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Abstract

CO; levels in the atmosphere are increasing as a result of human activities such as industrial activities, fossil fuel usage,
and deforestation. The CO, methanation reaction, which converts CO, into methane, may play a crucial role in addressing
this issue. Like most commercial syntheses, the CO, methanation process requires a catalyst. Spinel catalysts, particularly
magnesium aluminate (MgAl,04), have gained attention for their potential in CO, methanation. In this study, MgAl,O4
nanoparticles were synthesized using a sol-gel method with a molar ratio of Mg:Al = 1:2, and calcined at temperatures
ranging from 700 to 900 °C. The structural properties of the nanoparticles were characterized using differential scanning
calorimetry, thermogravimetric analysis, Fourier transform infrared spectroscopy, Brunauer-Emmett-Teller analysis,
X-ray diffraction, field emission scanning electron microscopy, energy dispersive X-ray spectroscopy, and transmission
electron microscopy. The results showed that the particles had nearly spherical morphology, with agglomeration
occurring at higher temperatures. The surface area decreased with increasing calcination temperature, from 188 m?/g at
700 °C to 94 m?/g at 900 °C. NiCo-MgAl,O, catalysts were prepared by impregnation and characterized by CO,
temperature-programmed desorption and hydrogen temperature-programmed reduction. Catalytic performance tests
revealed that the NiCo-MgAl,O, catalyst calcined at 800 °C achieved the highest CO, conversion (~85%) and methane
selectivity. Spent catalyst analysis showed that carbon deposition negatively affected catalyst performance over time. This
study emphasizes the role of strong basic sites in CO; activation and methane formation, suggesting future improvements
in catalyst stability.
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Highlights

e MgAl,O4 nanoparticles were synthesized via a sol-gel method.

e Rietveld analysis shows MgAL,O, adopts cubic Fd-3m space group with a lattice parameter of 8.0546 A.
e The effect of active metals (Ni, Fe, Co) on catalytic performance was studied.

e The calcination temperature of the support significantly influenced the catalytic properties.

e Ni-Co/MgAl,O, catalysts showed excellent CO, conversion (~85%) and CH,4 selectivity.

1 Introduction

Carbon dioxide (CO,) concentrations in the atmosphere
have been rising steadily due to human activities such as
industrialization, excessive fossil fuel usage, and defor-
estation. As of 2024, atmospheric CO, levels have reached
425 parts per million (ppm) [1]. Scientists indicate that the
increase in CO, and other greenhouse gases intensifies
global warming and climate change [1, 2]. According to the
Intergovernmental Panel on Climate Change (IPCC) 2023
report, limiting global warming to 1.5 °C requires rapid and
deep reductions in greenhouse gas emissions across all
sectors, aiming for net zero CO, emissions by the early
2050 s [3-5]. This imperative highlights the urgent need for
innovative and scalable strategies to mitigate carbon
emissions.

Carbon Capture Utilization and Storage (CCUS) tech-
nologies are expected to be an effective means of achieving
carbon neutrality in this context, and the circular CO,
economy is essential for decarbonization [6]. Using CO, as
a feedstock to produce value-added fuels and chemicals
provides a workable solution to reduce greenhouse gas
emissions in the atmosphere. Specifically, the hydrogena-
tion of CO, using green hydrogen (H,)-derived from
renewable energy sources—offers a sustainable and eco-
nomical pathway for converting CO, into valuable products
while minimizing environmental impact. Nevertheless,
most CCUS processes face challenges such as high energy
requirements due to severe operational conditions or low
equilibrium conversions caused by the strong thermo-
dynamic stability of CO, [7]. Among these pathways, the
methanation reaction, also known as the Sabatier reaction,
has gained significant attention for its potential in Power-to-
Gas technology and biogas upgrading. Originally employed
to remove trace CO, during ammonia (NH3) production,
CO, methanation enables the conversion of CO, and sur-
plus renewable H, into methane (CH,), facilitating the
storage and transport of renewable energy via existing
natural gas infrastructure [8]. CO, methanation can be seen
as a direct reaction (Rxn. 1) or as a combination of Reverse
Water-Gas Shift (RWGS) (Rxn. 2) and CO methanation
(Rxn. 3). CO evolution alongside methane may occur since
RWGS and CO, methanation requires the same reactants.
Since the overall reaction is promoted at low temperature
and high pressure according to Le Chatelier’s principle, it is

crucial to utilize an active catalyst to overcome kinetic
constraints and enhance reaction rates [9—11].

COz(g) + 4H2(g) = CH4(g) + 2H20(g) AHoogk 1am = —165.4 kJ/mol
(1)

COz(g) + Hg(g) - CO(g) + HzO(g) AHZ‘)SK,latm = 41.17kJ/mol
(2)

CO(g) + 3H2(g) = CH4(g> + HzO(g) AHzggKJmm = —206.3 kJ/mol

(3)

This study focuses on optimizing these reactions at
350 °C, where side reactions are minimized. Spinel cat-
alysts, with their distinctive AB,0O, structure, have gained
attention for CO, methanation due to their flexibility in
composition and structural properties. This adaptability
allows for the fine-tuning of catalytic performance, par-
ticularly through modifications with active metals like
nickel (Ni) and additives such as manganese (Mn), to
enhance activity and stability while minimizing by pro-
duct formation [1, 2, 4, 12]. Ni-based spinel catalysts, in
particular, have shown promising results for CO,
methanation, offering high catalytic efficiency through
improved dispersion of active sites and stabilization of
reactive intermediates [13]. Support materials play a cri-
tical role in heterogeneous catalysis, influencing both
activity and selectivity. Therefore, utilizing spinel-based
supports to provide favorable textural properties, includ-
ing a high surface area for the dispersion of active species
and a pore structure that would facilitates reactant diffu-
sion, is essential [14].

The characteristics of spinel-structured catalysts-such as
their high surface area, controlled porosity, and defect sites-
facilitate efficient gas-phase reactions and accelerate CO,
bond activation. For instance, in the MgAl,O, (MA) spinel
structure with insufficient sites (Mg/Al <1/2), Ni pre-
dominantly occupies the A-site of MA, which fixates Ni in
catalytically active configurations and has a high potential
for enhancing CO, methanation efficiency [15]. The use of
noble metals (e.g., ruthenium (Ru), rhodium (Rh), palla-
dium (Pd)), as well as rare-earth oxides (e.g., cerium oxide
(Ce0,)), is well-documented in CO, methanation reactions
due to their remarkable activity and selectivity [11, 16-20].
Titanium dioxide (TiO,) is another widely used material for
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its high surface area and chemical stability [21]. However,
the high cost and limited availability of these materials pose
significant challenges for large-scale industrial applications.
For example, while CeO, and TiO, demonstrate good cat-
alytic properties, they have limitations such as lower oxy-
gen storage capacity compared to spinel structures like MA,
susceptibility to phase changes (in the case of TiO,), and
higher costs [19, 21]. These challenges necessitate the
development of cost-effective alternatives that maintain
high catalytic performance.

Nickel (Ni) and cobalt (Co)-based catalysts have
emerged as promising alternatives due to their lower cost,
abundant availability, and established catalytic perfor-
mance in CO, methanation [20-26]. In this study, the
NiCo-MA catalyst was selected as an economical and
sustainable alternative to noble metal, rare-earth, and
titanium-based systems. The MA spinel structure offers
unique advantages, including high thermal stability,
mechanical robustness, and enhanced dispersion of active
metal phases, which help mitigate sintering and carbon
deposition. Additionally, the presence of deficient sites in
the MA structure provides favorable conditions for the
stabilization of active metals like Ni, which predominantly
occupies the A-site, further enhancing catalytic perfor-
mance. These attributes make the NiCo-MA catalyst a
viable candidate for scalable and sustainable industrial
applications.

This study explores the development of MA supported
Ni, NiFe and NiCo catalysts for low-temperature CO,
methanation, aiming to overcome current limitations such
as kinetic barriers, coke formation, and catalyst deactiva-
tion. Our approach focuses on optimizing the spinel struc-
ture through sol-gel synthesis and targeted metal
impregnation to achieve high activity and selectivity at
350 °C and 1 atm pressure. While significant advancements
have been made in catalyst design, further studies are
required to fully understand the effects of preparation
methods, calcination temperatures, and structural features
on catalytic performance. These factors are crucial for
controlling the interaction between active metals and the
support, directly impacting catalytic activity, stability, and
resistance to deactivation.

In this work, the sol-gel method was used for the pro-
duction of spinel support materials due to its distinct
advantages over alternative production methods. The sol-
gel process operates at lower temperatures than high-
temperature solid-state techniques, providing enhanced
control over the particle size, shape, and composition
[27-29]. This control is crucial for optimizing catalytic
performance, as smaller particles and more homogeneous
structures often lead to higher catalytic activity [30-32].
Furthermore, in contrast to methods such as co-precipitation
or thermal decomposition, the sol-gel method offers a

@ Springer

versatile framework for combining multiple metal pre-
cursors, facilitating the precise tuning of the structural and
functional properties of the support material [33]. It also
enables the creation of well-dispersed active sites, which are
key to achieving superior catalytic efficiency in CO,
methanation reactions [32]. Various sol-gel synthesis routes
have been reported for preparing MA spinel supports, dif-
fering in precursor selection, complexing agents, and pro-
cessing conditions. Some methods use water-based
solutions with citric acid as a chelating agent, followed by
direct gelation and calcination [34]. Others utilize organic
solvents like diethylene glycol to improve the homogeneity
of the precursor gel [27], while some incorporate carbon-
based additives to modify the microstructure [35]. These
methods generally require heating solutions to temperatures
of 80-125 °C to form the desired viscous gel structure. In
contrast, this study employed a simple, room-temperature
sol-gel method.

In addition to these advantages, the sol-gel method is
cost-effective and energy-efficient, particularly when com-
pared to methods requiring high-temperature treatments
(e.g., above 1000 °C) or the use of expensive organic sol-
vents and additional carbon sources. The sol-gel process
employed in this study operates at moderate temperatures
without costly additives, reducing material and energy
consumption while simplifying the synthesis procedure.
This makes it a practical option for catalytic applications.
Moreover, compared to solvent-based methods, this
approach is more environmentally friendly and cost-effec-
tive, while still maintaining control over phase purity and
surface properties. Thus, the sol-gel method’s ability to
provide precise structural control, high surface area, and
economic feasibility makes it an ideal choice for developing
efficient catalyst support materials in CO, methanation
reactions. While the sol-gel method was chosen for support
synthesis due to its structural and surface control, the wet
impregnation method was selected for catalyst synthesis.
This method ensures uniform distribution of metal pre-
cursors on the support, which is essential for achieving the
desired catalytic properties [36, 37]. Although sol-gel pro-
cessing could also be applied to catalyst preparation, wet
impregnation was preferred in this study as it provides
better control over metal dispersion and loading [38]. This
technique has been widely used in the literature to synthe-
size highly active catalysts, particularly for CO, methana-
tion reactions.

Thus, in this study, the MA support was synthesized via
the sol-gel method, followed by the incorporation of Ni,
NiFe and NiCo through a wet impregnation technique. The
resulting catalysts were evaluated for their performance in
CO, methanation reactions conducted at 350 °C and atmo-
spheric pressure. This study aims to overcome key chal-
lenges in CO, methanation, offering a promising pathway
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Fig. 1 Flowchart illustrating the
sol-gel synthesis steps used for
MgAl,O, support materials

preparation ‘
Precursor Hydrolysis Filtering and Drying Calcination \
Solution %‘;T?:r':f:t‘i‘g: Washing ¥ Dried at 80 °C ¥ 700 °C
Stirring v Dl water for 12 hours v 800°C ¢
¥ 600 rpm v 900 °C
0.05 M Mg(NOi), 6H,0 ¥ Room temperature for 4 hours

0.1 MAI(NO );.9H,0

C,.H{O (0.1M)
NH,OH (25%)

for the development of efficient and cost-effective catalysts
operating under low-temperature conditions. While various
one-pot sol-gel approaches have been reported for synthe-
sizing metal-doped spinel catalysts, such methods often
suffer from limited control over metal dispersion and sur-
face accessibility. In contrast, this study adopts a two-step
strategy involving sol-gel derived support synthesis fol-
lowed by wet impregnation of metal precursors, which
enables better control over the distribution and interaction
of active sites [38]. This approach not only simplifies the
synthesis process but also provides improved structural
stability and catalytic performance, as demonstrated in later
sections. The benefits of this method are further emphasized
through comparison with literature-reported one-pot sol-gel
catalysts, which typically exhibit lower CO, conversion
under similar reaction conditions [39—42].
Thermogravimetric analysis (TGA), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT-IR),
Brunauer-Emmett-Teller (BET) analysis, field emission
scanning electron microscopy (FESEM), energy-dispersive
X-ray spectroscopy (EDS), and transmission electron
microscopy (TEM) were used to analyze the produced
materials. The catalytic performance was initially tested
using our high-throughput catalyst performance analysis
system (HT-CPA) under atmospheric pressure. HT-CPA
analysis results were used to identify the promising pro-
moters. Subsequently, selected catalysts were further eval-
uated in our conventional catalytic performance analysis
test system (C-CPA) to observe their performance under
realistic reaction conditions. To understand catalytic
mechanisms, catalysts were characterized by H, tempera-
ture programmed reduction (H,-TPR) and CO, temperature-
programmed desorption (CO,-TPD) techniques.

2 Experimental
2.1 Supports synthesis

The experimental setup is illustrated in Fig. 1 The MA
support material was synthesized using the sol-gel method

¥ 2 hours in air

(SG) from an aqueous solution 0.05M Mg(NO;),-6H,O
(99%, Sigma-Aldrich) and 0.1 M Al(NOj3);-9H,0 (98.5%,
Sigma-Aldrich) with a molar ratio of Mg:Al=1:2. A
chelating agent, citric acid (0.1 M CgHgO;), and a pre-
cipitating agent, NH,OH (ACS reagent, 25% NHj basis),
were added dropwise until precipitation began, maintaining
the pH at around 10. The solution was continuously stirred
for 2 h using a magnetic stirrer and allowed to age at room
temperature overnight. The precipitates were filtered,
washed with deionized water, and then dried overnight at
90°C in an oven. This synthesis approach differs from
conventional sol-gel methods in that it is carried out
entirely at room temperature, using water as the solvent,
without the need for heating during gelation or the use of
organic solvents. The combination of citric acid as a che-
lating agent and pH adjustment with ammonia enhances
precursor homogeneity and facilitates spinel formation at
relatively low calcination temperatures. The dried samples
were calcined at different temperatures (700, 800, 900 °C)
in air for 4 h.

2.2 Catalysts synthesis

MA spinel powder was used as the support material to
prepare three catalysts: Ni-MA, NiFe-MA, and NiCo-MA.
The catalysts were synthesized using the wet impregnation
method [34, 43], with Ni as the active metal and Fe or Co as
promoters. The purpose of the promoters is to improve the
dispersion of Ni active sites, the acid-base properties of the
support, Ni-support interaction, and therefore the catalytic
activity and stability of the catalyst. The MA support was
impregnated with the aqueous solutions of Ni(NO3),-6H,O
(99.99 4 %, Sigma-Aldrich) and Fe(NO3);-9H,0 (99 + %,
Sigma-Aldrich) or Co(NO3),-6H,0 (99 4+ %, Sigma-
Aldrich). Ni was added to achieve a loading of 15wt %.
Subsequently, Co or Fe was added at a molar ratio of 2:1
relative to Ni. Each sample were sonicated for 2h in an
ultrasonic bath, dried overnight at 100 °C, and calcined at
600 °C for 3 h in air. Finally, the calcined catalysts were
crushed and sieved to a particle size range of 50-100 pm to
be used in the experiments.
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2.3 Catalytic tests
2.3.1 High-throughput catalyst performance analysis

The CO, methanation performance of the prepared catalysts
were initially evaluated using a high-throughput catalyst
performance analyzer (HT-CPA). HT-CPA, described in
detail elsewhere, is a computer-integrated high-throughput
catalyst screening system that enables fast screening of
multiple (max. 80) catalysts simultaneously [43, 44].
Reactant gases are mixed and fed to the system using
calibrated mass flow controllers. The feed flow is dis-
tributed to four reactors each containing 20 microreactors.
Each microreactor receives equally distributed gas flow and
requires approximately 20 mg of catalyst. Outlet gases from
the microreactors are sampled using a capillary sampling
probe and sent directly to an online micro-Gas Chromato-
graph (micro-GC Fusion, Inficon), comprising RT-Q Bond
and RT-Molecular Sieve 5 A models equipped with thermal
conductivity detectors (TCD). Temperature, inlet flow rates,
gas sampling, and movement of the reactor in the HT-CPA
system are controlled via automated software.

Prior to the reaction, catalysts were reduced in-situ in the
HT-CPA under a flow of 50% H, (Linde, 99.999%) / 50%
N, (Linde, 99.999%) (v/v) mixture at 350 °C for 4 h. Fol-
lowing reduction, the CO, methanation reaction was initi-
ated by feeding the reactant gas mixture composed of 64%
H,, 16% CO, (Linde, 99%), and 20% N, (v/v/v).

2.3.2 Conventional catalytic performance analysis

The prepared catalyst (0.5 g, particle size between 50 and
100 pm) was mixed with quartz (Sigma-Aldrich, purum
p.a.) of the same particle size with a volumetric ratio of 1:1,
and loaded into a fixed-bed reactor (10 mm i.d., 800 mm
length). Prior to the reaction, the catalysts were activated at
350 °C for 2 h under a flow of 50 vol% H,/50 vol% N,, with
a flow rate of 6L/h-gcat. The reaction was performed at
350 °C and atmospheric pressure with a flow of 20 L/h-gcat
using a 64 vol% H,/16 vol% CO,/20 vol% N, mixture. Gas
analysis was performed using an online gas chromatograph
(Agilent, GC 7820) equipped with a TCD and a flame
ionization detector (FID), with Carboxen and Alumina S
columns, respectively.

CO, conversion, product selectivity and carbon based
methane yield were calculated by the following equations:

Fco,, — Fco,,.,

XCOZ = x 100 (4)

Fco,,,

where Xcp, is the percent CO, conversion, Fco,, is the
molar flow rate of CO, at the inlet (mol/h) and F¢y, ,,, is the

out

molar flow rate of CO, at the outlet (mol/h). The selectivity
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and yield of the products are calculated using the following
equations below:

x F
Sep — (0% Feou | | 109 )
FCOZ_in T COrou
s (Mee X Fem \ 100 (©)
CHy F COzin — FCOz,nm
NCc,Hg X FczHéouI
et <FCOz.m - FCOZ_(JM ( )
F
%Y ch, = (%) 100 X
2,in

where S represents the carbon based product selectivity, Y
represents the percent yield of the products, nc is the carbon
number of the specified product, and Fco,,, Fcn,,,, and
Fc, s, denote the outlet molar flow rates (mol/h) of CO, CHy
and C,H, respectively. Selectivity of methane regarding only
gas products can be calculated with the following equation:

F CHy
S ' _ Lout X 100 9
it “ (FCH4,UMI + FCOqu + FCzH(,_,,m ( )

Methane yield on a carbon basis is calculated with the
following equation:

ncen, X Fen,,,, X MW (g CHyon C basis
Yeu, =

M active merar X 3600 g active metal X s

(10)

where Ycp, represents the carbon based methane yield in
units given in the parenthesis, MW ¢ is the molecular weight
of carbon in grams, and M .ive merar 18 the weight of the
active site in grams, and 3600 is for the unit conversion
from hour to seconds.

2.4 Characterization

Thermochemical simulations were performed using the
Phase Diagram and Equilib modules of FactSage™ 8.2 to
predict the possible phases in supports and catalysts [45].
Thermogravimetric analysis (TGA) and derivative thermo-
gravimetry (DTG) were carried out using a TGA 55 model
(TA Instruments) to investigate the thermal decomposition
behavior of the nanoparticles. The measurements were
performed on the dried nanoparticles over a temperature
range of 10-900 °C, at a heating rate of 10 °C/min, in an air
atmosphere. Fourier transform infrared spectroscopy (FTIR)
(Bruker Alpha-II) was measured in the range of
4000-400cm ™" in order to understand the chemical
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bonding of the nanoparticles. X-ray diffraction patterns of
the samples were obtained using a Philips PAN’alytical
X’Pert Pro model instrument over a 2theta (20) diffraction
angles range of 10-90° at 1°/min scanning speed using
monochromatic Cu Ko radiation (A =1.5418 A, 40 mA,
45kV). Brunauer-Emmett-Teller analysis (BET) (Micro-
meritics, Tristar3000) based on N,-adsorption at 77 K was
performed to obtain the specific surface areas of the sup-
ports and catalysts. Before taking adsorption isotherms, all
samples were degassed at 250 °C for minimum 6h. The
pore volume and average pore size distribution were cal-
culated by the Barret-Joyner-Hallender (BJH) method using
the N, adsorption isotherm. The morphology of the nano-
particles was characterized using a HITACHI SUS5000
model scanning electron microscope (SEM). For the SEM
analysis, nanoparticles placed on carbon tape were coated
with gold inside a Quorum/Polaron SC7620 high-resolution
sputter coater. To image inside the nanoparticles, trans-
mission electron microscopy (TEM) was used. For these
experiments, the nanoparticles were dispersed in ethanol.
The resulting solutions were transferred onto carbon-coated
Cu TEM grids and allowed to dry. TEM images were
obtained at various magnifications with an accelerating
voltage of 200kV using a FEI TALOS F200S. Selected
Area Electron Diffraction (SAED) and Energy Dispersive
X-ray Spectroscopy (EDS) techniques were also applied to
analyze the crystalline structure and elemental composition
of the nanoparticles.

The reducibility behavior of catalysts were determined
by H,-temperature programmed reduction (H,-TPR) in a
fixed bed reactor. The reduction step is essential to ensure
that the catalyst is in its active metallic state, as certain
metal oxides, such as those containing Ni or Co, must be
reduced to their metallic form for optimal activity in reac-
tions like CO, methanation. The reduction process helps
remove surface oxygen species and activates the metal sites,
making them available for interaction with reactants. In
TPR measurements, first, 0.15 g of catalyst was preheated in
a N, flow at 350°C for 30 min. Then, the reactor tem-
perature was first decreased to 50 °C and then increased to
700 °C at a rate of 10°C min~! under a 80 mL-min~"' gas
mixture of 10 v% H, in balance N,. Data were collected by
both an on-line micro GC equipped with a TCD and an on-
line mass spectrometer (MS) (Stanford Research Systems,
RGA 200). The surface basicity of the samples was deter-
mined by the temperature programmed desorption of CO,
(CO,-TPD) (Quanta Chrome, CHEMBET-3000) in the
same system used for H,-TPR analyses. CO,-TPD is
employed to assess the distribution and strength of the basic
sites on the catalyst surface, which play a crucial role in
CO, adsorption and activation during methanation. In CO,-
TPD analyses, 0.15 mg catalyst was thermally treated and
reduced under 53 mL min~' H, flow for 2 h at 350 °C. Then

catalysts were purged with a 100 mL min~"' N, for 30 min at
350 °C. Afterward, the temperature was reduced to 50 °C.
The CO, adsorption was conducted with a 100 mL min~"
gas mixture of 10% CO, and 90% N, at 50 °C for 30 min.
Then physisorbed CO, was swept away by a 100 mL min !
N; for 30 min. In the desorption step of chemisorbed CO,,
the temperature was increased from 50 to 700 °C with a
ramp of 10°C min~!' under 100 mL min~! N, flow. The
CO, desorption profiles were obtained through detecting the
desorbed amount of CO, at the corresponding desorption
temperature by a micro GC and a MS.

3 Results and discussion
3.1 Thermochemical modeling

Thermochemical calculations were performed using the
FactSage™ software by selecting the FactPS (pure sub-
stances) and FToxid (oxide solutions) databases to predict
the phase changes and phase diagrams of the catalyst sys-
tem under various composition and calcination conditions.
Figure 2 shows the thermochemical modeling results for the
effect of Co substitution for Fe on the phase changes in a
system made up of 100 parts by mass MgAl,O,4, 15 parts
Ni, and 30 parts Fe, at 600 °C, under a total pressure of
latm and an oxygen partial pressure of 0.21 atm. The
results indicate that a high Fe content increases the forma-
tion of the spinel phase. With 15 parts Fe, the spinel
structure becomes saturated, leading to the formation of a
small amount of corundum (1.3 wt.% Fe,03). As Co gra-
dually replaces Fe, the corundum phase disappears first, and
then a monoxide phase begins to form at the expense of the
spinel phase. When Fe is completely replaced by Co (30
parts Co), the total amount of the monoxide phase remains
low, around 6.65 wt.%. This phase mainly consists of NiO
(52.31 wt.%) and MgO (45.15 wt.%), with a small amount
of CoO (2.54 wt.%).

Figure 3 presents the phase diagrams obtained from
thermochemical modeling, illustrating the phase evolution
as a function of calcination temperature and oxygen partial
pressure for two systems: (a) 100 parts by mass MgAl,O,
with 15 parts Ni, and (b) 100 parts by mass MgAl,O, with
15 parts Ni and 30 parts Co. In both systems, the spinel and
monoxide phases dominate over a wide temperature range
and at relatively high oxygen partial pressures. Under the
experimental conditions of 600 °C and an oxygen partial
pressure of 0.21 atm, the calculated phase fractions for the
Ni-containing system (Fig. 3a) were 88 wt% spinel and
12 wt% monoxide. In the system containing both Co and Ni
(Fig. 3b), a slight increase in the spinel phase to 93.35 wt%
and a corresponding decrease in the monoxide phase to
6.65 wt% were observed.
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Fig. 2 Thermochemical
modeling of the effect of Co
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Fig. 3 Calculated phase diagram for (a) Ni-O-MgAl,O, and b Co-Ni-O-MgAl,O, systems as a function of calcination temperature and oxygen

partial pressure

For catalytic applications, the stabilization of the spi-
nel structure is crucial, as it enhances metal dispersion
and thermal stability. While moderate amounts of the
monoxide phases (e.g., NiO, CoO, and MgO) may
facilitate CO, activation and improve metal dispersion,
their excessive formation can lead to phase segregation,
reduce the number of accessible active sites, and ulti-
mately impair catalytic performance. Therefore, main-
taining spinel structure with limited oxide phases is
considered beneficial for ensuring optimal catalytic per-
formance [24, 40, 46].
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3.2 TG-DTG analysis

The TGA-DTG curves of the uncalcined MA powder are
presented in (Online Resource Fig. S1). These com-
plementary analyses provide a comprehensive under-
standing of the thermal behavior and stability of the
material. While the TGA curve (red) displays the total
weight loss, the DTG curve (blue) provides the rate of
decomposition, highlighting the stages of degradation and
stabilization. The TGA curve indicates that weight loss
occurs in multiple stages. An initial weight loss between
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Fig. 4 TGA analysis of (a) uncalcined MA, MA-800, and NiCo-MA-800 fresh and spent catalysts, b spent NiCo-MA catalysts under air

atmosphere

100 and 200 °C is attributed to the removal of adsorbed
water and decomposition of volatile organic components. A
more significant weight loss is observed between ~200 and
400 °C, which corresponds to dehydration processes and the
removal of residual organics, contributing to the formation
of oxide species. No notable weight change is observed
above 600 °C, suggesting the complete removal of volatiles
and thermal stabilization of the material. However, the
crystallization and phase transformation toward a spinel
structure likely continue at higher temperatures [47].

The DTG curve reveals that the rate of weight loss is
highest between 200 and 400 °C, corresponding to the
dehydration and decomposition stages. A sharp peak at
around 300 °C corresponds to rapid weight loss due to the
decomposition of organic molecules. A peak around 450 °C
likely corresponds to structural reorganization and early-
stage crystallization of intermediate oxide species. The
gradual decline in the weight loss rate confirms that the
main thermal decomposition processes are complete, and
minimal change above 600 °C further supports the thermal
stabilization of the material.

In addition to the uncalcined MA support, TGA analyses
were performed on the MA-800 and NiCo-MA-800 cata-
lysts, both before and after reaction (Fig. 4a). In the TGA of
calcined MA, no significant weight loss was observed. This
was reasonable since calcination has already led to the
removal of water, nitrates, and organics species before TGA
measurement, as well as the initial formation of metal oxide
phases that has been discussed above. The NiCo-MA-800
fresh catalyst also showed minimal weight loss (<3%),
confirming the thermal stability of the metal-incorporated
spinel support. Interestingly, both fresh and spent catalysts
exhibited a slight weight gain between 300 and 500 °C,

likely due to the surface oxidation of metallic Ni and/or Co
species. This is followed by a small weight loss up to 600 °C
due to the oxidation of residual carbonaceous species. These
results highlight the thermal durability of the catalyst and its
suitability for high-temperature CO, methanation [48].

To further assess coke formation and possible surface
oxidation during reaction, TGA analyses were also per-
formed on the spent NiCo-MA catalysts (Fig. 4b). All
samples exhibited very low total weight losses (~1.2-2.8%),
indicating limited or no carbon deposition throughout the
methanation process consistent with enhanced coke resis-
tance. Studies have demonstrated that incorporating Co in
Ni catalysts supported on MA can enhance coke resistance
as reported by Aramouni et al. Suppressed coking was
claimed to be inherently due to the high oxygen affinity of
Co contributing to C* oxidation (oxidative removal of
adsorbed carbon atoms from the catalyst surface) [49].
However, although a higher resistance to coking was
observed in Ni-Co bimetallic catalysts, carbon formation
was unlikely to be completely avoided. Therefore, a better
understanding of coke formation even in trace amount is
needed to prevent the gradual catalytic deactivation. Even in
trace quantities, most carbon has been seen to be removed
below 600°C in TGA plots, indicating that amorphous
carbon typically forms rather than graphitic carbon [50].
Amorphous carbon is known to be thermally less stable,
which is advantageous in terms of catalyst regeneration at
mild temperatures below 550 °C.

3.3 Fast screening of catalysts using HT-CPA

The nine catalysts prepared by impregnating Ni, NiFe or
NiCo onto MA supports calcined at 700 °C, 800 °C and
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Table 1 CO, methanation performance of catalysts in HT-CPA

No Calcination
Temperature (°C)

Sample CO, CH,4 CH4%
conversion % Yield % (GC)

1700 Ni-MA 15.70 12.98 2.60
2 NiFe-MA 11.10 13.67 2.56
3 NiCo-MA 52.80 52.88 12.45
4 800 Ni-MA 33.06 31.96 6.98
5 NiFe-MA 48.93 41.51 9.92
6 NiCo-MA 48.66 45.82 10.72
7 900 Ni-MA 46.82 30.45 7.79
8 NiFe-MA 31.77 25.34 6.30
9 NiCo-MA 73.02 40.12 15.78

900 °C were initially screened for their catalytic perfor-
mance using HT-CPA, as described earlier. This step was
performed to identify the highest-performing catalysts to
perform a more detailed performance analysis in the con-
ventional test system. The results for CO, conversion, CHy
yield and CHy selectivity are summarized in Table 1. Based
on these results, the NiCo-MA catalysts were selected for
further analysis due to their high CO, conversion, CH, yield
and selectivity compared to the others, making them the
most promising candidates for detailed evaluation using the
conventional test system.

The observed catalytic performance is partially explained
by the thermodynamic insights presented in Section
“Thermochemical Modeling”. The NiCo-MA catalysts
exhibited the highest CO, conversion and CHy yield at all
calcination temperatures, consistent with the thermo-
chemical equilibrium calculations. At 900 °C, their perfor-
mance significantly improved (CO, conversion: 73.02%,
CH, yield: 40.12%, CHy4 selectivity: 15.78%). This can be
attributed to the favorable stabilization of the spinel phase,
which predominated at higher calcination temperatures.
This stabilization enhanced metal dispersion and thermal
stability while reducing the formation of undesirable pha-
ses, such as the monoxide phase. However, at all calcination
temperatures, the Ni-MA and NiFe-MA catalysts showed
lower CO, conversion and CHy yield. At 800 °C, the NiFe-
MA catalysts showed slight improvement, but their per-
formance was still lower compared to the NiCo-MA cata-
lysts. This may be due to the poorer spinel stability in Ni-
MA catalysts and the development of less stable phases in
NiFe-MA catalysts. Given their strong CO, conversion and
CH, selectivity, the NiCo-MA catalysts are suitable for
further investigation in the conventional test system. Our
results confirm that the NiCo-MA catalysts are the most
attractive candidates for a thorough performance evaluation.
The experimental findings are in good agreement with the
phase stability predictions in Section ‘“Thermochemical
Modeling”, especially the dominance of the spinel phase,
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highlighting the importance of phase stability in maximiz-
ing catalytic performance.

3.4 FT-IR analysis

The FT-IR spectra of sol-gel-derived MA particles before
calcination and after calcination at 700, 800, and 900 °C are
presented in Fig. 5a. The uncalcined sol-gel-derived sample
(MA-SG) exhibited functional groups, such as —OH [51],
and typically an amorphous structure [52]. During calcina-
tion, these functional groups undergo decomposition,
forming M —O —M bonds as the amorphous structure
transitions to a crystalline spinel phase.

The FT-IR spectrum of MA-SG revealed a broad band at
3000-3600 cm™ and a peak at 1650 cm™, corresponding to
the stretching and bending vibrations of —OH groups,
respectively, of water [53, 54]. The band at ~1315 cm! was
attributed to N — O bond vibrations from nitrate (NO3)
groups [54], and weak bands at ~1040 cm™ were assigned
to AlI—O — H bonds [55]. Peaks in the 800-500 cm™ range
were associated to A1—O [56] and Mg—O [57] vibrations.

Calcination significantly reduced the intensity of the
peaks associated with functional groups. After calcination at
700 °C, a broad peak at 3000-3600 cm™! and vibrations of
—OH groups around 1650 cm™ were still present. These
peaks diminished significantly at 800 °C and disappeared
entirely at 900 °C. The absorbance bands at 670-678 cm™
and 469-474 cm™' confirmed the presence of AlOg groups,
confirming the formation of MA spinel at all calcination
temperatures [53-58]. The increasing calcination tempera-
ture enhanced the intensity of the AI-O—Mg bond vibra-
tions, indicating the progression of crystallization [27]. The
absence of nitrate or organic group bands in the calcined
samples demonstrates the high surface purity and complete
formation of the spinel structure [30].

Figure 5b presents the FT-IR spectra of MA calcined at
800 °C, both before (fresh) and after (spent) being used in the
reaction. The spectra confirmed the presence of characteristic
vibrations of the spinel structure, with bands in the
500-900 cm™ region corresponding to the stretching vibra-
tions of aluminum-oxygen (Al-O), metal-oxygen (M-0O),
and metal-oxygen—aluminum (M—O-Al) bonds [59, 60]. In
the fresh catalyst, AlI-O—Mg and AlOg vibrations were
observed. However, a noticeable reduction in the relative
intensity of these peaks was observed in the spent catalyst,
attributed to the formation of coke deposits on the catalyst
surface [15, 61]. For investigating coke formation on catalysts,
the FT-IR technique provides a useful method. A distinct
marker of coke deposition is the elimination or significant
reduction of specific vibrational bands present in the fresh
catalyst. Since the spent catalyst lacks these bands, which are
connected to specific functional groups or surface contacts, it
is possible that the buildup of carbonaceous residues has
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altered or blocked these active sites entirely (Fig. 5c). The
formation of coke layers prevents infrared beam penetration,
leading to decreased signal transmission [61, 62]. Coke for-
mation, which occurs primarily on metal oxide sites (e.g.,
Al-O or M-0), can lead to the development of surface carbon
layers. These sites provide adsorption centers for CO, and Hy,
leading to the formation of carbonaceous intermediates.
Oxygen vacancies and electron transfer processes on metal
oxides further facilitate the stabilization of these intermediates,
which can subsequently polymerize and accumulate as coke
deposits [63]. Over time, these deposits develop into carbon
layers that not only reduce the intensity of the characteristic
vibrational bands but also block active sites, ultimately
diminishing the catalyst’s performance in CO, methanation.

3.5 XRD analysis

As shown in Fig. 6a, the typical diffraction peaks of
MgAl,O, spinel (ICDD: 01-075-1796) were observed in the

=7.28, GoF=1.94)

sample after heating at 700 °C, indicating the formation of
MgAl,Oy at this temperature. In contrast, the as-synthesized
powders were predominantly composed of MgAl,(OH)g,
likely highly defective and nanocrystalline, with a structure
close to amorphous. The intensity of the MgAl,O, diffrac-
tion peaks increased as the temperature was raised from 700
to 900 °C. At higher temperatures, even the lowest-intensity
peaks corresponding to the Fd-3m crystal structure became
visible, indicating improved crystallinity.

From the XRD data in Fig. 6, the crystallite sizes of
MgAl,O, were calculated using the Debye-Scherrer equa-
tion (Eq. 11),

K x2

:ﬂXC089 (11)

where K is the Scherrer constant (typically 0.9 for spherical
particles), is wave-length of the X-ray beam used
(1.5418 A), p is the full width at half maximum (FWHM)
of the peak and @ is the Bragg angle [64—66]. This equation
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accounts only for peak broadening due to crystallite size.
Since peak broadening is inversely proportional to crystal-
lite size, smaller crystallites yield broader diffraction peaks.
Given that MgAl,0, was synthesized as a nanosized
material, its diffraction peaks appeared broad and of low
intensity, indicating a fine crystallite size. The crystallite
sizes were calculated for different diffraction planes ((220),
(311), (400), (511), and (440)) using the Scherrer equation.
The final crystallite size for each sample was obtained by
averaging these values, as presented in Table 2. As the
calcination temperature increased (700-900 °C), the crystal-
lite size also increased, reflecting enhanced crystallinity.
Rietveld analysis revealed that the refined unit cell of
MgAl,O,4 adopts the cubic Fd-3m space group, with a lattice
parameter of 8.0546 A. Notably, no significant peaks cor-
responding to possible intermediate products, such as Al,O3
or MgO, were detected, indicating that the final product
consisted solely of MgAl,O, crystals (Fig. 6b). According
to the phase diagram simulations by FactSage™, even if
more Al,Oj appears in the phase diagram (i.e., less Mg), a
spinel solution region can still form, and the structure will
contain only Mg vacancies. The atomic positions and lattice

Table 2 Crystallite size of MgAl,O, spinel calculated from XRD
patterns using the Debye—Scherrer equation

Sample Crystallite size (nm) Average crystallite size

parameters derived from the Rietveld analysis confirm that
less Mg is present than theoretically expected, but the
crystal structure remains that of MgAl,O, spinel.

The XRD analysis of the catalysts prepared via the wet
impregnation method revealed that the fresh catalysts
exhibit peaks corresponding to the spinel structure and NiO.
A more detailed examination, supported by Rietveld ana-
lysis, identified two distinct spinel phases: Spinel-1 (Mg-Al
rich) and Spinel-2 (Co rich, likely Co3;04 or CoAl,0O,4) both
adopting the Fd-3m space group (Fig. 7) [12]. It was
observed that the Spinel-1 peaks were broadened and of
somewhat lower intensity compared to Spinel-2. Addition-
ally, lattice strain and structural distortions within the
MgAl,O, framework may further contribute to peak
broadening. The presence of such distortions is supported
by the observed increase in the Rietveld-fitted lattice para-
meters for the MgAl,O4 phase to 8.10 A, 8.10 A, and
8.073 A for the 700 °C, 800°C, and 900 °C calcined
impregnated samples, respectively, compared to 8.0546 A
for the calcined unimpregnated substrates. This suggests
that some Co and Ni could be incorporated into the
MgAl,O4 spinel structure, leading to slight structural
modifications. In contrast, Co3;O4 exhibited sharper dif-
fraction peaks, which is indicative of its relatively larger
crystallite size. The lattice parameters for Co;O4 were
8.117A, 8.121A, and 8.115A, at 700°C, 800°C, and
900 °C, respectively, showing minimal variation. Similarly,

(220) (311) (400) (511) (440) o) the cubic NiO phase with the Fm-3m space group was
MA700 2 ) 3 ) 3 confirmed through excellent Rietveld fitting (GoF values
MAS00 4 5 6 4 ranging 1°{om 1 to 1.5) and relzlained relatively constant
MAS00 8 8 9 . 8 at 4.181 A, 4.182 A, and 4.182 A across the different cal-
cination temperatures. The semi-quantitative Rietveld

Py O NiO(Fm-3m) @ Spinel (Fd-3m)| | NiCo900fresh |

Spinel 2 (Fd-3m)
Monoxide (Fm-3m)
A

i |
Spinel 1 (Fd-3m)

T T
» @

°
M ® . ° NiCo900fresh

NiC&BOeresh

NiCo800fresh

Spinel 2 (Fd-3m)
Monoxide (Fm-3m)

Spinel 1 (i7(|—3l]1)

Intensity (a.u)

J\_J\u —_— MMLL

}, K \ WM\ NiCo700fresh

byt bt earrens i AN I s o i e

T T T T
3 3 © 5

NiCo700fresh

Spinel 2 (Fd-3m)

Spinell

CEYS

T T T T T 7 T " T * 1
10 20 30 40 50 60 70 80

2theta (Deg.)

90 77 ;

Fig. 7 XRD analysis results of NiCo-MA catalysts calcined at different temperatures and Rietveld fit results and peak deconvolutions for the fresh

catalysts

@ Springer



Journal of Sol-Gel Science and Technology (2025) 116:634-655

645

analysis provided the relative phase compositions (in wt.%):
63 wt.% Spinel-1, 33 wt.% Spinel-2, and 4 wt.% Monoxide
(Ni rich) for the NiCo700fresh sample; 61 wt.% Spinel-1,
34 wt.% Spinel-2, and 5 wt.% Monoxide (Ni rich) for the
NiCo800fresh sample; and 59 wt.% Spinel-1, 35 wt.%
Spinel-2, and 6wt.% Monoxide (Ni rich) for the
NiCo900fresh sample. These values remained relatively
consistent within the margin of error.

In the spent catalyst, very faint peaks corresponding to
spinel and NiO were observed (Online Resource Fig. S2).
However, the strong suppression of spinel peaks by the
SiO, signals introduced significant limitations in clearly
distinguishing Co304, MgAl,04, and even NiO, making
quantitative phase analysis impossible. Despite these lim-
itations, the scattered XRD peak profiles of the catalysts
after usage appeared relatively similar. Furthermore, peaks
corresponding to SiO, were identified, attributable to the 1:1
volumetric ratio of quartz used during catalyst preparation.
It is important to note that XRD is typically used for
detecting crystalline phases, while coke is usually an
amorphous carbon material. Graphite formation, which
requires higher temperatures (around 500 °C or higher) and
conditions favoring its graphitization, is not expected under
our reaction conditions (350 °C). Amorphous structures do
not produce distinct diffraction peaks in XRD patterns,
which is likely the reason why carbon or graphite peaks
were not detected in the analysis. Moreover, the XRD
technique has limited sensitivity to low-crystallinity com-
pounds, which further complicates the detection of coke. In
the case of our catalyst, the SiO, peaks were dominant,
masking the visibility of other phases, including coke, in the
diffraction pattern. Therefore, while coke formation was not
detectable by XRD, the presence of carbon was confirmed
through EDS analysis in the spent catalyst, supporting the
formation of coke.

3.6 BET analysis

The N, physisorption results of the samples align with the
type IV isotherm curve and the type H2 hysteresis loop in
the IUPAC classification of adsorption isotherm with hys-
teresis loops, indicating the MA samples exhibit a meso-
porous structure across all calcination temperatures.
Additionally, pore widths derived from the BJH method are
observable for the samples. As illustrated in Table 3, the
average pore widths of the samples are mostly within the
2-10 nm range. This observation underscores that the sup-
ports prepared using the SG method exhibit characteristics
consistent with typical mesoporous materials.

As summarized in Table 3, MA support materials were
prepared at three different calcination temperatures: 700,
800, and 900 °C. The structural properties of these supports
exhibited clear trends with increasing calcination

Table 3 Structural properties of the support samples and the
corresponding catalysts

Samples BET surface ~ Average pore Specific pore
area (m7/g) width (nm) volume (cm’/g)
MA700 188 52 0.35
MAS800 162 49 0.22
MA900 95 7.8 0.25
NiCo-MA700-Fresh 88 6.8 0.21
NiCo-MA800-Fresh 75 43 0.11
NiCo-MA900-Fresh 43 7.8 0.11

temperatures. Specifically, higher calcination temperatures
led to a decrease in surface area and pore volume, accom-
panied by an increase in average pore width, which reflects
sintering and densification effects. Subsequently, Ni and Co
were impregnated onto these supports via the wet impreg-
nation method to synthesize the corresponding catalysts.
After impregnation, significant reductions in surface area
and pore volume were observed for all catalysts compared
to their respective supports. For instance, the MA support
calcined at 700 °C (MA700) exhibited a pore volume of
0.35 cm?/g, which decreased to 0.21 cm?3/g for the NiCo-MA
catalyst prepared from the same support. Similarly, the
surface area decreased from 188 m?/g to 88 m?/g. A similar
trend was observed for the catalysts prepared using supports
calcined at 800°C and 900 °C. The reduction in pore
volume and surface area can be attributed to the incor-
poration of Ni and Co into the pore structure of the sup-
ports, which effectively blocks the pores and contributes to
densification during calcination. These results indicate that
both the initial calcination temperature of the support and
the subsequent incorporation of active metals significantly
influence the final structural properties of the catalysts.

3.7 FESEM-EDS analysis

Figure 8 shows the FESEM images obtained at 100k
magnification of the MA samples subjected to different
calcination temperatures. The MA particles exhibit a nearly
spherical morphology at the nanoscale, although smaller
particles show signs of agglomeration. As the calcination
temperature increased, both the particle size and the degree
of agglomeration were observed to increase.

In Fig. 9, the FESEM results of the NiCo-MA catalyst, in
which MA calcined at 800 °C was used as the support
material, are shown. Upon examining the images of both the
fresh and spent catalysts, an increase in agglomeration is
evident, and a surface-covering structure is further
observed, confirming the occurrence of coking.

EDS analysis was used to confirm the different elements
in the MA, fresh and spent catalyst (Online Resource Fig.
S3). The results show that the atomic percentage of mag-
nesium in the support sample is 8.4 at % Mg, significantly
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lower than the expected 14.3 at % Mg. This indicates that
the targeted Mg:Al molar ratio of 1:2 was not achieved.
Furthermore, the analysis of both fresh and spent catalysts
reveals clear carbon accumulation on the surface of the
spent catalyst, confirming coking. This carbon build-up
obscures the accurate determination of the metal element
ratios.

3.8 TEM analysis

Figure 10a shows the TEM bright-field images of the MA
support powders as calcined at 800 °C. The powders were
found to be nanoscale, consisting of small, randomly
oriented crystallites, which lead to a ring pattern indexed as
the (311), (400), and (440) planes of Fd-3m spinel crys-
tallites. The TEM images confirm the broadened XRD
peaks and SEM observations. In contrast, the as-
impregnated powders exhibited larger agglomerates (Fig.
10b). A detailed image (Fig. 10b) shows smaller crystallites
alongside larger ones. Since the crystal structures and lattice
plane distances of MgAl,O4, Co304, and CoAl,O, spinels
are similar, it is difficult to distinguish them solely based on
the ring patterns. Furthermore, some lattice plane distances
of the Fm-3m NiO phase, such as (111)Fm-3m/(311)Fd-3m
and (200)Fm-3m/(400)Fd-3m, are very close to each other.
This makes it challenging to focus on a single crystallite in
SAED patterns due to the small crystallite sizes. Never-
theless, the SAED pattern and HRTEM lattice images
demonstrated the (111) plane vectors of the spinel phase,
superimposed with faint ring patterns, which correspond to
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the spinel peaks. HRTEM simulations confirmed that the
observed planes are (111) planes of the Fd-3m space group,
with a zone axis of [01-1]. Coupled with the XRD analysis,
the small, randomly oriented crystallites can be attributed to
the MA support, while the larger crystallites likely corre-
spond to a Co-rich spinel phase. Since NiO is present in the
smallest amount, as indicated by the Rietveld method, it
was not distinctly observed in the SAED pattern. However,
many randomly distributed diffraction spots are visible, and
identifying the true NiO spots is difficult due to the good
correspondence between the lattice planes of NiO and the
spinel phases. The TEM-EDS mapping results (Online
Resource Fig. S4) show that Co and Ni signals were pro-
minent in the surface regions of the particles, as demon-
strated in the mixed mapping image. In contrast, Mg and Al
signals were very faint. Additionally, Ni and Co segregation
was observed in these particles, at least within the resolution
limits of the EDS detector.

In Fig. 11, the TEM analysis of the spent catalyst,
crystalline phases was observed together with the presence
of amorphous content. Upon closer examination, crystalline
planes were discernible; however, globular content lacking
a planar arrangement was also evident. This suggests that
coking may be pronounced in this sample, supported by the
XRD patterns indicating the crystalline nature of SiO,. The
presence of crystalline SiO, could reduce surface area and
hinder metal dispersion, thereby facilitating coke formation.
Furthermore, the SAED patterns revealed that the (101)
spots of the SiO, phase are superimposed on the generic
spinel ring pattern, supporting the idea that SiO, may
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Spinel
Fd-3m

Fig. 11 TEM bright-field images of the NiCo-MA-800 spent catalyst

interfere with the detection of other phases, such as carbon.
While the TEM analysis suggests the presence of amor-
phous carbon, the XRD analysis did not reveal distinct
carbon or graphite peaks. This can be attributed to the
amorphous nature of coke, which typically does not pro-
duce distinct diffraction peaks in XRD patterns.

The TEM-EDS mapping results (Online Resource Fig. S5)
show the elemental distribution on the spent NiCo-MA

Spinel

HRTEM simulation

catalyst. Mg, Al, O, Co, Ni, and Si are detected, with Si
originating from the quartz mixed with the catalyst in a 1:1
volumetric ratio before loading into the reactor. The presence
of C on the surface is attributed to coke formation during the
reaction due to the CO, in the system. The uniform dispersion
of Ni and Co suggests that the active phases are evenly dis-
tributed on the MA support and maintain their stability
throughout the reaction. The good distribution of Ni and Co
ions could be due to the nature of the spinel structure. Strong
metal-support interaction due to the moderate surface basicity
of Mg might allow a strong anchoring of Ni and Co ions,
aiding homogeneity. Due to the structural stabilization pre-
venting migration and agglomeration, Ni and Co active sites
can be located in the same region. On the other hand, in the
TEM or SEM images, it may not be possible to detect
amorphous carbon in trace amounts, especially in the case of
a spinel structure [67]. However, carbon formation in trace
quantities has been verified by TGA results in which the mass
loss for these samples ranged from 1.24% to 2.8%. The
carbon was most likely to be amorphous in nature as con-
firmed by the oxidation of surface carbon at mild temperatures
below 550 °C [50] and its low amounts may help to explain
why carbon is not clearly visible in the TEM, SEM, or XRD
analyses.

3.9 Hydrogen affinity (H2-TPR)
H,-TPR studies were performed to monitor the reduction

behavior of catalysts, and the results are shown in Fig. 12.
The deconvoluted peaks in the Figure represent the stepwise
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reduction processes of different metal oxides. The first peak
(green) at around 350 °C corresponds to the reduction of
Co304 to CoO, the second peak (blue) at around 410 °C is
attributed to the reduction of CoO to Co, and the third peak
(cyan) at above 450 °C represents the reduction of NiO to
Ni [68-70]. These assignments are based on literature
reports and the temperature shifts observed in the samples.
Although the main reduction peak of NiO is above 450 °C,
literature reports indicate that bulk NiO or NiO with weak
support interactions can be reduced at 300-450 °C. This
could contribute to the intensity of the CoO-to-Co reduction
peak. However, this contribution is generally low; as an
example it was reported to be 13% on Ni/y-Al,O5 [71]. The
reduction temperatures for Co3;04 to CoO and CoO to Co
remained nearly constant for NiCo-MA-700 and NiCo-MA-
800 catalysts with a significant peak shift in the third
reduction step from 450 °C to 550 °C. However, a notable
shift to higher temperatures was observed on NiCo-MA-900
for all reduction steps. It appears that increasing the calci-
nation temperature modifies the surface structure of the
support (i.e. its surface area, porosity and crystallinity)
[72-75].

The reduction of Co3;0,4 follows the reactions outlined
in reaction 4 and 5. In terms of H, consumption, the
stoichiometry of the two-step Co reduction is 3:1 [76]. As
given in Table 4, the Peak II/Peak I ratio represents the
reducibility of Co species. The fact that NiCo-MA-800

NiCo-MA-900

NiCo-MA-800 y\_
NiC -

Intensity a.u.

NiCo-MA-700 /\\ ~

T T T T T T T
100 200 300 400 500 600 700

Temperature (°C)

Fig. 12 H,-TPR profiles of fresh catalysts

Table 4 H, Consumption and reduction behavior of NiCo-MA catalysts

has the closest value to the theoretical ratio suggests a
fully reducible Co3;0O, phase. However, the ratios for
NiCo-MA-700 and NiCo-MA-900 deviate, with lower
and higher values, respectively. This indicates that partial
reduction occurs on NiCo-MA-700 leading to formation
of Co03.404.y, whereas the higher H, consumption on
NiCo-MA-900 suggests an increased reaction extent.
Since the textural properties of MA support vary with
thermal treatment, the interaction between the metal oxide
species and the support also changes. As reported by
Tomic-Tucakovic et al. [77], the calcination conditions of
the Co catalyst and heating rate in H,-TPR experiments
significantly impact the reduction process altering the
strength of metal oxide-support interactions, dispersion,
crystal size and phases, metal oxide incorporation into the
spinel lattice, etc. [78-80].

C,,04 + Hy — 3C00 + H,0 (12)

3Co0 + 3H, — 3Co + 3H,0 (13)

Plausibly, high calcination temperatures may promote
strong metal-support interactions via the possible incorpora-
tion of Ni*" or Co®" ions into the spinel lattice, forming
(Ni,Mg)Al,04 or (Co,Mg)Al,O4. This might lead to
structural stabilization of Ni and Co in octahedral or
tetrahedral lattice positions. Consequently, the reduction
would become more difficult due to the strong oxide
bonding and lattice stabilization, shifting TPR peaks to
higher temperatures as in the case of NiCo-MA-900.
However, once activated at higher temperatures, metal
oxides strongly bond to the spinel would consume more
hydrogen per mole of metal due to multi-step reduction
(e.g., Co>" = Co*" — Co°). This might lead to an increase
in TPR peak areas as a result of more reducing equivalents
being consumed per mole of metal ion. At high tempera-
tures, the support lattice itself may also contribute to H,
consumption through the creation of oxygen vacancies
[75, 77, 81].

3.10 Surface basicity (CO,-TPD)

The surface basicity of the catalysts was investigated by
CO,-TPD experiments, as shown in Fig. 13. Since CO, acts

Catalyst H, consumption, (mmol/g active Peak I (mmol/g active  Peak II (mmol/g active Peak III (mmol/g active Peak II/
metal oxide) metal oxide) metal oxide) metal oxide) Peak I
NiCo-MA-700 1.790 0.357 0.680 0.752 1.91
NiCo-MA-800 0.792 0.167 0.468 0.156 2.8
NiCo-MA-900 3.071 0.514 2.173 0.384 4.23
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as a Lewis acid, the presence of basic sites on the catalyst
promotes its adsorption. Higher basicity of the catalyst
increases the CO, adsorption capacity and leads to higher
CO, desorption at higher temperatures [70, 82]. Besides the
total basicity of the catalyst, the type of basic sites also
influences CO, methanation performance. In CO,-TPD
experiments, three distinct desorption regions are typically
observed: low, moderate and high temperatures. At lower
temperatures (100-150 °C), the observed peak is related to
the weak basic sites, where CO, is physically adsorbed or
loosely bound to surface hydroxyls. The medium basic
sites, detected in the range of 150-350 °C, are primarily
associated with surface oxygen anions (O%*) and low-
coordination Mg>" ions acting as Lewis basic sites and
surface —OH groups as Brgnsted basic sites. At higher
temperatures (350-600 °C), the strong basic sites are
attributed to basic oxygen anions and the presence of
coordinated lattice O* anions due to polydentate carbonate
species [70, 83].

As can be observed in Fig. 13, increasing the calcination
temperature of the support led to a shift of desorption peaks
to higher temperatures. This indicates that CO, binding
strength to the catalyst increased with support calcination
temperature. The area under these peaks were calculated to
determine the CO, desorption amount from each site. The

NiCo-MA-900

NiCo-MA-800

Intensity a.u.

NiCo-MA-700

T T T T T T T
100 200 300 400 500 600 700
Temperature (°C)

Fig. 13 CO,-TPD profiles of NiCo-MA catalysts

Table 5 The amounts of CO, desorption on catalysts

individual and total CO, desorption amounts and the cor-
responding temperatures for weak, medium and strong basic
sites are summarized in Table 5.

The effect of calcination temperature on the change of
basicity has been elaborated by mechanistic interpretation.
MA as a thermally stable mixed oxide with spinel structure
exhibits inherent basicity due to its surface oxygen anions
(O%) and low-coordination Mg ions acting as Lewis basic
sites and surface —OH groups as Brgnsted basic sites. At
high calcination temperatures, Ni** and Co*" ions may be
incorporated into the spinel lattice substituting Mg*" or
AI*T jons and decreasing the available basic O? sites since
oxygen ions become more structurally bound within the
solid solution lattice. Besides, the loss of surface hydroxyl
groups occurs through dehydroxylation reactions at ele-
vated temperatures. Higher calcination temperatures result
in a decrease in surface area, thereby reducing the number
of accessible basic sites [84]. The total amount of desorbed
CO,; decreased with increasing calcination temperature of
the support, consistent with the loss of BET surface area
(Table 3). A higher surface area provides more accessible
basic sites, which explains why NiCo-MA-700 exhibited
the highest total desorption. However, it is notable that the
weak basic sites were most abundant for NiCo-MA-800,
suggesting that the distribution and strength of basic sites
significantly varies with calcination temperature. The
strength and number of basic sites on a catalytic surface
should be well balanced [85] since too high-strength basic
sites will passivate the active sites through the formation of
highly stable surface carbonates while weak basic sites
might not sufficiently polarize the CO, molecule for acti-
vation [86]. CO, adsorbed on weak basic sites is generally
considered to desorb from the surface without reacting with
H,, thus having no effect on the methanation process [87].
During CO, adsorption, metal-O* pairs on the catalyst
serves as medium-strength basic sites [88]. CO, adsorbed
on the strong basic sites typically desorbs at temperatures
far above 350 °C, meaning it does not directly contribute to
the CO, methanation reaction at 350 °C [80]. However, an
important observation is that the strong basic sites on NiCo-
MA-800 began desorbing CO, at significantly lower tem-
peratures, coinciding with the reaction temperature, com-
pared to NiCo-MA-700 and NiCo-MA-900. This suggests
that strong basic sites are still needed to break bonds or

Catalyst Tweak (°C)  Weak basic site Thedium (°C)  Medium basic Tstrong (°C)  Strong basic site  Total CO, desorption
(mmol/gcat) site (mmol/gcat) (mmol/gcat) (mmol/gcat)

NiCo-MA-700 113 9.83 229 6.38 475 19.50 35.71

NiCo-MA-800 138 15.85 233 2.45 488 10.55 28.85

NiCo-MA-900 117 4.57 240 4.38 510 4.33 12.28
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Table 6 Catalytic activity and product selectivity of the catalysts (Reaction condition: 350 °C, 1 bar, Hy/CO =4, time on stream 21.5 h)

Catalyst XCO,, % SCO, % SCHy, % SCyHg, % YcHain gass % Coke formation®, % Y cps, (g CHy on C basis/g NiCo.s) YCHy, %
NiCo-MA- 54.6 4.8 73.3 0.05 93.7 21.85 4.7 40
700

NiCo-MA- 84.6 - 68.7 0.2 99.7 31.10 6.8 69
800

NiCo-MA- 65.3 2.1 76.7 0.03 97.2 21.17 5.7 49
900

“Surface active C species or amorphous carbon

stabilize reactive intermediates for CO, activation to 100

enhance the methanation activity. When comparing the

initial desorption temperatures of CO, from strong basic so-'"”'n“"‘””"“’“”‘”“o... asee
sites, the trend is as follows: NiCo-MA-800<NiCo-MA- A .

. . . . = VS T YYVWVVVVVVIVIVIVVVVVYYYY
900<NiCo-MA-700, which aligns well with the measured = .‘“‘ « VIV
CO, conversion trend. These results highlight the need for O 60 mmg,, o

. . . . o \ -
an optimum number of medium to strength basic sites to g "
activate CO, for dissociation into CO and O* that has been 8 404
obtained for NiCo-MA-800. o

O
i i 20
3.11 Reaction analysis = NiCo-MA-700
@ NiCo-MA-800
The CO, methanation performance of the NiCo-MA cata- g Co-MAB00) . ;
lysts, selected based on HT-CPA screening, was investi- 0 5 10 15 20 25

gated at atmospheric pressure and 350°C using a
conventional reaction system. The results are summarized in
Table 6 and illustrated in Figs. 14, 15. These results were
calculated using Egs. (1) to (7) for CO, conversion, CHy
yield, and selectivity, revealing a clear correlation between
the calcination temperature of the support and catalytic
performance.

As shown in Fig. 14, NiCo-MA-800 exhibited the
highest CO, conversion (~85%) with stable operation over
20 h. In contrast, NiCo-MA-700 demonstrated lower initial
conversion, which further decreased over time. This
decline in performance and evident deactivation can be
attributed to weak structural stability and weaker metal-
support interactions, as indicated by its lower reduction
temperatures. This combination facilitates early activity but
leads to sintering or carbon deposition, resulting in deac-
tivation. NiCo-MA-900 displayed intermediate activity,
maintaining stable conversion initially but showing a
decline after 15 h of operation. The deactivation at longer
times suggests possible sintering of active metal sites or
carbon deposition [89].

The comparison of CO,-TPD and catalytic performance
data demonstrate a clear correlation between the distribution
of basic sites and methanation activity. NiCo-MA-800,
which exhibits the highest concentration of weak basic sites
(15.85 mmol/gcat), also achieves the highest CO, conver-
sion (84.6%) and methane yield (6.8 g CHy/g NiCo.s),
aligning with literature reports that weak basic sites
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Fig. 14 Time on stream CO, conversion of NiCo-MA catalysts

facilitate CO, adsorption and activation. In contrast, NiCo-
MA-700, despite having the highest strong basicity
(19.50 mmol/gcat), shows lower CO, conversion (54.6%)
and increased coke formation (21.85%), suggesting that
excessive strong basicity can lead to over-adsorption of CO,
and side reactions favoring carbon deposition. NiCo-MA-
900, which has the lowest total CO, desorption capacity,
exhibits moderate CO, conversion and methane yield,
indicating that an optimal balance of weak and medium
basic sites is crucial for maximizing methanation efficiency.
These findings support previous studies emphasizing that
strong basic sites alone do not necessarily enhance CO,
methanation but rather require a well-balanced interaction
between weak and medium basic sites to ensure efficient
CO, activation and hydrogenation.

Figure 15 illustrates the CH, and CO selectivities of the
catalysts, as well as CHy yields over time. NiCo-MA-800
achieved the most desirable performance, producing CH, as
the sole gaseous product. Although its overall CH, selec-
tivity was slightly lower than that of the other two catalysts,
no detectable CO formation was observed, indicating
minimal or no RWGS reaction. While NiCo-MA-700 and
NiCo-MA-900 catalysts exhibited slightly higher CH,
selectivity, significant amounts of CO were also detected.
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Fig. 15 Time on stream CH,4 and CO selectivities a and CH, yields b of the NiCo-MA catalysts

By individually assessing the performance of catalysts in
conjunction with their characterization data, it can be con-
cluded for NiCo-MA-700 catalyst that the high surface area
(BET analysis) and lower reduction temperatures (TPR data)
suggest that Ni and Co are more weakly bound to the sup-
port. This results in higher initial activity (relative to its final
state) but poor stability. The high CO selectivity (Fig. 15a)
and declining CHy selectivity over time (Fig. 15b) indicate
the promotion of side reactions, such as RWGS, due to weak
basic sites and lower reducibility. The superior performance
of NiCo-MA-800 can be attributed to the optimal combi-
nation of moderate surface area, reducibility, and basicity.
Strong basic sites on NiCo-MA-800, actively participating in
CO; interaction at reaction temperatures (as confirmed by in
CO,-TPD experiments), facilitate CH, formation more effi-
ciently than the other two catalysts at 350 °C. The CO,-TPD
data, combined with the reaction data, reveals that strong
basic sites play a critical role in stabilizing intermediate
carbonates essential for CH,; formation. NiCo-MA-900
exhibited lower performance than NiCo-MA-800, likely
due to excessive calcination, which reduced surface area and
pore volume (as evidenced by N, physisorption analysis).
This poor dispersion of Ni and Co oxides led to weaker
catalytic performance. TPR data further revealed that NiO
and Co30, reduction temperatures were higher for NiCo-
MA-900, reflecting stronger metal-support interactions that
may limit the availability of active metallic sites during the
reaction. Additionally, a lower total CO, desorption amount
in the TPD data supports this observation. The decline in
CO; conversion for NiCo-MA-900 after 15h suggests sin-
tering or carbon deposition, a trend generally observed in
catalysts with limited surface area [89].

It is widely accepted that medium-strength basic sites pro-
mote CO, methanation more effectively than strong basic
sites, as excessively stable CO, adsorption can hinder reaction
participation [87, 90]. While NiCo-MA-800 exhibits lower

medium-strength basicity, its enhanced CO, activation at
strong sites may follow alternative pathways, such as mole-
cularly adsorbed CO, hydrogenation involving formate inter-
mediates or CO dissociation pathways [59]. Liang et al. [91]
conducted in-situ DRIFT studies during the methanation of
CO, at the temperature of CO, desorption on weak basic sites
of the reduced catalyst. According to the observed DRIFT
bands, intermediates such as bicarbonate, formate and carbo-
nate formed. With increasing reaction temperatures, bicarbo-
nate intermediates diminished, while formate species
increased. In our study, NiCo-MA-800 exhibited a higher
density of weak basic sites, which are typically associated with
surface hydroxyl groups or oxygen anions. These sites play a
crucial role in adsorbing CO, and stabilizing it as bicarbonate
(HCO3) intermediates. The presence of these weak basic sites
may promote the subsequent transformation of bicarbonate
into formate (HCOO) intermediates, consistent with the
mechanistic pathway proposed by Huynh et al. [92]. Based on
medium basic site properties, the CO selectivity order follows:
MA700 >MA900 > MAS800. Further studies, such as in-situ
spectroscopy, are necessary to confirm the exact reaction
intermediates and pathways responsible for the observed
behavior. In summary, NiCo-MA-800 emerges as the most
effective catalyst due to its balance of reducibility, surface
basicity, and stability. This combination enables high CO,
conversion and CH, selectivity while minimizing side reac-
tions and deactivation. These findings highlight the importance
of optimizing the support calcination temperature to enhance
catalyst the surface and structural properties for efficient and
selective CO, methanation.

4 Conclusions

This study comprehensively evaluated the CO, methanation
performance of MA spinel-supported catalysts prepared via
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sol-gel processing and subsequently modified with Ni and
Co. Thermodynamic analyses conducted using FactSage™
software confirmed the high-temperature stability of the
MA spinel structure and illustrated the contributions of Ni
and Co to phase stability. The oxidative resistance of Ni and
the strong interaction of Co with the spinel phase enhanced
the thermal stability of the catalysts, leading to significantly
improved catalytic performance in CO, methanation. XRD
and FT-IR analyses confirmed the formation of the MA
spinel structure at 700 °C, with higher calcination tem-
peratures improving crystallinity. However, calcination
above 800 °C led to reduced surface area and pore volume
due to sintering, which limited the homogeneous dispersion
of Ni and Co and adversely affected catalytic performance.
N, physisorption, H,-TPR, and CO,-TPD analyses
demonstrated that NiCo-MA-800 provided the optimal
balance between surface area, reducibility, and basicity,
achieving the highest CO, conversion (~85%) and CH,
selectivity among the catalysts tested. H,-TPR results
demonstrated that NiCo-MA-800 exhibited moderate metal-
support interactions, with appropriate reduction tempera-
tures for Ni and Co species. The strong basic sites identified
in CO,-TPD analysis further enhanced CO, activation and
CH, formation at reaction temperatures, minimizing side
reactions such as the RWGS reaction. Additionally, CO,-
TPD data revealed that despite the overall basicity
decreased with increasing calcination temperature, NiCo-
MA-800 maintained a favorable CO, desorption profile,
facilitating enhanced CO, utilization.

Ni possessing high initial hydrogenation activity would
come predominantly from its weak metal-support interac-
tion by impregnation and mild calcination. However, some
of the Ni was potentially embedded into the spinel lattice at
high calcination temperatures and reduction conditions.
This may lead to the formation of partially reduced spinel to
stabilize Ni particles from sintering and coke deposition,
which still act catalytically as well. On the other hand, Co
tends to segregate more readily and form separate oxides or
metallic phases as indicated by its retained TPR profiles
even at high calcination temperatures. Calcination also
appeared to adjust the overall basic site number and
strengths as demonstrated by TPD measurements. In con-
clusion, NiCo-MA-800 emerged as the most effective cat-
alyst, providing superior CO, conversion, CH, selectivity,
and stability, owing to its optimized structural and surface
properties. It has been shown that long-term stability can be
imparted to Ni, an excellent metal for hydrogenation, via
incorporation into MgAl,O, spinel and with the chosen high
calcination conditions. Moreover, its low oxygen affinity
can be tolerated by use of a bimetallic system, preferably
employing Co.

This work highlights the crucial role of calcination
temperature in tuning catalytic performance and emphasizes

@ Springer

the importance of strong basic sites in facilitating CO,
activation and CH, formation. Future research should focus
on mitigating carbon deposition and further investigating
reaction mechanisms through in-situ spectroscopic techni-
ques to improve catalyst stability and efficiency.
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