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Dennis Weber,[a, b] Asad Asadli+,[b] Adrian Seitz,[b] Andreas Hutzler,[c] Patrick Schühle,[b]

and Tanja Franken*[a, b]

Power-to-gas technologies, including CO2 methanation, offer a
promising strategy for mitigating anthropogenic climate change.
Nickel-based mixed metal oxide catalysts have demonstrated
high activity, selectivity and stability in this challenging reaction
in recent years. This study investigates the effects of synthesis
parameters on the structure, activation, and reaction behavior of
NiMnAl mixed metal oxide (MMO) catalysts. A Design of Experi-
ment approach was employed to systematically vary the calcina-
tion temperature (500–950 °C), pH (8–10), and aging time (1–30 h)
during synthesis by coprecipitation, resulting in the synthesis
and testing of approximately 35 catalysts. The calcination tem-

perature determines the catalyst structure, with metastable NiAl
phases forming up to 650 °C and spinel phases forming above
800 °C. Notably, the spinel NiMnAl MMO catalysts exhibit supe-
rior performance, achieving approximately 60% higher methane
formation rates per gram Ni of the catalyst compared to a
supported industrial methanation reference catalyst (SPP2080-
IMRC). Comprehensive characterization using XRD, elemental
analysis, N2 physisorption, TPR, CO2-TPD, N2O chemisorption, and
STEM-EDXS provide insights into the catalysts’ properties and
activity.

1. Introduction

The mitigation of anthropogenic climate change, driven by the
burning of fossil fuels and the subsequent emission of green-
house gases, particularly CO2, poses a significant challenge to
today’s society.[1,2] To address this challenge, developing tech-
nologies that utilize CO2 as a resource is crucial for achieving
net-zero emissions and creating a circular carbon economy. Car-
bon capture and utilization (CCU) strategies enable the conver-
sion of CO2 into valuable products, such as methanol, methane
(Sabatier reaction Equation 1), and carbon monoxide (reverse
water gas shift reaction (2)), among others.[3–5] The CO2 required
for these processes can be sourced from industrial waste gases,
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containing it in high concentrations, such as those emitted by
cement production or waste incineration plants.[6] An important
CCU strategy is CO2 methanation, in which green hydrogen and
captured CO2 are catalytically converted into methane. Synthetic
methane is an attractive energy carrier that can be integrated
into existing fossil-fuel-related infrastructure and processes, as
well as stored for later use:[4,7–9]

CO2+4H2 � CH4+2H2O, �RH = − 165.0 kJmol−1 (1)

CO2 + H2 � CO+H2O, �RH = 42.1 kJ mol−1 (2)

CO + 3H2 � CH4 + H2O,�RH = − 206.3 kJmol−1 (3)

The selectivity toward methane can be tuned by the catalyst
choice and the process conditions. For nickel-based catalysts, the
most relevant side reaction is the reverse water gas shift reaction
(RWGS) (Equation 2), which becomes increasingly thermodynam-
ically favorable at elevated temperatures. The CO produced in
this reaction can subsequently undergo CO methanation (Equa-
tion 3), producing methane. Currently, supported Ni/Al2O3 is the
state-of-the art catalyst for CO2 methanation because of its high
selectivity and cost efficiency. Nevertheless, the catalyst’s activity
and selectivity can decrease due to Ni sintering and the forma-
tion of the more stable NiAl2O4 spinel phase on the surface.[10–13]

To address this issue, various promoters, including Mn and Fe,
have been investigated to enhance the stability and productivity
of the catalysts.[14–17]

In addition to supported catalysts, mixed metal oxide (MMO)
catalysts are also used for CO2 methanation due to their sim-
ple synthesis and considerable advantages in terms of activity
and stability. Specifically, NiAl-based MMO catalysts are used,
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whereby the incorporation of Mn and Fe is being investigated
as a means of increasing activity and stability. Recent stud-
ies on CO2 methanation bulk MMO catalysts have primarily
focused on hydrotalcite/layer double hydroxide (LDH)-derived
catalysts, synthesized via coprecipitation and calcination at mod-
erate temperatures (around 500 °C).[12,18–23] This approach has
been widely adopted due to the ease of synthesis and the
inherent advantages of hydrotalcite and LDH materials, includ-
ing their high surface areas, tunable chemical compositions,
and homogeneous distribution of active metal sites after calci-
nation, which results in highly active catalysts.[12,18–24] However,
higher calcination temperatures, which yield spinel MMO cata-
lysts, have shown promising catalytic performances but have not
yet been extensively researched.[25,26] This is mainly due to the
challenges associated with activating the stable NiAl2O4 phase,
which requires high reduction temperatures (≥ 600 °C) and is
therefore barely active in the methanation temperature range
(≤ 450 °C).[25,27] To overcome this limitation, we incorporated Mn
into the spinel phase, which has been shown to significantly
reduce the required reduction temperature to 450 °C, resulting
in highly active and stable methanation catalysts (see Figures S1
and S2).[25]

This study aims to demonstrate the impact of varying syn-
thesis parameters, including calcination temperature, pH, and
aging time, on the structure, activation, and reaction behav-
ior of NiMnAl MMO catalysts synthesized via coprecipitation. All
NiMnAl MMO catalysts were synthesized with the same Mn/Ni
target mass ratio of 0.39, which was selected based on its
superior methanation performance demonstrated in our pre-
vious work.[25] The optimization of the synthesis parameters
holds significant potential for enhancing catalytic performance,
as previously demonstrated.[28–30] In addition, we enable a direct
comparison between hydrotalcite/LDH-derived and spinel NiM-
nAl MMO catalysts, as well as with supported reference catalysts,
providing valuable insights into the relationships between syn-
thesis conditions, catalyst properties, and catalytic performance.

2. Results and Discussion

2.1. Characterization of Calcined NiMnAl Mixed Metal Oxide
Catalysts and Reference Catalysts

The influence of the synthesis conditions on properties of
NiMnAl-based mixed metal oxide (MMO) catalysts and their per-
formance in CO2 methanation was investigated in detail by
varying pH from 8 to 10, aging time ta from 1-30 h, and calci-
nation temperature Tc from 500 to 950 °C during synthesis by
coprecipitation.

The range of calcination temperatures and aging times
was chosen based on the experimental conditions, feasibil-
ity, and prior publications.[12,25,26,31] The pH range was selected
based on the Pourbaix diagrams of the metal ions and previ-
ous works.[12,21,25,26,31,32] To reach the optimal synthesis protocol,
a Design of Experiment (DoE) approach with a face-centered
central composite design illustrated in Figure 1 was used.

Figure 1. Design of Experiment plan to investigate the impact of synthesis
parameters for the coprecipitation of NiMnAl mixed metal oxides with a
face-centered central composite design.

For all catalysts a spinel composition of Ni0.9Mn0.375Al1.625O4

was targeted, which exhibits a Mn/Ni mass ratio of 0.39. This
specific composition was chosen based on its superior cat-
alytic performance described in our previous work (see Figure
S1).[25] The modification with manganese was chosen for two
key reasons: On the one hand previous studies have demon-
strated that Mn incorporation can significantly enhance the
CO2 methanation performance, for example by providing basic
MnOx surface groups in spatial proximity to the Ni0, which can
enable alternative CO2 activation pathways and thereby improve
the performance of both mixed metal oxide and supported
catalysts.[12,14,21,25,26,33] On the other hand, the incorporation of Mn
into the spinel structure was found to induce lattice distortions,
which can enhance the reducibility and facilitate the activation
of the spinel phase under relevant activation conditions for the
CO2 methanation (Figure S2).[25,26,34]

The NiMnAl MMO catalysts synthesized by coprecipitation
are designated NMAO-Tc-ta-pH, where Tc stands for the calcina-
tion temperature, ta indicates the aging time, and pH denotes
the pH value of the precipitation medium. For example, NMAO-
800C-1h-9 would refer to a catalyst that was calcined at 800 °C,
aged for 1 h, and synthesized at a pH value of 9. For the discus-
sion of the influence of calcination temperature, the designation
for NiMnAl-MMO catalysts is simplified to NMAO-Tc (e.g., NMAO-
800C) and implies a fixed set of synthesis conditions, namely a
pH of 9 and an aging time of 15.5 h.

The subsequent discussion primarily focuses on the influence
of calcination temperature, as it has the greatest impact on the
resulting catalyst structure, properties, and performance. Never-
theless, the effects of pH and aging time and the comparison to
the synthesis conditions used in a previous work (Tc = 800 °C, pH
= 9, and ta = 1 h),[25] as well as the comparison with reference
catalysts, namely a self-synthesized supported NiO/Al2O3 cata-
lyst and the Ni/Al2O3 SPP2080 industrial methanation reference
catalyst (SPP2080-IMRC), are discussed.[33,35]
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Figure 2. A) XRD patterns of NiMnAl mixed metal oxide calcined at 500, 650, 800, and 950 °C and supported reference catalysts as well as the following
reference phases: NiMn2O4 (ICSD: 98-024-6769), NiAl2O4 (ICSD: 98-024-7086), NiO (ICSD: 98-008-7108), γ -Al2O3 (ICSD: 98-009-9836), and ϴ-Al2O3 (ICSD:
98-008-2504). B) Design of Experiment results for specific surface area and measured data points, obtained through linear regression analysis, based on the
data in Table S1 and the model shown in Table S2.

Table 1. Elemental composition measured by inductively coupled plasma atomic emission spectroscopy (ICP AES) and specific surface area and pore
volume measured by N2 physisorption of the different catalysts.

Elemental analysis

Sample /synthesis conditions Ni (wt.%) Mn (wt.%) Al (wt.%) Mn/Ni ratio Specific surface area
SBET (m2 g−1)

Pore volume
(cm3 g−1)

NMAO-500C
Tc = 500 °C, pH = 9, ta = 15.5 h

27.2 8.7 21.8 0.320 229 0.75

NMAO-650C
Tc = 650 °C, pH = 9, ta = 15.5 h

27.7 9.7 22.4 0.349 212 0.65

NMAO-800C
Tc = 800 °C, pH = 9, ta = 15.5 h

24.8 8.4 19.5 0.340 97 0.40

NMAO-950C
Tc = 950 °C, pH = 9, ta = 15.5 h

22.5 8.5 18.7 0.379 16 0.22

NMAO-800C-1h-9
Tc = 800 °C, pH = 9, ta = 1

28.3 9.8 23.5 0.346 94 0.40

15 wt.% NiO/Al2O3 14.4 – – – 100 0.71

SPP2080-IMRC (Ni/Al2O3)[35] 8.6 – – – 144 0.4

The Ni/Al2O3 (SPP2080-IMRC) reference catalyst properties
are discussed in detail elsewhere,[33,35] but the key properties
are added to facilitate comparability. The X-ray diffraction (XRD)
patterns show that the self-synthesized supported NiO/Al2O3

catalyst contain NiO and γ -Al2O3 phases, whereas the SPP2080-
IMRC shows mainly γ - and ϴ-Al2O3, with NiO barely visible,
consistent with previous findings (Figure 2).[35] The XRD patterns
of the coprecipitated NiMnAl mixed metal oxide catalysts which
were synthesized with a calcination temperature of 500 °C and
650 °C exhibit three broad reflexes approximately matching the
main features of the NiAl2O4 spinel phase (see Figures 2A and S3).
These features were described earlier for similar synthesis condi-
tions and assigned to metastable NiAl mixed metal oxide phases,
while the addition of Mn seemed to not significantly impact the
resulting XRD patterns, as shown by Burger et al.[12] For a cal-
cination temperature of 800 °C, the XRD pattern corresponds
to a single spinel phase, which can be identified by compari-
son with reference patterns to a phase with a spinel structure

(space group Fd3m). A slight left shift compared to the reflex
positions of NiAl2O4 confirms the incorporation of Mn into the
nickel aluminate spinel phase, as shown previously.[25] A calcina-
tion temperature of 950 °C leads to an increase in crystallinity
and a segregation of a separate NiO phase.

The specific surface area and pore volume of the catalysts
are halved at calcination temperatures above 800 °C and con-
tinue to decrease rapidly at higher temperatures (see Figure 2B,
Tables 1 and S1). This could be due to further sintering of the pore
structure of the NiMnAl mixed metal oxides as the calcination
temperature increases. In addition, the pH value has a significant
influence on the pore volume, with a rapid increase observed at
pH values above 8, while the aging time has no significant influ-
ence on either the specific surface area or the pore volume. (cf.
Figure S4A, Tables 1 and S1).

Inductively coupled plasma atomic emission spectroscopy
(ICP AES) was used to determine the Mn/Ni mass ratios (see
Tables 1 and S1). The Mn/Ni ratio increases significantly with
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Figure 3. A) TPR profiles of NiMnAl mixed metal oxide calcined at 500, 650, 800, and 950 °C and supported reference catalysts. Conditions: 10% H2 in Ar
with a flow rate of 50 mL min−1 , Ramp: 5 K/min. B) CO2-TPD profiles of NiMnAl MMO and supported reference catalysts. Conditions: Ramp: 5 K min−1 in He,
pretreatment: 10% H2 in Ar with a flow rate of 50 mL min−1 at 450 °C for 1 h, adsorption: pure CO2 with a flow rate of 20 mL min−1 at 100 °C for 1 h.

Table 2. Characterization and performance of the catalyst: H2 uptake of calcined catalysts (TPR according to activation conditions, see Figure S7) and
properties of the reduced catalyst, including active Ni surface area (N2O titration), CO2 adsorption capacity (CO2-TPD, weak and medium basic sites, see
Figure S8), methane formation rates, and methane formation rates per gNi measured at 350 °C after reduction according to the experimental pretreatment
conditions.

Sample H2 uptake upon
reduction
(mmol gcat−1)

Weak and medium
basic sites
(mmol gcat−1)

Normalized active Ni
surface area ANi,norm

(m2 gcat−1)

Methane formation
rate rCH4

(mol(CH4) h−1 gcat−1)

Methane formation rate per
gNi,cat rCH4,Ni

(mol(CH4) h−1 gNi,cat−1)

NMAO-500C 1.4 0.35 0.1 0.49 1.8

NMAO-650C 1.4 0.42 0.4 0.77 2.8

NMAO-800C 1.6 0.50 4.9 1.03 3.8

NMAO-950C 0.9 0.09 0.1 0.16 0.7

NMAO-800C-1h-9 1.6 0.52 4.2 0.82 2.9

15 wt.% NiO/Al2O3 0.7 0.37 1.6 0.15 1.0

SPP2080-IMRC 0.6 0.45 0.7 0.21 2.4

increasing pH and approaches the target ratio of 0.39 at a pH of
10 (Table S1). In contrast, no systematic correlation between the
calcination temperature or aging time and the Mn/Ni ratio is evi-
dent (Figures S4B and S1). The large difference in the Mn/Ni ratio
at pH 8 (≤0.29) can be explained by incomplete precipitation of
Mn, which is consistent with the prediction of the combined Ni,
Mn, and Al Pourbaix diagram (Figure S5).

2.2. Activation of NiMnAl Mixed Metal Oxide Catalysts by
Reduction

The reductive activation behavior of NiMnAl-MMO catalysts
was analyzed using a combination of temperature-programmed
reduction (TPR), X-ray diffraction (XRD), and high-angle annular
dark field scanning transmission electron microscopy (HAADF-
STEM) in conjunction with energy-dispersive X-ray spectroscopy
(EDXS). The TPR measurements show at least one reduction peak
below and above the reduction temperature of 450 °C used in
the methanation experiments for all catalysts (cf. Figures 3A and
S6). As described in the literature, the low and high temperature

peaks can be assigned to differently sized or bound NiO particles
on the Al2O3 surface.[35,36]

As the calcination temperature of the NiMnAl MMO cata-
lysts increases from 500–950 °C, the high-temperature reduction
peak shifts to higher temperatures, while the position of the low-
temperature peak is barely changed (Figure 3). The shift in the
high-temperature peak is most likely due to the formation of
the NiMnAl spinel phase at a calcination temperature of 800 °C
or higher. The spinel phase is very stable and therefore diffi-
cult to reduce.[25,27,36] The low temperature peak of the NiMnAl
MMO catalysts can be attributed to the reduction of Mn3+ to
Mn2+ as described previously,[12,33,37] whereas the high tempera-
ture peak is most likely associated with the reduction of Ni2+ to
Ni0.[12,36]

The CO2 adsorption capacity, as determined by temperature-
programmed desorption of CO2 (CO2-TPD), exhibits a notable
increase in the amount of weak and medium basic sites up to
a calcination temperature of 800 °C, which are crucial for the
methanation performance (Figure 3B and Tables 2 and S3).[12,14,38]

At a calcination temperature of 950 °C, H2 consumption and
CO2 capacity decrease rapidly (see Table 2). In addition, only the

ChemCatChem 2025, 17, e01334 (4 of 10) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 4. HAADF-STEM and STEM-EDXS imaging of reduced NMAO-800C-1h-9 catalyst, reduction conditions: 5% H2 in N2 at 450 °C for 1 h.

NiMnAl spinel catalysts calcined at 800 °C show a significantly
higher active nickel surface area, measured by N2O titration, than
the supported reference catalysts, while all other calcination
temperatures exhibit lower ANi’ (Table 2).

Ex situ STEM-EDXS and XRD analysis was performed to
investigate the reductive activation behavior of NiMnAl spinel
MMO (NMAO-800C-1h-9) at different reduction temperatures.
The STEM-EDXS images shown in Figure 4 depict a homoge-
neous distribution of Ni throughout the whole sample after a
reduction at 450 °C, with no discernible differences between
the calcined and reduced catalysts (cf. Figures 4 and S9). The
absence of visible Ni nanoparticles of the reduced catalysts
emphasizes the high Ni dispersion. Furthermore, the NiMnAl
spinel catalyst exhibits a very high active Ni surface area of 4.9
m2 gcat

−1, as measured by N2O titration, indicating the activation
of the catalyst’s surface leading to very small Ni nanoparticles.
Increasing the reduction temperature to 600 °C leads to the
formation of visible Ni nanoparticles on the surface of the NiM-
nAl spinel phase, while the underlying MMO structure remains
intact (Figure 5). This indicates that the activation of the NiMnAl
spinel catalyst calcined at 800 °C occurs most likely through the
exsolution of Ni, which is consistent with previous reports on
similar systems.[27,39]

Further analysis of the reduced NiMnAl spinel catalyst by
XRD provides additional evidence, revealing the presence of Ni0,
which can only be identified after reduction at 600 °C using the
non-overlapping reflection at 2� = 51.7° (red box) in Figure 6.

In contrast, no clear Ni0 reflections can be observed at 450 °C
(Figure 6). Moreover, the Ni crystallite size, calculated using
the Scherrer equation, is found to be smaller for the 600 °C
reduced NiMnAl spinel catalyst compared to the 450 °C reduced
supported NiO/Al2O3 reference catalyst (cf. Figure 6 and Table
S4). This is also evident in the STEM-EDXS images, which show
broader NiO and Ni nanoparticle distribution of the calcined and
reduced supported NiO/Al2O3 reference catalyst (see Figures S10
and S11).

2.3. Reaction Behavior of NiMnAl Mixed Metal Oxide Catalysts

All experiments were carried out in a fixed-bed reactor oper-
ated at temperatures ranging from 250 to 450 °C and at ambient
pressure. The Design of Experiment (DOE) plan (Figure 1), which
involved the synthesis of two batches for each catalyst, resulted
in the synthesis and testing of about 35 catalysts. A high space
velocity (SV) of 26.2 mL min−1 mgcat

−1 was employed in the fixed
bed reactor to evaluate reaction rates, avoid thermodynamic
equilibrium, and assess catalyst stability.

The NMAO-800C-30h-10 catalyst and the reference catalysts
showed negligible deactivation in 40-h stability tests (see Figure
S12). Furthermore, the reproducibility of the coprecipitation
method for synthesizing NiMnAl-MMO catalysts was confirmed
by the comparable methanation performance of duplicate syn-
thesis batches (Figure S13).
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Figure 5. HAADF-STEM and STEM-EDXS spectrum imaging of reduced NMAO-800C-1h-9 catalyst, reduction conditions: 5% H2 in N2 at 600 °C for 1 h.

Figure 6. Ex situ XRD patterns of calcined and reduced NiMnAl spinel and
supported NiO/Al2O3 catalyst, as well as the following reference phases:
NiMn2O4 (ICSD: 98-024-6769), NiAl2O4 (ICSD: 98-024-7086), Ni0 (ICSD: 98 007
6667), NiO (ICSD: 98-008-7108) and γ -Al2O3 (ICSD: 98-009-9836), red box:
non-overlapping reflex of Ni0, reduction conditions: 5% H2 in N2 at
450 °C/600 °C for 1 h.

During the activation of the supported catalysts surface
NiO reduces to Ni0 which can facilitate CO2 and H2 activa-
tion. Therefore, the NiO crystallite size and distribution has
an impact on the Ni nanoparticle size and can lead to the
differences in catalytic performance of the shown supported
catalysts, despite the higher Ni loading and active Ni sur-
face area (ANi) of the self-synthesized NiO/Al2O3 catalyst (cf.
Table 2 and Figure 7). The selectivity of the supported reference
catalyst exhibits an S-shaped trend, consistent with literature
reports for similar systems.[35] This behavior can be attributed
to the temperature-dependent interplay between the reverse
water-gas shift (RWGS), CO2 methanation, and CO methanation
reactions.[40,41]

In contrast, the NiMnAl MMO catalyst displays a less pro-
nounced S-shaped trend, potentially due to the presence of
basic MnOx and AlOx surface groups in the MMO phase, which
provide alternative CO2 activation pathways.[26,33] The calcination
temperature has a significant influence on the catalytic perfor-
mance of NiMnAl-MMO catalysts, with a significant increase in
CO2 conversion and CH4 selectivity observed up to a calcination
temperature of 800 °C, but performance rapidly decreases above
this temperature. (Figure 7)

A comparison of catalysts calcined at 500 and 650 °C reveals
negligible differences in crystal structure, specific surface area,
pore volume, and H2 consumption (see cf. Figure 2A and Tables 1
& 2). However, the increase in CO2 adsorption capacity and active
Ni surface area after activation results in a 60% increase in

ChemCatChem 2025, 17, e01334 (6 of 10) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 7. A, B) Catalytic performance comparison of NiMnAl mixed metal oxide calcined at 500, 650, 800, and 950 °C, and supported reference catalysts in
the methanation of CO2. Conditions: pretreatment—10% H2 in Ar at 450 °C for 1 h, methanation—c(CO2) = 6.25 vol%, CO2/H2 = 1/4 diluted in Ar,
m(cat) = 20 mg diluted in 2.5 g quartz sand, total flow rate—523.6 mL min−1 , GHSV = 20,000 h−1 , SV = 26.18 mL min−1 mgcat−1 , p = 1 bar.

methane formation rate (see Figure 7 and Tables 1 & 2). Further
increasing the calcination temperature to 800 °C leads to a signif-
icant increase in H2 consumption, CO2 adsorption capacity, and
Ni surface area, resulting in a further 40% increase in metha-
nation formation rate. The optimal calcination temperature of
800 °C leads to a doubling of the methane formation rate com-
pared to 500 °C, which is due to several reasons. On the one
hand, the calcination temperature of 800 °C leads to a signif-
icant increase in the number of weak and medium basic sites
as well as to a change in activation behavior, which ultimately
results in a significantly higher active Ni surface area. On the
other hand, the spatial proximity between the basic groups and
the exsolved Ni0 within the spinel phase may play a crucial role
in improving the methanation performance of the catalyst. In
contrast, a calcination temperature above 800 °C leads to a rapid
decline in H2 consumption, CO2 adsorption capacity, and active
Ni surface area, resulting in a low methanation rate, in a similar
range to that of a self-synthesized supported NiO/Al2O3 catalyst
(cf. Figure 7 and Tables 1 & 2).

For further comparison, we added a comprehensive compar-
ison with different mixed metal oxide and supported catalysts
presented in the literature (see Table S5). The NMAO-800C spinel
catalyst has the highest methane formation rate of all the ref-
erenced catalysts and, despite its relatively high nickel content,
also achieves one of the highest methane formation rates per
gram nickel of the catalyst (gNi,cat).

The resulting model (see Figure 8 and Table S6) describes the
experimental data reasonably well and illustrates the previously
discussed performance trends. The pH value and aging time
during catalyst synthesis are also crucial factors that influence
catalytic performance. It is noteworthy that when comparing
the optimized synthesis (NMAO-800C-30h-10) with the synthesis
conditions (Tc = 800 °C, pH = 9, and ta = 1 h) from our pre-
vious study (cf. Table 2 and Figures 7 and S14), a 25% increase
in the methane formation rate is observed.[25] This is also evi-
dent from the fact that a pH value of 8 leads to a lower Mn/Ni
mass ratio and poorer methanation performance Figure 8. How-
ever, it should be noted that variations in the Mn/Ni mass
ratio, as observed here, do not have a significant impact on

Figure 8. Design of Experiment results for the methane yield and
measured data points, obtained through linear regression analysis, based
on the experimental data depicted in Figure S14 and the model shown in
Table S6. Conditions: pretreatment—10% H2 in Ar at 450 °C for 1 h,
methanation—c(CO2 = 6.25 vol%, CO2/H2 = 1/4 diluted in Ar,
m(cat) = 20 mg diluted in 2.5 g quartz sand, total flow rate—523.6 mL
min−1 , GHSV = 20,000 h−1 , SV = 26.18 mL min−1 mgcat−1 , p = 1 bar.

the catalytic properties and performance, as demonstrated by
the comparable methanation performance of a spinel catalyst
with an Mn/Ni ratio of 0.23 (Ni0.9Mn0.25Al1.75O4, see Figure S1).[25]

The reduced methanation performance may be attributed to
the decreased pore volume and specific surface area, which
could potentially impact the activation behavior and active Ni
surface area. In general, a higher pH and aging times tend
to be beneficial, although the differences between 15.5 h and
30 h of aging time and pH 9 and 10 are relatively small (cf.
Figures 8 and S14).

Therefore, it is unlikely that further increasing the pH and
aging time would yield significant benefits. Moreover, higher pH
values require more thorough washing after coprecipitation to
prevent the formation of secondary phases. Inadequate washing
of the catalysts can lead to the formation of NiO as a secondary
phase, which can significantly reduce the performance of the

ChemCatChem 2025, 17, e01334 (7 of 10) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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spinel phase (see Figure S15 and Table S4). The presence of NiO
is presumably responsible for the reduced methane selectivity,
comparable to that of the self-synthesized NiO/Al2O3 reference
catalysts, as it may alter the activation and reaction behavior
of the catalyst. Specifically, the presence of NiO could poten-
tially block basic MnOx and AlOx surface groups of the spinel
phase, thereby hindering alternative CO2 activation pathways
(Table S4).[26,33] Furthermore, the spatial proximity between these
basic groups and the exsolved Ni0 within the spinel phase may
play a crucial role in the catalyst’s methanation performance.
This might also be one of the reasons that NMAO-950C performs
so poorly, as it also contains NiO as a secondary phase Figure 2A.

3. Conclusion

This study employs a Design of Experiment (DOE) approach
to investigate the impact of synthesis parameters, including
calcination temperature, aging time, and pH, on the struc-
ture, activation, and reaction behavior of NiMnAl mixed metal
oxide (MMO) catalysts for CO2 methanation. The DOE plan with
duplicate syntheses for each catalyst resulted in the synthesis
and testing of about 35 catalysts. Through the application of
DOE methodology, we have successfully optimized the synthesis
parameters for the NiMnAl MMO catalysts, identifying the ideal
conditions as a calcination temperature of 800 °C, a pH of 10, and
an aging time of 30 h.

The calcination temperature determines the catalyst struc-
ture, with metastable NiAl oxide phases forming at temperatures
up to 650 °C and spinel phases forming at temperatures above
800 °C. This structural change has a profound impact on the cat-
alytic performance, with an optimal calcination temperature of
800 °C resulting in a doubling of the methane formation rate
compared to calcination of the same catalyst composition at
500 °C. The NiMnAl spinel catalysts exhibit superior performance,
achieving approximately 60% higher methane formation rates
per gram Ni of the catalyst compared to a supported industrial
methanation reference catalyst (SPP2080-IMRC). This enhanced
performance can be attributed to the increase in the number
of weak and medium basic sites, as well as the change in acti-
vation behavior of the NiMnAl spinel catalyst via Ni exsolution,
leading to a very high active Ni surface area. Furthermore, spa-
tial proximity between the basic groups and the exsolved Ni0

within the spinel phase may play a crucial role in improving the
methanation performance of the catalyst.

Moreover, higher pH values and longer aging times tend to
be beneficial for the catalytic performance, as evidenced by a
25% increase in methane formation rate when comparing the
catalyst from the optimized synthesis (NMAO-800C-30h-10) to
the synthesis conditions (Tc = 800 °C, pH = 9, and ta = 1 h)
from a previous study.[25] However, it is crucial to carefully con-
trol the synthesis conditions to avoid secondary phases such
as NiO, particularly for the NiMnAl spinel catalysts, as these
can lead to a significant decrease in methanation performance.
In summary, this study elucidates the importance of the right
synthesis conditions for mixed metal oxide catalysts. It shows

the complex interplay between synthesis parameters, catalyst
structure, and reaction behavior, contributing to the develop-
ment of highly efficient and stable catalysts for CO2 methanation.
Furthermore, this study demonstrates the strength of the DOE
catalyst optimization approach, revealing the impacts of the
reaction conditions on the reactivity with a reasonable num-
ber of catalyst syntheses to find the global optimal synthesis
conditions.

4. Experimental Section

4.1. Catalyst Preparation

Ni0.9Mn0.375Al1.625O4 catalysts were prepared by coprecipitation of
the corresponding nitrates with one molar sodium hydroxide. For
this purpose, Ni(NO3)2 • 6 H2O (VWR Chemicals, 99.2%), Mn(NO3)2
• 4 H2O (Alfa Aesar, 98%) and Al(NO3)3 • 9 H2O (VWR Chemicals,
98.5%) were dissolved in deionized water. The pH was kept constant
at a value between 8 and 10 by simultaneously adding the nitrates
and NaOH using a Metrohm Eco Titrator and Dosimator. The solu-
tion was then aged with stirring for 1–30 h, the precipitate filtered
off, and the catalyst was washed to neutrality with deionized water.
The catalyst was dried overnight at 75 °C and calcined in air at 500–
950 °C for 6 h with a heating ramp of 5 K/min. A NiO/Al2O3 catalyst
was prepared by incipient wetness impregnation of Ni(NO3)2 • 6
H2O with the Al2O3 support (Puralox TH 100/150 from Sasol). The cat-
alyst was dried overnight at 75 °C and calcined in air at 500 °C for
6 h with a heating ramp of 5 K min−1.

4.2. Catalyst Characterization

4.2.1. X-ray Powder Diffraction

X-ray powder diffraction of the catalysts was studied using a Philips
X’Perts X-ray diffractometer using Cu Kα radiation at an angle of 10°
to 90° with a step size of 0.017° and 100 s per step.

4.2.2. N2 Physisorption

The specific surface areas (SBET) and pore volume were determined
by N2 physisorption in a Quantachrome QuadraSorb SI using the
Quadrawin software. The total pore volume was determined at
p/p0 ≥ 0.99, and the specific surface area was determined with the
Brunauer–Emmett–Teller method at p/p0 = 0.05–0.21. Prior to sorp-
tion measurements, the samples were degassed at 200 °C for 12 h in
vacuum.

4.2.3. Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES)

The composition of the synthesized catalysts was determined by
elemental analysis using inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) with a SPECTRO Ciros CCD.

4.2.4. Temperature Programmed Reduction

The AutoChem II & HP from Micromeritics was used for temperature-
programmed reduction. After purging in Ar at 450 °C for 0.5 h and
cooling, the samples were heated to 950 °C with a ramp of 5 K min−1

in 10% H2 in Ar. All steps were carried out at a flow rate of 50 mL
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min−1. The H2 uptake was measured according to the activation con-
ditions of the CO2 methanation tests (10% H2 in Ar at 450 °C for 1 h)
and then calculated by integrating the resulting TCD signal versus
time diagrams (see Figure S7).

4.2.5. Temperature Programmed Desorption

Temperature programmed desorption of CO2 was conducted using
an AutoChem II & HP from Micromeritics. Prior to analysis, pretreat-
ment was carried out in 10% H2 in Ar with a flow rate of 50 mL
min−1 at 450 °C for 1 h. All subsequent steps were carried out at a
flow rate of 20 mL min−1. After purging for 0.5 h and cooling down
in He, pure CO2 was adsorbed at 100 °C for 1 h, followed by a 1 h
purge with He. CO2-TPD was carried out in He with a ramp of 5 K
min−1 up to 800 °C. The amount of weak, medium, and strong basic
sites is calculated by deconvolution and integration of the CO2-TPD
measurements (TCD signal versus time diagrams, see Figure S8).

4.2.6. High-Angle Annular Dark Field Scanning Transmission
Electron Microscopy (HAADF-STEM) and Energy-Dispersive X-ray
Spectroscopy (EDXS)

High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) was used for the estimation of the metal
distribution and the nanoparticle size of the reduced catalysts, in
conjunction with energy-dispersive X-ray spectroscopy (EDXS). The
work was carried out using a Talos F200i (ThermoFisher Scientific)
with an acceleration voltage of 200 kV. Remote air plasma cleaning
was performed using a Tergeo-EM plasma cleaner (PIE Scientific) to
remove adsorbed hydrocarbons and thus reduce carbon deposition
during imaging.

4.2.7. N2O Titration

The AutoChem II & HP from Micromeritics was used for N2O titra-
tion. Pretreatment was carried out in 10% H2 in Ar with a flow rate
of 50 mL min−1 at 450 °C for 1 h, which corresponds to the pretreat-
ment conditions in the catalytic experiments. The sample is then
purged at 500 °C for 0.5 h in He. N2O titration is performed by pass-
ing 40 mL min−1 0.5% N2O in He over the sample and measuring
the resulting nitrogen according to reaction 4 with a thermal con-
ductivity detector. The excess N2O is removed in a cold trap with
liquid nitrogen. The active nickel surface area is estimated accord-
ing to Tada et. al. using Equation (5),[42] where nN2 is the amount of
N2 produced (mol), NA is the Avogadro constant, SNi is the number
of Ni surface atoms per unit area (1.54 • 1019 m−2), and mcat is the
amount of catalyst used:[42]

Ni+N2O → NiO+N2 (4)

ANi = nN2 · NA

SNi
(5)

ANi,norm = ANi

mcat
(6)

4.3. Catalytic Testing

4.3.1. CO2 Methanation Experiments

Catalytic experiments were performed in a fixed-bed reactor with a
diameter of 10 mm at ambient pressure. For each experiment, 0.02 g

of 100–150 μm catalyst was used and diluted in 2.5 g of 200–300
μm quartz sand. Pretreatment was carried out at 450 °C in 10% H2

in Ar for 1 h, followed by a run-in period of 6 h at 450 °C under
methanation conditions. The CO2 methanation was performed with
a H2/CO2 ratio of 4/1 diluted in 68.75% Ar, a total flow rate of
523.6 mL min−1, resulting in a gas hourly space velocity (GHSV) of
20,000 h−1. The temperature was changed from 250 to 450 °C in 25 K
increments. The gas flow was controlled with mass flow controllers
(Bronkhorst EL-Flow), and the relative concentrations of the product
gases were analyzed with a Pfeiffer Vacuum OmniStar GSD 350 mass
spectrometer. The only byproduct detected was CO. Therefore, the
CO2 conversion (Equation 7), CH4 selectivity (Equation 8), and CH4

yield (Equation 9) were calculated using the following equations.
The methane formation rates are calculated using Equations (10) and
(11), where the amount of methane produced per gram of catalyst
(Equation 10) and per gram of nickel in the catalyst (Equation 11),
respectively, are determined based on the inlet CO2 volume flow
(

.

VCO2,in) and the resulting CH4 yield, under the assumption of ideal
gas behavior.

X (CO2 ) =
(
nCO2 in − nCO2 out

)

nCO2 in
× 100% (7)

S (CH4 ) =
(
nCH4 out − nCH4 in

)

(
nCH4 out − nCH4 in

) + (
nCOout − nCOin

) × 100% (8)

Y (CH4 ) = X (CO2 ) · S (CH4 ) (9)

rCH4 =
.

VCO2,in · Y (CH4 ) · pN
R · TN · mcat

(10)

rCH4,Ni =
.

VCO2,in · Y (CH4 ) · pN
R · TN · mNi,cat

(11)
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