for AlCo and AlCe).

EDX spectra (Figure 7) collected from all samples confirm the presence of aluminum
and the corresponding second metal (Ni, Co, or Ce), with no detectable impurities within
the detection limits of the technique. The elemental signals are uniformly distributed across
the analyzed regions, indicating successful incorporation of the metal species into the
mixed-oxide matrix during the co-precipitation process. This compositional homogeneity
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supports the reliability of the textural and catalytic comparisons among the three materials,
as the observed differences in porosity and morphology arise primarily from structural
effects rather than compositional inhomogeneity.

Figure 7. Representative EDX spectra of AlNi, AlCo, and AlCe catalysts.

Overall, SEM–EDX and N2 physisorption results reveal a clear structure–texture rela-
tionship, with particle aggregation and interparticle voids playing a key role in determining
surface accessibility and mesoporosity. In this context, AlNi shows the most advantageous
morphology for catalytic applications demanding high accessible surface area.

2.1.5. TGA–DTG Analysis

The TGA–DTG profiles presented in Figures 8 and 9 exhibit a multistep mass-loss
behavior for all catalysts, characterized by dominant low- and intermediate-temperature
events and subsequent thermal stabilization at higher temperatures. While analyzing these
results, we should note that, before the TGA-DTG experiment, the samples were calcined at
600 ◦C for 4 h under static air atmosphere, therefore the surface was already reconstructed
and cleaned. Thus, most of the surface species prior to the TGA-DTG experiments were
coming from moisture accumulated at the surface during exposure to ambient between
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calcination and the thermogravimetric analysis. The clean surface after calcination likely
contains predominantly Lewis acid centers and some isolated Brønsted centers. Upon
exposure to moisture, the Lewis acid centers turn into Brønsted acid sites by dissociative
water adsorption. Water on Lewis acid sites, consisting of coordinatively unsaturated metal
cations, is likely less strongly bound than water dissociated at Brønsted acid sites and is
therefore desorbed at lower temperatures, in our case in the 140–275 ◦C range, whereas
true Brønsted sites desorb water at temperatures above 275 ◦C.

Figure 8. Thermogravimetric (TGA) weight-loss profiles of AlNi, AlCo, and AlCe catalysts.

Figure 9. Derivative thermogravimetric (DTG) curves of AlNi, AlCo, and AlCe catalysts.

Along these lines, in the low-temperature range, up to approximately 140 ◦C, a
noticeable weight decrease is observed for all catalysts, which is attributed primarily to the
desorption of physically adsorbed moisture and weakly bound volatile species accumulated
on the catalyst surface during the period between catalyst calcination and thermal analysis.
The weight loss follows the order AlNi (3.55%) > AlCo (2.64%) > AlCe (1.87%), consistent
with the DTG minima centered below ~140 ◦C. This trend correlates directly with the
textural properties obtained from N2 physisorption: AlNi exhibits the highest BET surface
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area (255.73 m2·g−1) and pore volume (0.708 cm3·g−1), providing a larger accessible surface
for moisture adsorption, whereas AlCe shows the lowest pore volume (0.174 cm3·g−1) and
a less developed porous network, resulting in lower moisture uptake.

With increasing temperature, a second mass-loss step is evident between ~140 and
275 ◦C, with values of 2.17% (AlNi), 1.88% (AlCo), and 1.11% (AlCe). In this temperature
region desorption of strongly H-bonded physisorbed water clustering at acid sites usually
occurs, from condensation of vicinal surface OH groups, most likely on Lewis acid sites.
This interval is also commonly associated with the removal of more strongly retained water
within mesopores/interparticle voids, along with partial elimination of labile associated
surface hydroxyl species [81]. The lower magnitude for AlCe again reflects its reduced
surface accessibility and more compact morphology.

At higher temperatures, beyond 275 ◦C and approaching 500 ◦C, the mass loss is likely
associated with dehydroxylation of isolated Al–OH constituting strong Brønsted acid sites.
Therefore, this region of the derivative of the thermogravimetric analysis may be used,
with caution, as a rough estimate of the concentration and strength of the Brønsted acid
sites present on the samples.

Based on our results, the peaks shown in Figure 9 at ~400 ◦C for AlCo, and those at
~310 ◦C and ~350 ◦C for AlCe and AlNi, respectively, suggest at least two distinct Brønsted
acid site populations coexisting on each surface, a well-established finding for alumina-
based mixed oxides. We speculate these species correspond to isolated Al–OH or Al–OH–
Co3+ bridges with high polarization, and bridging M–OH–Al with low polarization—where
M is either Ce3+ or Ni2+, respectively. This interpretation is consistent with stronger acid
strength of the acid sites on AlCo compared to the other two samples suggested by the
XPS results.

In this region, the catalysts exhibit additional gradual mass losses of 1.58% (AlNi),
1.76% (AlCo), and 0.60% (AlCe), accompanied by broader DTG features. In calcined oxide
catalysts, this region is typically linked to progressive dehydroxylation (condensation of
surface –OH groups) [82]. The relatively larger loss for AlNi and AlCo suggests a higher
concentration of surface hydroxyls and/or a greater number of accessible adsorption sites,
which is consistent with their larger specific surface area and more open microstructures
compared with AlCe.

Above approximately 500 ◦C, the mass becomes nearly constant, indicating good ther-
mal stability of the oxide frameworks. Only minor additional weight losses are recorded:
0.57% (AlNi), 0.68% (AlCo), and 0.16% (AlCe). The very small changes in this temperature
range confirm that, after calcination, the catalysts contain limited amounts of thermally
labile species and that the active oxide phases are stable up to 700 ◦C under inert conditions.

Overall, the total weight losses across the entire temperature range are approximately
7.87% (AlNi), 6.96% (AlCo), and 3.74% (AlCe), highlighting a clear trend: catalysts with
higher surface area and pore volume undergo larger mass losses due to a greater capacity
to adsorb and retain water and surface species. Overall, the TGA–DTG results strongly
support the conclusions drawn from BET and SEM analyses: AlNi, characterized by the
highest surface area and the most open/agglomerated morphology, shows the greatest
moisture/surface-species uptake, whereas AlCe, with lower porosity and more compact
domains, exhibits the lowest mass loss and the highest apparent thermal inertness.

2.1.6. FTIR-Py Analysis of Surface Acidity

The acidic properties of the AlNi, AlCo, and AlCe catalysts were investigated by
Fourier transform infrared spectroscopy of adsorbed pyridine (FTIR-Py). The experimen-
tal steps applied in this study were adopted from our previous work [83] and applied
identically to all samples in order to ensure a consistent and reliable comparison.
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Representative FTIR-Py spectra of the catalysts are shown in Figure 10. Three characteris-
tic absorption bands are clearly observed at approximately 1540, 1480, and 1437 cm−1 [84,85].
The band centered at ~1540 cm−1 is attributed to pyridinium ions formed upon protonation
of pyridine, indicating the presence of Brønsted acid sites. The absorption at ~1437 cm−1

corresponds to pyridine coordinatively bonded to Lewis acid sites, while the band at ~1480
cm−1 arises from overlapping vibrations of pyridine interacting simultaneously with both
Brønsted and Lewis acid sites. These band assignments are consistent with well-established
interpretations reported in the literature [84,86–88].
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and Brønsted acid sites.
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Quantitative determination of the surface acidity was performed using the method
proposed by Emeis [89], based on the integrated areas of the characteristic absorption bands
and their respective molar extinction coefficients. The concentrations of Brønsted (CB) and
Lewis (CL) acid sites were calculated using Equations (1) and (2), taking into account the
pellet geometry and sample mass. The resulting acidity values are summarized in Table 3.

CB =
π

IMECB
· r2

w
· A1540 (1)

CL =
π

IMECL
· r2

w
· A1437 (2)

where CL and CB (µmol/g) are the concentrations of Lewis and Brønsted acid sites; A1437

and A1540 are the integrated areas of the bands at 1437 and 1540 cm−1; and IMECL and
IMECB are the integration molar extinction coefficients, 2.22 and 1.67 cm/µmol, respectively.
r (cm) is the wafer radius, and w (g) is the wafer weight.

Table 3. Concentrations of Lewis and Brønsted acid sites of AlNi, AlCo, and AlCe catalysts deter-
mined by FTIR-Py.

Catalyst Lewis Conc.
(CL) mmol/g

Brønsted Conc.
(CB) mmol/g

Total Conc.
mmol/g CL/CB

AlNi 7.061 2.144 9.205 3.30
AlCo 6.178 0.366 6.544 16.88
AlCe 4.184 0.282 4.466 14.84

The results reveal that all catalysts are predominantly characterized by Lewis acidity,
as indicated by significantly higher CL values compared to CB. Among the investigated
materials, AlNi exhibits the highest total acidity (9.205 mmol g−1), with a more equilibrated
contribution from both Lewis (7.061 mmol g−1) and Brønsted (2.144 mmol g−1) acid
sites, resulting in the lowest CL/CB ratio (3.30). This behavior suggests a more balanced
distribution of acid sites on the AlNi surface. In contrast, AlCo and AlCe display much
higher CL/CB ratios (16.88 and 14.84, respectively), reflecting a strong predominance of
Lewis acid sites and a limited contribution of Brønsted acidity.

These acidity trends correlate well with the textural and morphological properties
discussed previously. The higher surface area and pore volume of AlNi, together with
its more open and fragmented morphology, favor the formation and accessibility of both
Lewis and Brønsted acid sites. Conversely, the lower porosity and more compact particle
assemblies of AlCo and AlCe restrict the accessibility of Brønsted sites, leading to surfaces
dominated by Lewis acidity. Overall, the FTIR-Py results demonstrate that the nature
and distribution of acid sites are governed by a combined effect of chemical composition
and the structural and textural characteristics of the catalysts. XRD analysis confirms
that each catalyst contains distinct oxide phases (NiAl2O4/NiO, CoAl2O4/Co3O4, and
CeAlO3/CeO2), which generate different local chemical environments for acid site forma-
tion. These compositional differences, together with variations in crystallite size, surface
area, and porosity, determine both the strength and accessibility of Lewis and Brønsted
acid sites, ultimately influencing their catalytic performance in ammonia decomposition.

2.2. Catalytic Performance Evaluation

The catalytic performance of the AlNi, AlCo, and AlCe catalysts in ammonia decom-
position was systematically evaluated as a function of reaction temperature and gas hourly
space velocity (GHSV), as illustrated in Figures 11 and 12. The results clearly demonstrate
that ammonia conversion is strongly governed by both reaction temperature and contact

https://doi.org/10.3390/catal16050405

https://doi.org/10.3390/catal16050405


Catalysts 2026, 16, 405 16 of 28

time between the reactant stream and the catalyst surface, reflecting the intrinsic kinetics of
ammonia decomposition and the structure and accessibility of active sites.

Figure 11. Effect of reaction temperature on ammonia conversion over AlNi, AlCo, and AlCe catalysts
at different GHSV values (50, 102, and 170 h−1).

As shown in Figure 11, ammonia conversion increases monotonically with increasing
temperature over the investigated range of 350–500 ◦C for all catalysts. At a fixed GHSV
of 50 h−1, the highest conversions were achieved at 500 ◦C, reaching 89.34% for AlNi,
75.91% for AlCo, and 62.91% for AlCe. This trend confirms the endothermic nature of
ammonia decomposition and the enhanced activation of surface reaction pathways at
elevated temperatures. Across the entire temperature range, the catalytic activity follows
the consistent order AlNi > AlCo > AlCe, indicating intrinsic differences in the catalytic
efficiency of the three materials.

The superior performance of the AlNi catalyst can be directly correlated with its
physicochemical properties. AlNi exhibits the highest BET specific surface area and pore
volume, as well as a more uniform mesoporous structure, which promotes efficient diffusion
of reactants and products. In addition, FTIR-Py analysis revealed that AlNi possesses the
highest total acidity with the most balanced distribution of Lewis and Brønsted acid sites
(lowest CL/CB ratio). Such a combination of high surface accessibility and favorable acid
site distribution is expected to facilitate ammonia adsorption and subsequent N–H bond
cleavage, thereby enhancing the overall reaction rate.

https://doi.org/10.3390/catal16050405

https://doi.org/10.3390/catal16050405


Catalysts 2026, 16, 405 17 of 28

Figure 12. Effect of gas hourly space velocity (GHSV) on ammonia conversion over AlNi, AlCo, and
AlCe catalysts at different reaction temperatures (350–500 ◦C).

On the other hand, the XPS data are a good predictor of the Lewis acid character of the
surface of these materials. The O 1s and Al 2p binding energy data provide direct electronic
fingerprints of the surface electrophilicity, which governs the acid strength of the mixed-
oxide surface. The higher the O 1s binding energy, the stronger the withdrawn oxygen
electron density, resulting in more electrophilic metal centers and thus stronger Lewis acid
centers. Also, the higher Al 2p binding energy translates into more electron-deficient Al3+

ions and thus stronger Lewis acid character at aluminum sites. Along these lines, the Lewis
acid strength in our mixed-oxide catalyst should vary in the order AlCo > AlNi > AlCe.
However, while correlating the XPS results with the performance of our catalysts, we
should also factor in the more than three-fold higher specific surface area of the AlNi
catalyst compared to the AlCo one, which compensates for its weaker acid strength through
density of sites.

Figure 12 illustrates the effect of GHSV on ammonia conversion at fixed temperatures
of 350, 400, 450, and 500 ◦C. For all catalysts, increasing GHSV from 50 to 170 h−1 leads to
a pronounced decrease in ammonia conversion, highlighting the critical role of residence
time in this reaction. At 350 ◦C, ammonia conversion over AlNi decreases from 30.11% at
GHSV = 50 h−1 to 8.86% at GHSV = 170 h−1. Similar trends are observed for AlCo and
AlCe, although at lower absolute conversion levels, consistent with their lower specific
surface area, thus decreased active site density of these samples.

Even at the highest reaction temperature of 500 ◦C, the effect of space velocity remains
significant. For the AlNi catalyst, ammonia conversion decreases from 89.34% to 70.90% as
GHSV increases from 50 to 170 h−1, while corresponding decreases from 75.91% to 46.89%
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and from 62.91% to 41.81% are observed for AlCo and AlCe, respectively. These results
indicate that, despite enhanced reaction kinetics at elevated temperatures, insufficient
contact time limits the extent of ammonia decomposition, particularly for catalysts with
lower surface area and fewer accessible active sites.

The observed performance trends are fully consistent with the structural and textural
characteristics of the catalysts. The higher sensitivity of AlCe to increasing GHSV can
be attributed to its lower surface area, smaller pore size and volume, and more compact
morphology, as revealed by nitrogen adsorption–desorption and SEM analyses. In contrast,
the more open and loosely aggregated structure of AlNi, combined with its higher density
of acid sites and thermal stability, allows it to better sustain catalytic activity even under
shorter contact times.

Overall, these results demonstrate that efficient ammonia decomposition over Al-based
catalysts requires a synergistic combination of high surface area, accessible mesoporosity,
and an appropriate distribution of surface acid sites. Catalytic activity is enhanced by
increasing the reaction temperature and decreasing GHSV, in agreement with kinetic
considerations and previous reports in the literature [21,27,90]. Among the investigated
materials, AlNi provides the most favorable balance between structural, textural, and
chemical properties, resulting in superior catalytic performance over the entire range of
operating conditions studied.

Beyond textural and morphological effects, the nature of surface acidity emerges
as a decisive factor in governing ammonia decomposition. The catalytic results clearly
demonstrate that surface acidity, particularly Lewis acid sites, plays a critical role in
the activation of NH3 molecules. Ammonia is a strongly basic molecule, and its initial
adsorption and activation preferentially occur on electron-deficient Lewis acid sites, which
facilitate coordination of the nitrogen lone pair and promote subsequent stepwise N–H
bond scission. Consequently, catalysts exhibiting a higher concentration of accessible
Lewis acid sites enable larger amounts of NH3 adsorption and thus more efficient surface
activation, leading to increased conversion levels.

In this context, the superior performance of the AlNi catalyst can be directly attributed
to its highest total acidity and more balanced Lewis-to-Brønsted acid site ratio, as revealed
by FTIR-Py analysis, despite its slightly weaker Lewis acid centers compared to AlCo.
The abundance of Lewis acid sites, combined with high surface accessibility, increases
the density of effective NH3 adsorption sites and accelerates the rate-determining N–H
bond cleavage steps. This interpretation is fully consistent with previous studies, which
have shown that ammonia decomposition is favored on catalysts with high Lewis acidity,
whereas Brønsted acid sites mainly contribute to weaker and less reactive adsorption
modes [25,91,92]. Accordingly, the strong correlation observed in this work between
ammonia conversion and Lewis acidity provides compelling evidence that surface acid
properties constitute a primary controlling factor in ammonia decomposition over mixed
oxide-based catalysts.

2.3. Kinetic Modeling of Ammonia Decomposition

The experimental data described in previous paragraphs were used to develop a
kinetic model for ammonia decomposition, for each of the catalysts considered in our study.
The mechanism accepted in the literature for this process is a Langmuir–Hinshelwood one,
postulating that the reaction takes place between adsorbed species. Recent studies, such as
the one published by Guo and Vlachos [93], used DFT analyses to support the stepwise
mechanism based on the elementary steps, starting with ammonia adsorption on active
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centers X (3), followed by stepwise dehydrogenation, steps (4) to (6), and then desorption
of reaction products:

NH3(g) + X ⇄ NH3X (3)

NH3X + X ⇄ NH2X+HX (4)

NH2X+X ⇄ NHX+HX (5)

NHX + X ⇄ NX+HX (6)

2NX ⇄ N2+2X (7)

2HX ⇄ H2+2X (8)

In these steps, X represents the catalyst active centers and JX represents the adsorbed
species (J—NH3, NH2, NH, H, N). The rate-determining step (RDS) depends on the specific
metal and it is heavily debated in the literature.

Simonsen et al. [94] and Mizoguchi et al. [95] showed that the ammonia decomposition
follows a volcano plot relationship based on metal–nitrogen binding energy. If Ru is a metal
sitting at the apex of the volcano, metals to its left (i.e., iron) bind nitrogen too strongly,
consequently making recombinative desorption the rate-determining step, whereas the
metals to its right (i.e., Ni, Co) bind nitrogen weakly, making the initial activation of
ammonia difficult. The classical kinetic model for ammonia synthesis (and, by reciprocity,
its decomposition), initially developed by Temkin and Pyzhev, assumes that nitrogen
adsorption/desorption is the RDS [96]. In our study, based on aspects presented and the
fact that the catalyst contains Ni and Co, and also considering results reported in other
published studies [97–100], step (4) was considered the limiting step.

The rate expression derived based on this assumption is given by Equation (9):

r =
k · K2

NH3
· p2

NH3(
KNH3 · pNH3 +

p3/2
H2

K3/2
H2

+

(
1 +

√
pH2
KH2

))2 (9)

where k is the rate expression and KJ represents the adsorption equilibrium constants for
ammonia and hydrogen, respectively.

Both rate constants and adsorption equilibrium constants can be expressed by their
Arrhenius forms as follows:

k = k0 · exp
(
− E

RG · T

)
; KJ = KJ0 · exp

(
−

∆Hads,J

RG · T

)
, J = NH3, H2 (10)

The rate Equation (9) contains six kinetic parameters (three frequency factors and
three activation energies or adsorption enthalpies) and their values were estimated by an
integral method using measured ammonia conversions. To determine the conversion values
required in the least-square approach, a pseudo-homogeneous model of the chemical reactor
assuming plug-flow of the gas phase was implemented. These assumptions correspond to
the ammonia mass balance equation:

dxA
dz

=
ST

FMA,0
· ρb · rA; z = 0, xA = 0 (11)

The estimation of kinetic parameters was carried out by the MATLAB® 2025b program-
ming environment using the “lsqcurvefit” function and the adequacy of the model was
assessed based on both the correlation coefficient (R2) and statistically evaluated confidence
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intervals. The resulting kinetic parameter values, along with their 95% confidence intervals,
are given in Table 4.

Table 4. Estimated kinetic parameters and their 95% confidence intervals.

Parameter Unit
Catalyst

AlNi AlCo AlCe

k0
kmol

s·kgcat
99.213 (1 ± 0.182) 1.163 (1 ± 0.032) 1.121 (1 ± 0.065)

E J
mol 7.097 × 104 (1 ± 0.011) 5.692 × 104 (1 ± 0.003) 5.845 × 104 (1 ± 0.007)

KNH3,0 atm−1 0.123 (1 ± 0.057) 0.168 (1 ± 0.038) 0.177 (1 ± 0.162)

∆Hads
NH3

J
mol −3.146 × 104 (1 ± 0.049) −2.988 × 104 (1 ± 0.011) −2.992 × 104 (1 ± 0.045)

KH2,0 atm 8.461 × 10−2 (1 ± 0.164) 6.038 × 10−2 (1 ± 0.042) 4.840 × 10−2 (1 ± 0.208)

∆Hads
H2

J
mol −6.663 × 103 (1 ± 0.069) −8.117 × 103 (1 ± 0.043) −8.055 × 103 (1 ± 0.205)

R2 - 0.986 0.991 0.933

Although the AlNi catalyst exhibits a slightly higher apparent activation energy, its
significantly larger pre-exponential factor (k0) results in the highest overall reaction rate.
The apparent activation energies obtained in this work (56.92–70.97 kJ mol−1) are within
the lower range of values reported in the literature for ammonia decomposition over
transition-metal-based catalysts. For example, Ni/Al2O3 monolith catalysts exhibit an
activation energy of approximately 113.4 kJ mol−1 [101], while bimetallic systems such
as 5Ni-1Ru/CeO2 and 2.5Ni0.5Ru/CeO2 show values of 124 and 107 kJ mol−1, respec-
tively [98]. Even higher activation barriers have been reported for Ru/SiO2 catalysts
(~301 kJ mol−1) [102], whereas Ru/Al2O3 catalysts typically present activation energies
around 71.3 kJ mol−1 [103]. Other oxide-supported systems, such as Ru/Al2O3 and Ru/K–
CaO catalysts, exhibit activation energies in the range of 75–105 kJ mol−1 [104,105].

Compared with these reported values, the catalysts developed in this work dis-
play relatively moderate activation energies, particularly for AlCo and AlCe (56.92 and
58.45 kJ mol−1), indicating that the mixed Al–M oxide structure provides favorable active
environments for ammonia activation. In addition, the superior catalytic performance of
AlNi, despite its slightly higher activation energy, suggests that the overall reaction rate is
governed not only by the activation barrier, but also by the frequency of effective surface
reactions, as reflected by the significantly larger pre-exponential factor.

In order to validate the estimated kinetic parameters, several sets of experimental data
were used to verify model predictions. The results, presented in the parity diagrams in
Figure 13, together with the R2 values and 95% confidence intervals in Table 4, show good
adequacy of the kinetic model.

https://doi.org/10.3390/catal16050405

https://doi.org/10.3390/catal16050405


Catalysts 2026, 16, 405 21 of 28

Figure 13. Parity diagrams for AlNi (A), AlCo (B) and AlCe (C) catalysts.

3. Material and Methods
3.1. Materials

All chemicals used in the present study were of analytical grade. Aluminum ni-
trate nonahydrate (Al(NO3)3·9H2O, purity ≥ 98%) and ammonium hydroxide solution
(NH4OH, 35 wt%) were supplied by Chimreactiv (Bucharest, Romania). Nickel nitrate hex-
ahydrate (Ni(NO3)2·6H2O, purity ≥ 99%) was purchased from Acros Organics (Waltham,
MA, USA). Cobalt(II) acetate tetrahydrate (Co(CH3COO)2·4H2O, purity ≥ 99.9%) and
cerium nitrate hexahydrate (Ce(NO3)3·6H2O, purity ≥ 99.9%) were obtained from Merck
(Darmstadt, Germany).

3.2. Catalysts Synthesis

Aluminum-based mixed-oxide catalysts (AlNi, AlCo, and AlCe) were synthesized
using the co-precipitation method [47,86] with metal precursor salts in order to achieve
a nominal atomic ratio of aluminum to the second metal (Ni, Co, or Ce) of 1:1. Specifi-
cally, a mixture consisting of 16.9 g of Al(NO3)3·9H2O and 11.2 g of Co(CH3COO)2·4H2O
was used for the preparation of the aluminum–cobalt-based catalyst, denoted as AlCo.
For the aluminum–nickel-based catalyst (AlNi), 16.9 g of Al(NO3)3·9H2O and 13.1 g of
Ni(NO3)2·6H2O were employed. In the case of the aluminum–cerium-based catalyst (AlCe),
16.9 g of Al(NO3)3·9H2O and 19.5 g of Ce(NO3)3·6H2O were used.

For each catalyst, the corresponding precursor mixture was dissolved in 1000 mL of
distilled water, and the resulting solution was heated to 60 ◦C under continuous magnetic
stirring at 1500 rpm for 30 min. Throughout the entire synthesis process, a constant flow of
nitrogen gas was passed through the solution to maintain an inert atmosphere.
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The precipitation reaction was carried out at 60 ◦C under basic conditions (pH 10–11)
using a 35 wt% aqueous ammonia solution. Ammonium hydroxide was added dropwise,
and the reaction was allowed to proceed for 60 min. Since pH control is critical at this stage
for nucleation and phase selectivity, the pH value was monitored during the precipitation
step using a calibrated pH meter and pH indicator paper. After 60 min, the resulting
precipitate was separated by decantation and washed with distilled water to remove
residual reaction by-products, particularly the formed salts. The obtained solids were then
dried at 200 ◦C for 6 h. Subsequently, the dried materials were calcined at 600 ◦C for 4 h in
a static ambient atmosphere, leading to the formation of the active metal oxide catalytic
phases corresponding to AlCo, AlNi, and AlCe, respectively.

3.3. Catalysts Characterization Equipment

The catalysts were extensively examined by combining several complementary char-
acterization methods, including X-ray diffraction (XRD) and photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), thermogravimetric analysis coupled with
differential thermogravimetry (TGA–DTG), textural analysis based on nitrogen adsorption–
desorption, Fourier transform infrared (FTIR) spectroscopy, and surface acidity assessment
via pyridine adsorption followed by FTIR analysis (FTIR-Py).

Crystalline phase identification was carried out by X-ray diffraction using a SmartLab
diffractometer manufactured by Rigaku Corporation (Akishima, Japan), operated with Cu
Kα radiation (λ = 0.15406 nm). The X-ray generator was set to an accelerating voltage of
45 kV and a tube current of 200 mA. Diffraction patterns were collected in parallel-beam
mode within a 2θ angular range of 3–80◦, employing a scanning speed of 6 ◦/min [47,48,83].

The surface chemistry was studied by X-ray photoelectron spectroscopy (XPS) using
a K-Alpha instrument from Thermo Scientific (Thermo Fisher Scientific, Waltham, MA,
USA) with a monochromatic Al Kα source (1486.6 eV) at a bass pressure of 2 × 10−9 mbar.
Charging effects were compensated by a flood gun and binding energies were calibrated
by placing the C 1s peak at 284.4 eV as the internal standard. A pass energy of 200 eV and
20 eV was used for survey and high-resolution spectra acquisition, respectively [47,48].

The surface morphology and microstructural features of the samples were investi-
gated using a scanning electron microscope supplied by FEI Company (Hillsboro, OR,
USA). Thermal stability and decomposition behavior were evaluated through TGA–DTG
measurements performed on a thermal analysis system from METTLER TOLEDO (Zurich,
Switzerland) [47,83]. These analyses were conducted between 25 and 700 ◦C under nitrogen
atmosphere with a flow rate of 30 mL/min, applying a constant heating rate of 10 ◦C/min.

Textural characteristics, including surface area and pore structure, were determined
by nitrogen physisorption measurements using a NOVA 2200e gas sorption analyzer from
Quantachrome (Graz, Austria) [47,48,83]. Adsorption–desorption isotherms were acquired
at 77.35 K over a relative pressure (p/p0) interval from 0.005 to 1.0, and the resulting data
were processed using NovaWin software (version 11.03). The specific surface area was
calculated according to the Brunauer–Emmett–Teller (BET) approach, while the total pore
volume and pore size distribution were estimated using the Barrett–Joyner–Halenda (BJH)
method based on the desorption branch [47,48,83].

FTIR spectroscopy of adsorbed pyridine (FTIR-Py) was employed to determine the
concentrations of the acid sites of the catalysts. Measurements were carried out using
an IRAffinity-1S spectrometer (Shimadzu, Kyoto, Japan) equipped with a GladiATR-10
accessory for attenuated total reflectance (ATR) [83,106]. The spectra were recorded in
the wavenumber range of 1400–1560 cm−1 with a spectral resolution of 4 cm−1. Pyridine
adsorption was carried out by exposing 0.5 g of each catalyst to pyridine for 6 h at room
temperature in a sealed capsule. Subsequently, the samples were thermally treated at
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115 ◦C for 2 h to remove weakly physisorbed pyridine prior to FTIR analysis. Different
sample amounts were used for the FTIR measurements as required by the practical aspects
related to pellet preparation. The concentration of acid sites was calculated using the Emeis
method, as described above, by normalizing the integrated peak area with respect to the
sample mass—the wafer radius (r)—which was constant at 1.2 mm, and the corresponding
molar extinction coefficients.

3.4. Catalytic Evaluation Studies

The catalytic studies were carried out in a vertical carbon steel tubular fixed-bed
reactor (i.d. = 1.2 cm, h = 60 cm) loaded with 2.5 g of catalyst. All experiments were
performed under atmospheric pressure (1 bar) within a temperature range of 350–500 ◦C,
using temperature intervals of 75 ◦C. The volumetric feed flow rate of ammonia was varied
between 3 and 10 L/h, corresponding to weight hourly space velocities (WHSV) of 50, 102,
and 170 h−1.

Ammonia conversion was determined using a gas chromatograph equipped with a
thermal conductivity detector (TCD) (Agilent 6890N, Santa Clara, CA, USA) and a CP-Sil 5
CB capillary column, with helium employed as the carrier gas. The gas chromatograph was
equipped with a sampling valve incorporating a 0.5 mL sample loop, ensuring accurate
and reproducible gas sampling. The NH3 concentration in the gas mixture at the reactor
outlet was continuously monitored following the catalytic decomposition reaction.

The applied temperature program consisted of an initial step at 50 ◦C maintained for 1
min, followed by heating at a rate of 10 ◦C·min−1 up to 150 ◦C, where the temperature was
held constant for 5 min.

4. Conclusions
A series of Al-based mixed-oxide catalysts (AlNi, AlCo, and AlCe) was rationally

engineered through a coprecipitation route and investigated for catalytic ammonia de-
composition. Structural characterization by XRD revealed the formation of well-defined
aluminate phases, including NiAl2O4, CoAl2O4, and CeAlO3, while XPS analysis confirmed
the corresponding surface chemical states of Ni2+, and mixed Co2+/Co3+ and Ce3+/Ce4+

species. The strong agreement between bulk crystalline phases investigated by XRD and the
near-surface chemical states characterized by XPS indicates a high structural consistency
of the synthesized mixed-oxide systems. XPS indicated the acid character of the catalysts’
surface decreases in the order AlCo > AlNi > AlCe, with the AlNi catalyst having the
highest specific surface area and pore volume, and the most equilibrated Lewis to Brønsted
ratio, as determined from FTIR pyridine adsorption experiments.

The evaluation of the catalytic performance of synthesized samples revealed a clear
activity trend (AlNi > AlCo > AlCe), with AlNi exhibiting the highest ammonia conversion
over the investigated temperature range. Although the acidity of AlCo was found to be
greater than that of AlNi, the superior catalytic performance of AlNi is most likely associ-
ated with its three-fold higher specific surface area, and a more equilibrated Lewis/Brønsted
acidity, leading to more favorable surface kinetics, since both Lewis and Brønsted acid sites
are involved in the reaction. Our experimental results confirmed the reaction mechanism,
where ammonia is activated on the Lewis acid sites of the catalysts, while subsequent
N–H bond cleavage proceeds through neighboring Brønsted acid sites, with this former
step being rate limiting. Although AlNi shows a slightly higher apparent activation en-
ergy (70.97 kJ mol−1)—consistent with its weaker Lewis acid strength—its significantly
larger pre-exponential factor results in the highest intrinsic reaction rate among the studied
catalysts. The estimated activation energies (56.92–70.97 kJ mol−1) fall within the lower
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range of values reported in the literature for ammonia decomposition catalysts, indicating
efficient NH3 activation pathways.

Overall, the study demonstrates that, when combined with XRD, XPS is a powerful
tool for elucidating electronic structure, bonding, and lattice integration in mixed-oxide
systems. The results emphasize how electronic effects, such as inductive interactions and
covalency, and structural factors, such as ionic size mismatch and disorder, can jointly be
used to tune the surface chemistry and catalytic relevance of such materials. The combined
structural, surface, and kinetic analyses demonstrate that catalytic performance is strongly
governed by the interplay between catalyst electronic structure and kinetic parameters.
Among the investigated materials, the AlNi catalyst provides the most favorable balance of
structural characteristics, surface acidity, and intrinsic activity, highlighting its potential as
an efficient non-noble metal catalyst for hydrogen production via ammonia decomposition.
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