
Revealing the characteristics of supported Ni-Mn based mixed metal oxide 
catalysts: Operando insights into their activation and CO2 
methanation behavior

Dennis Weber a,d, Timo Engl b, Malte Raabe a, Andreas Hutzler c, Michael Rubin b,  
Roland Dittmeyer b, Tanja Franken a,d,*

a Department of Chemical and Biological Engineering, Institute of Chemical Reaction Engineering, Assistant Professorship for Catalytic and Electrocatalytic Systems and 
Processes, Friedrich-Alexander-Universität, Erlangen-Nürnberg, Egerlandstraße 3, Erlangen 91058, Germany
b Institute for Micro Process Engineering (IMVT), Karlsruhe Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1, Eggenstein-Leopoldshafen 76344, Germany
c Forschungszentrum Jülich, Helmholtz-Institute Erlangen-Nürnberg for Renewable Energy, Cauerstraße 1, Erlangen 91058, Germany
d Technische Universität Darmstadt, Ernst-Berl-Institut für Technische und Makromolekulare Chemie, Technische Chemie 1, Peter-Grünberg-Straße 8, Darmstadt 64287, 
Germany

A R T I C L E  I N F O

Keywords:
CO2 Methanation
Mixed metal oxides
Catalysis
Operando

A B S T R A C T

Power-to-gas technologies, such as CO2 methanation, enable to mitigate man-made climate change. For this 
process to be viable, it is essential to use an active, selective and stable catalyst. This study addresses these 
requirements by creating a novel Ni-MnyOx/Al2O3 (0 ≤ y ≤ 1) catalyst that uses Mn not as a dopant but creates a 
joined Ni-Mn mixed metal oxide (MMO) phase on a Al2O3 support. To identify the ideal composition, we 
compare different Mn contents y from 0 to 1 and determine an Mn/Ni ratio of 0.375 as the minimum for the 
formation of the supported Ni-Mn MMO phase. Compared to the self-synthesized, literature-based state-of-the-art 
type NiOx/Al2O3 based CO2 methanation catalysts the Ni-Mn MMO based catalysts achieve about 30 % higher Ni 
specific methane formation rates. We carefully characterize the catalysts phase composition, surface area, active 
metal surface area, reducibility, surface basicity and elemental analysis. Additionally, we present a detailed in 
situ X-ray absorption spectroscopy (XAS) study and phase characterization on the reduction process for catalytic 
activation of the calcined catalysts to draw conclusions on the final activated state. It was shown that the Ni-Mn 
mixed metal oxide phase changes upon activation into metallic Ni supported on a Ni-depleted Ni-Mn MMO 
phase. Additionally, the behavior of both catalysts under reaction conditions was investigated using operando 
XAS, phase analysis and Diffuse Reflectance Infrared Fourier Transform Spectroscopy. Based on this, a tentative 
reaction mechanism was proposed which includes the possibility of additional CO2 activation pathways on the 
Ni-Mn MMO phase.

1. Introduction

A major challenge for today’s society is the mitigation of anthropo
genic climate change caused by the continued burning of fossil fuels and 
the resulting emissions of greenhouse gases, especially CO2 [1,2]. One 
promising technology contributing to the transition to a future energy 
system with low carbon dioxide footprint is Power-to-Gas, which in
cludes CO2 methanation (1), also known as the Sabatier reaction [3]. 
This process produces methane using renewable hydrogen, which can be 
integrated into existing infrastructure for subsequent utilization [4–6]. 

CO2 + 4H2 ⇌ CH4 + 2H2O, ΔRH = -165.0kJmol− 1                          (1)

The CO2 required for methanation may come from industrial waste 
gases with high concentrations, such as those emitted from cement 
production or waste incineration plants [7]. However, to achieve net 
zero emissions and create a circular carbon economy, technologies to 
remove CO2 from the atmosphere will be essential in the future. These 
technologies can provide a source of CO2 for both storage (carbon 
capture and storage, CCS) and utilization (carbon capture and utiliza
tion, CCU) as a feedstock for various processes [5,8,9]. In a scenario 
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where green hydrogen and CO2 from non-fossil sources are utilized, the 
conversion processes will require flexibility in terms of load and rather 
unconventional scales of implementation, such as smaller decentralized 
plants rather than conventional large-scale chemical plants. To tailor the 
accordant processes, it is of crucial importance to find suitable catalysts 
with high reactivity and to understand the reaction mechanism and 
kinetics.

Ni/Al2O3 is the state-of-the art catalyst for CO2 methanation due to 
its high selectivity and cost efficiency. Ni-sintering and the probable 
formation of the more stable NiAl2O4 spinel phase on the surface lead to 
a decrease in catalytic activity and selectivity [10–13]. To improve the 
stability and productivity of this catalyst system, many different pro
moters have been tested. Especially Mn and Fe were studied as pro
moters for supported catalysts [14–19]. In addition, these elements were 
also used in larger quantities in bulk catalysts, resulting in various mixed 
metal oxides (MMO) [12,20–22].

For supported catalysts Mn was only added in small quantities (≤
5 wt%) as a promoter. It has been reported that at these small amounts, 
Mn is present as a separate MnOx phase adjacent to the Ni phase and acts 
as a spacer, resulting in an improved Ni dispersion and thus increasing 
catalytic performance, with a further slight increase in performance 
observed with increasing Mn content [14–16,18,19]. To the best of our 
knowledge, the effects of higher manganese contents (> 5 wt%) on the 
structural properties and catalytic behavior of simultaneously supported 
Mn and Ni on Al2O3 are not yet known, especially regarding the Ni-Mn 
interaction, activation and the resulting catalytic performance. This 
study is intended to provide exactly these missing insights.

The reaction mechanism of CO2 methanation remains a topic of 
debate in the literature, with variations depending on the catalyst type, 
support material, and promoter. CO2 adsorption and activation can 
occur either on the support or on the catalytically active metal, leading 
to the formation of different intermediates, such as carbonate, bicar
bonate (hydrogen carbonate), carbonyl or formate species [16,23–25]. 
Depending on the catalyst, reaction mechanisms are proposed that are 
either analogous to the CO methanation or take place via a 
formate-mediated route. For reducible supports, such as CeO2, ZrO2 and 
MnOx, the possibility to induce defects/oxygen vacancies enables an 
alternative reaction route involving carbonate and formate in
termediates [26–29].

In this study, we go beyond previous work by introducing higher Mn 
contents (up to 14 wt%) resulting in a novel Ni-MnyOx/Al2O3 catalyst. 
To identify the optimal composition, the Mn content y was varied in the 
range from 0 to 1. With the help of operando XAS and XRD the phase 
changes upon activation as well as the changes of the catalysts during 
methanation were investigated and with the help of operando DRIFTS 
data, the differences in the reaction mechanism between a Ni-MnyOx/ 
Al2O3 catalyst and a literature-based state-of-the-art type NiOx/Al2O3 
are discussed.

2. Results and discussion

2.1. Characterization of Ni-MnyOx/Al2O3 catalyst

All catalysts were prepared by incipient wetness impregnation. For 
the Ni-MnyOx/Al2O3 catalysts, the amount of Ni nitrate was adjusted to 
achieve the desired loading of 15 wt% Ni and the amount of Mn nitrate 
corresponding to the desired Mn/Ni ratio. Inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) confirms the desired loadings 
and Mn/Ni ratios (see Table 1). For the manganese-free sample, X-ray 
diffraction (XRD) shows the presence of NiO (ICSD: 98–008–7108) and 
γ-Al2O3 phases (ICSD: 98–009–9836), as expected (Fig. 1). Accordingly, 
no significant crystalline spinel phase NiAl2O4 was formed, as the Al2O3 
reflections showed no shift, and no high-temperature peak was observed 
in the temperature programmed reduction (TPR) (Fig. 2). The XRD 
pattern (Fig. 1) for the Ni-Mn0.125Ox/Al2O3 catalyst also shows only NiO 
and γ-Al2O3 phases and no crystalline Mn phase, which is most likely 
due to the low manganese content. This has also been shown by Vrijburg 
and others for similar systems with low manganese content (≤ 5 wt% 
Mn) [16,18,19].

As the manganese content increases, the NiO phase visually disap
pears and a hexagonal MnNiO3-like mixed metal oxide (ICSD: 
98–003–1853) phase forms starting from a Mn/Ni ratio of 0.375 (> 5 wt 
% Mn, see Fig. 1), which can be identified by the non-overlapping re
flections at 2◦Θ = 24.7◦, 33.8◦, 50.6◦ and 55.2◦, as well as by the 
oxidation states of Ni and Mn in the X-ray absorption (XAS) (see 
Figure S1 & S2). In the Fourier transformed extended X-ray absorption 
fine structure (FT-EXAFS) spectra for the NiOx/Al2O3 and Ni-Mn1Ox/ 
Al2O3 the contributions of Ni-O (1.5–1.6 Å) and Ni-Niox (2.5 Å) are 
visible, as in the NiO pellet (Figure S3), although the Ni-O distance for 
the Ni-Mn MMO-containing catalyst is slightly shifted compared to the 
NiO pellet, which also shows the phase differences. Therefore, all cat
alysts with an Mn/Ni ratio of 0.375 and more are referred to as Ni-Mn 

Table 1 
Specific surface area and pore volume measured by N2 physisorption, elemental composition measured by ICP-AES and MnNiO3/NiO phase ratio estimated from XRD 
by the semi-quantitative reference intensity ratio method of the different catalysts [30].

Sample Specific surface area SBET [m2 g− 1] Porevolume[cm3 g− 1] Elemental analysis MnNiO3/NiO 
phase ratio 
[-]Ni 

[wt%]
Mn 
[wt%]

Mn/Ni 
ratio

Al2O3 141 1.02 0.0 0.0 - -
MnOx/Al2O3 99 0.72 0.0 13.7 - -
NiOx/Al2O3 100 0.71 14.4 0.0 - -
Ni-Mn0.125Ox/Al2O3 100 0.70 15.2 1.8 0.118 0.08
Ni-Mn0.375Ox/Al2O3 104 0.64 14.8 5.7 0.385 0.30
Ni-Mn0.75Ox/Al2O3 100 0.54 14 10.5 0.750 5.25
Ni-Mn1Ox/Al2O3 96 0.54 13.8 13.8 1.000 10.11

Fig. 1. XRD patterns of Ni-MnyOx/Al2O3 catalyst with increasing Mn content y.
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MMO containing catalysts.
As the Mn content increases, the phase ratio of MnNiO3/NiO in

creases quickly (see Table 1), so that at a Mn/Ni ratio of 1, the crystalline 
NiO phase visually disappeared in the XRD pattern (Fig. 1) and the 
MnNiO3 phase remained the solely phase supported on Al2O3. The 
specific surface area SBET remains constant for all Mn/Ni ratios, although 
the metal content on the support doubles when comparing NiOx/Al2O3 
and Ni-Mn1Ox/Al2O3 (see Table 1). Meanwhile, the pore volume de
creases with higher metal loadings, which seems to indicate that the 
resulting MnNiO3 phase has a higher specific surface area than the NiO 
phase and thus compensates for the decrease in the accessible specific 
surface area of the support. In contrast to SBET, the Mn/Ni ratio had a 
major influence on the active Ni surface area ANi, which was estimated 
by N2O titration. To exclude a contribution of Mn to the measurement of 
the Ni surface area, MnOx/Al2O3 was also tested in the N2O titration and 
showed no N2 signal (see Eq. (3)).

If reduced NiOx/Al2O3 and Ni-Mn0.125Ox/Al2O3 are compared, the 
modification with manganese leads to an almost fourfold increase of ANi, 
whereby ANi decreases with Mn/Ni ratios above 0.125 but stays at a high 
level compared to NiOx/Al2O3 (Table 2). The decrease of the active Ni 
surface area with increasing Mn/Ni ratio can be attributed to the for
mation of the MnNiO3 phase (see Fig. 1), which remained as a modified 
MMO even after the reduction of the catalyst and during methanation 
(see Figure S4) and hence maintains a part of Ni in the oxidized state. In 
contrast to the decreasing ANi, the CO2 adsorption capacity, measured by 
temperature programmed desorption of CO2 (CO2-TPD), increases with 
increasing Mn/Ni ratio by up to 30 % in comparison with the NiOx/ 
Al2O3 supported catalyst. In addition, as the Mn/Ni ratio increased, 
more weak (100–200 ◦C) basic sites were formed, while the number of 

medium (200–400 ◦C) and strong (> 400 ◦C) basic sites did not change 
significantly (Table 3, Fig. 3 and Figure S5-6).

2.2. Catalytic behavior of NiOx/Al2O3 and Ni-MnyOx/Al2O3 catalysts

For the experiments conducted in the fixed bed reactor, a high space 
velocity (SV) of 26.2 ml min− 1 mgcat

− 1 was chosen to increase the stress on 
the catalyst for evaluation of reaction rates, to stay far away from the 
thermodynamic equilibrium and to analyse the stability, i.e. test for 
potential deactivation. All the catalysts tested showed almost no deac
tivation in the 40-hour stability tests (Figure S7). Long-term tests in the 
DRIFTS reactor were performed, showing that the modified catalyst 
stays quite stable, while the NiOx/Al2O3 catalyst did undergo some 
deactivation (Figure S8). MnOx/Al2O3 has no activity in CO2 methana
tion (results not shown), confirming that Mn alone is not an active site.

The modification with manganese leads to an tremendous increase in 
catalytic performance, namely at least a tripling of the methane for
mation rate compared to the NiOx/Al2O3 catalyst (Table 4 and Fig. 4). 
All Ni-Mn MMO containing catalysts exhibit higher methane formation 
rates at 350 ◦C, also per gNi in the catalyst, than comparable supported 
catalyst systems reported in the literature (Table 5 and Table S1). The 
CO2 conversion and CH4 selectivity are not easily comparable between 
different publications as they strongly depend on the catalyst pretreat
ment and the reaction conditions used (e.g. SV, catalyst mass etc.) (see 
Table 5 and Table S1). Further comparisons can be found in the sup
porting information by Rui et al. [31].

The increase in methane yield for the catalyst with low Mn content 
(Ni-Mn0.125Ox/Al2O3), is mainly due to the larger Ni surface, with the 
separate MnOx phase presumably acting as a spacer, as observed in other 
publications [14–16,18,19]. This is evident, as the Ni-Mn0.125Ox/Al2O3 
catalyst has the largest Ni surface area of all catalysts tested, but not the 
highest methane formation rate. It also exhibits a comparable methane 
formation rate and yield related to the available Ni metal surface area 
derived from N2O-titration (Ni specific methane formation rate) to that 
of the NiOx/Al2O3 reference catalyst (Tables 2 and 4). Moreover, the 
high Ni surface area of the Ni-Mn0.125Ox/Al2O3 catalyst could lead to 
increased dissociative CO2 adsorption on Ni0. According to Schmider et 
al.[32], the dissociative adsorption of CO2 on a Ni based catalyst has an 
activation energy of 89.3 kJ mol− 1, which is comparable to the apparent 
activation energy determined in the present study for 
Ni-Mn0.125Ox/Al2O3.

All Ni-Mn MMO containing supported catalyst exhibited similarly 
high Ni specific methane formation rates and yields and outperformed 
the non Ni-Mn MMO containing catalysts (NiOx/Al2O3 and Ni- 
Mn0.125Ox/Al2O3) by about 31 % (see Table 4). The improved catalytic 
performance of the Ni-Mn MMO catalysts can therefore not be solely 
explained by the differences in Ni surface area. This suggests that the Ni- 

Fig. 2. TPR profiles of Ni-MnyOx/Al2O3 catalyst with increasing Mn content y. 
Conditions: 10 % H2 in Ar with a flow rate of 50 ml min− 1, Ramp: 5 K/min.

Table 2 
H2 uptake measured by TPR and active Ni surface area after pretreatment ac
cording to catalytic tests measured by N2O titration of the different catalysts.

Sample H2 uptake upon reduction 
[mmol gcat

− 1]
Normalized active Ni surface area 
ANi,norm [m2 gcat

− 1]

Al2O3 - 0.0
MnOx/Al2O3 2.1 0.0
NiOx/Al2O3 0.7 1.6
Ni-Mn0.125Ox/ 

Al2O3

1.4 5.7

Ni-Mn0.375Ox/ 
Al2O3

2.1 5.5

Ni-Mn0.75Ox/ 
Al2O3

3.0 4.8

Ni-Mn1Ox/ 
Al2O3

3.6 4.1

Table 3 
Adsorbed amount of CO2 measured by CO2-TPD for the different reduced 
catalysts.

Sample Weak basic 
sites [mmol 
g− 1]

Medium basic 
sites [mmol g− 1]

Strong 
basic 
sites 
[mmol 
g− 1]

Total basic 
sites 
[mmol 
g− 1]

Al2O3 0.13 0.29 0.35 0.77
MnOx/Al2O3 0.17 0.22 0.34 0.73
NiOx/Al2O3 0.12 0.27 0.31 0.70
Ni-Mn0.125Ox/ 

Al2O3

0.17 0.24 0.35 0.76

Ni-Mn0.375Ox/ 
Al2O3

0.21 0.25 0.39 0.85

Ni-Mn0.75Ox/ 
Al2O3

0.24 0.22 0.40 0.86

Ni-Mn1Ox/ 
Al2O3

0.28 0.22 0.37 0.87
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Mn MMO phase contributes to their activity. Furthermore, there is a 
significant influence of the Ni-Mn MMO phase on the apparent activa
tion energy of the different catalysts, as the apparent activation energy 
decreases with increasing Ni-Mn MMO phase content (see Table 4), 
which could indicate changes in the reaction mechanism. However, the 
Ni-specific methane formation rates and apparent activation energies 
are very similar for the various Ni-Mn containing MMO catalysts 
(Table 4), which indicates that for these catalysts the differences in 
catalytic performance are due to the differences in the number of active 
Ni sites. Therefore, the further operando investigations were only carried 
out with the non MMO containing NiOx/Al2O3 reference catalyst as well 
as one of the MMO containing catalysts (Ni-Mn1Ox/Al2O3). The Ni- 
Mn1Ox/Al2O3 catalysts was chosen, because it contains the largest 
amount of the MnNiO3 MMO phase and has only minor side phases 
complicating the interpretation.

Additionally, basicity is often considered a key property for a highly 
active catalyst system for CO2 methanation, with weak and medium 
basic sites being identified as crucial[12,16,25,33]. As the Mn/Ni ratio 
increases more weak basic MnOx sites are available in the methanation 
temperature range, resulting in an increased CO2 adsorption capacity 
(Table 2), while simultaneously the Ni surface area decreases. This in
crease in CO2 adsorption capacity and the possible changes in the CO2 
activation could partially offset the performance loss due to reduction of 
the active Ni surface area associated with increasing Ni-Mn MMO con
tent, resulting in comparable performance across all Mn containing 
catalysts.

The comparison of Ni-Mn1Ox/Al2O3 and NiOx/Al2O3 in the diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS) reactor 

also confirms these results at elevated pressure (5 bar(a)), with the 
methane yield of the Ni-Mn MMO catalyst also exceeding the non- 
modified NiOx/Al2O3 catalyst by a factor of almost 3 at 375 ◦C (see 
Figure S9). These results and their implications, together with the results 
of the operando DRIFTS experiments, are further discussed in the reac
tion mechanisms section.

2.3. Activation of NiOx/Al2O3 and Ni-MnyOx/Al2O3 catalyst

The activation behavior of the Ni-MnyOx/Al2O3 catalysts was 
investigated utilizing various TPR experiments, including combined in- 
situ TPR-XAS/XRD experiments, as this has a crucial impact on their 
catalytic performance. TPR shows that NiOx/Al2O3 exhibits two reduc
tion peaks, a low-temperature peak for large, weakly bound NiO parti
cles and a high-temperature peak corresponding to either small, more 
strongly bound NiO particles or a spinel-like surface structure (Fig. 2)
[36]. For the Ni-Mn0.125Ox/Al2O3 catalyst, a small low-temperature 
peak is observed in the TPR, and in comparison with the NiOx/Al2O3 
catalyst the total amount of hydrogen used in the reduction is increased 
(Fig. 2 and Table 2). Among others, Vrijburg et al. showed for a similar 
system that the introduction of Mn (Mn/Ni: 0.25) can facilitate the 
reduction of Ni and improve Ni dispersion compared to the NiOx/Al2O3 
catalyst[14,16,18,19].

For the Ni-Mn MMO containing catalysts, an additional second and 
third low-temperature peak was observed, both of which were more 
pronounced with increasing Mn content (see Fig. 2). These peaks could 
be mainly attributed to the phase transformation into the Ni-depleted 
Mn0.75Ni0.25O (ICSD: 98–006–1322) structure using in situ TPR-XRD 
(see Fig. 5 and Figure S4). This is also confirmed by comparing the 
Mn-K edge before and after reduction with MnO and MnO2, as the Mn-K 
edge shows a complete reduction of Mn4+ to Mn2+ during the phase 
transition, as does the linear combination fit (LCF) of the Mn and Ni K- 
edge of the in situ TPR-XAS and FT-EXAFS results (Fig. 6 and Figure S1
and S10-11). In the in situ TPR-XRD of Ni-Mn1Ox/Al2O3, Ni is barely 
visible (Fig. 5 A), which is probably due to the relatively fast heating 
ramp of 10 K min− 1. This is confirmed by operando CO2 methanation 
XAS (LCF) and XRD experiments, where Ni is clearly visible (2Θ = 7.2◦) 
after reduction and becomes even more pronounced during methanation 
(see Figure S4 and S13). To further confirm this, the reduction of NiOx/ 
Al2O3 and Ni-Mn1Ox/Al2O3 was repeated ex situ at 450 ◦C with 1 h 
holding time according to the pretreatment conditions. As expected, Ni 
(ICSD: 98–007–6667) reflections could be detected at 2Θ = 44.4◦, 51.7◦, 
76.1◦ for both catalysts (see Fig. 5 B) and Figure S12 In summary, the 
above mentioned characterization methods show that upon activation of 
the Ni-Mn1Ox/Al2O3 catalyst, some Ni is available as metallic Ni, but a 
significant amount of Ni remains in the Mn0.75Ni0.25O MMO phase.

The partial reduction of Ni can also be seen from the in situ TPR-XAS 
experiments, as the pre-edge of both catalysts shifts towards lower en
ergies and the normalized intensity of the edge is reduced (Figure S10), 
which is consistent with the difference between Ni foil and NiO 
(Figure S2). This is also evident from the FT-EXAFS spectra, because 
even after activation a significant contribution of Ni-O (1.5–1.6 Å) and 
Ni-Niox (2.5 Å), as in the oxidized catalysts and the NiO pellet, is still 
visible.

For the NiOx/Al2O3 catalyst, most of the NiO was reduced to Ni under 
the pretreatment conditions. This can be seen from the LCF of the Ni K- 
edge of the in situ TPR-XAS (Fig. 7) and the LCF of the operando 
methanation experiments (Figure S13A) as well as from the XRD of the 
ex situ reduced sample (see Figure S12). Similar trends were observed in 
the FT-EXAFS spectra. For the reduced NiOx/Al2O3 catalysts, the Ni- 
Nired (2.1 Å) features as in the Ni foil (compare Figs. 6–7 and Figure S3) 
seems to be more pronounced than that of the Ni-Mn1Ox/Al2O3 cata
lysts, which is in line with the in situ TPR-XAS and XRD results. In 
addition, for both catalysts, a slight change in the spectra towards more 
reduced Ni after CO2 methanation compared to the spectra after the 
initial reduction can also be seen in the FT-EXAFS data (see Fig. 6B and 

Fig. 3. CO2-TPD profiles of Ni-MnyOx/Al2O3 catalysts with increasing Mn 
content y. 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 4 
Methane formation rates at 375 ◦C and apparent activation energies for the 
different reduced catalysts.

Sample Methane formation 
rate rCH4 at 375 ◦C 
[mol(CH4) h− 1 gcat

− 1]

Ni specific methane 
formation rate at 375 
◦C 
[mol(CH4) h− 1 m− 2

Ni ]

Apparent 
activation 
energy [kJ 
mol− 1]

NiOx/Al2O3 0.26 0.16 79 ± 2
Ni-Mn0.125Ox/ 

Al2O3

0.91 0.16 91 ± 2

Ni-Mn0.375Ox/ 
Al2O3

1.15 0.21 83 ± 2

Ni-Mn0.75Ox/ 
Al2O3

1.03 0.21 80 ± 2

Ni-Mn1Ox/ 
Al2O3

0.84 0.20 76 ± 2
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Fig. 7B).
The scanning transmission electron microscopy (STEM) images 

(Fig. 8 and Figure S14-15) of the calcined and reduced NiOx/Al2O3 
catalyst show a broad size range of NiO particle sizes, leading after 
activation to a similarly broad distribution of Ni nanoparticles with 
significantly larger particles. The STEM images of the reduced Ni- 
Mn1Ox/Al2O3 catalyst show that much smaller Ni particles with higher 
dispersion are obtained after the reduction of the Ni-Mn MMO con
taining catalyst (Table 1, Fig. 9 and Figure S16). The Ni nanoparticles 
probably dissolve from the Ni-Mn MMO phase upon activation, and 
because they are atomically dispersed there (see Figure S17), much 
smaller Ni nanoparticles can form upon reduction, resulting in a larger 
active Ni surface area, as demonstrated by the N2O titration results.

2.4. Operando DRIFTS of NiOx/Al2O3 and Ni-Mn1Ox/Al2O3 catalysts

To study the differences in the reaction mechanism between the non 
Ni-Mn MMO (NiOx/Al2O3) and Ni-Mn MMO containing (Ni-Mn1Ox/ 
Al2O3) catalysts, the adsorbed and gaseous reaction species were iden
tified with the aid of DRIFTS and semi-quantified by peak deconvolu
tion. The accordant catalyst was deposited in the form of a coated layer 
onto a microstructured foil and investigated operando using a plate 
reactor [37] with optical access for DRIFTS. The gas phase is analyzed by 
gas chromatography (GC 8860, Agilent). The resulting spectra were 
processed as described in the experimental section.

Fig. 10 A) shows the time-resolved DRIFT spectra for the run-in 
behavior of the reaction at T = 100 ◦C with the NiOx/Al2O3 catalyst. 
After recording the background spectra in nitrogen atmosphere, the 
reaction conditions (CO2/H2/N2 = 1/4/5) were set. The clearly distin
guishable peaks can be assigned to the various adsorbed species on the 
catalyst: tri- (2050–2080 cm− 1), di- (2045 cm− 1), and mono-carbonyls 
(2010 cm− 1) adsorb over a duration of one hour on the elemental 
nickel sites. Peaks that appear at 1926 cm− 1 and 1838 cm− 1 can be 
assigned to bridged and triple coordinated CO[15,38,39]. The spectra 

clearly show that the CO is adsorbed at active Ni sites and since only 
CO2, H2 and N2 are used as feed gases, CO2 must, thus, have been con
verted into adsorbed carbonyls at 100 ◦C. Two possible reaction path
ways have been highlighted in literature. On one hand, CO2 can 
dissociatively adsorb on the catalyst or via associative adsorption as 
carbonate (CO2*) or bicarbonate (O-COOH*) [16,24,32,40]. Because no 
carbonate could be detected, the associative route seems to run exclu
sively via adsorption of bicarbonate. In addition to carbonyls, adsorbed 
bicarbonate (1649 cm− 1, 1440 cm− 1 and 1230 cm− 1) and formate 
(O-COH*, 1580 cm− 1, 1630 cm− 1, 1330–1390 cm− 1 and 2860 cm− 1 see 
Figure S19) could also be identified [15,25,35,38,41,42]. In Fig. 10B), 
the time-resolved, normalized peak areas of the adsorbed species ob
tained by peak deconvolution are plotted over the time on stream during 
the run-in at T = 100 ◦C. Over time, an increasing amount of formate 
was detected on the catalyst surface which asymptotically approached a 
maximum after one hour. In contrast, bicarbonate adsorbed quickly at 
first, and after approximately 10 min, the surface concentration was 
reduced over time. It can be assumed that bicarbonate adsorbs first and 
then reacts further to form other species, namely formate. Linear and 
bridge-bound CO behaves similar to formate and asymptotically ap
proaches a maximum over time.

Formate and CO continue to adsorb on the surface because at 
T = 100 ◦C, the reaction to CHx molecules is not kinetically favored. It 
should be emphasized that according to the DRIFT spectra no CO2 ad
sorbs on the catalyst, but either dissociates to CO* and O* and/or ad
sorbs as bicarbonate on the OH groups of the Al2O3 support.

After the run-in at 100 ◦C of the NiOx/Al2O3 catalyst, the tempera
ture was increased in 25 K steps up to 450 ◦C under reaction conditions 
with spectra being recorded at every 25 K step (Fig. 11 A). The carbonyl 
species (2010–2080 cm− 1, 1926 cm− 1, and 1838 cm− 1) decreased 
significantly with temperature. In particular, the tri-carbonyl desorbs 
almost completely up to 200 ◦C. The bicarbonate (O-COOH*, 
1664 cm− 1, 1442 cm− 1, and 1226 cm− 1) completely disappeared from 
the surface at T = 150 ◦C and was converted into formate (O-COH*) and 

Fig. 4. A) & B) Catalytic performance comparison of Ni-MnyOx/Al2O3 catalysts in methanation of CO2 (A: T = 375 ◦C). 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 
= 20000 h− 1, SV = 26.18 ml min− 1 mgcat

− 1,p = 1 bar.
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CO*. The peak assigned to formate (1624 and 1591 cm− 1, 1392 and 
1373 cm− 1) first increased with increasing temperature up to T = 175 
◦C and further lost almost all its intensity up to 450 ◦C. In Fig. 11 B), the 
normalized peak areas at representative wavenumbers of the adsorbed 
species and CH4 (3014 cm− 1) are plotted vs. temperature between 100 
and 450 ◦C showing that the amount of adsorbed bicarbonate and 
carbonyl species decreases rapidly, while the formate peak reaches a 

maximum at T = 175 ◦C, and CH4 is formed starting from T = 250 ◦C 
and continues to increase until T = 450 ◦C. Over the whole experiment 
no adsorbed CO2 could be found.

The Ni-Mn1Ox/Al2O3 catalyst was also investigated using DRIFTS. 
Fig. 12 A) shows the time-resolved spectra recorded after switching from 
N2 to the reaction gases at T = 100 ◦C. Initially, the concentration of all 
adsorbed species increased with time. The peaks of adsorbed CO, CO2, 
and formate species approached saturation asymptotically over one 
hour, whereas the bicarbonate concentration drastically increased in the 
first three minutes and then gradually decreased over time until it nearly 
disappeared from the surface after 40 min. These trends can be seen 
more clearly when plotting the normalized peak areas for the repre
sentative peaks of the surface species vs. time on stream (Fig. 12 B). It 
can be seen that double-bound CO reached its maximum in the first ten 
minutes, whereas single-bound CO and formate steadily increased over 
the 60 min tested.

The bicarbonate concentration quickly reached a maximum and 
subsequently decreased again, which can be explained by the further 
reaction of bicarbonate to other species (e.g. formate). In this process, 
water is split off and formate remains bound to the surface.

The desorption of bicarbonate as a reason for the decrease in surface 
concentration can be excluded here, as adsorption experiments with CO2 
as feed did show that bicarbonate desorbs from the surface only at 
temperatures well above 100 ◦C (see Figure S18). These findings un
derline the hypothesis that, after the adsorption of CO2 on the OH groups 
of the Al2O3 support as bicarbonate, this reacts further to formate by 
splitting off water. In addition to the OH groups, the manganese pro
vides basic O- groups at which CO2 adsorbs as carbonate (CO2*, 1523 
and 1421 cm− 1) [15,28,38,40].

Fig. 13 A) shows the temperature-resolved spectra in the range be
tween 100 and 450 ◦C of the Ni-Mn1Ox/Al2O3 catalyst under reaction 
conditions. In comparison to the NiOx/Al2O3 catalyst (see Fig. 11 A), 
there is no bicarbonate bound to the surface under stationary conditions, 
as this has already reacted to formate during the run-in (Fig. 12). 
Compared to the NiOx/Al2O3 catalyst, the spectrum clearly shows that 
for the Ni-Mn1Ox/Al2O3 catalyst the carbonyl concentration is way 
lower in relation to the formate concentration. Already at 100 ◦C, the 
carbonyls concentration on the Ni-Mn1Ox/Al2O3 catalyst surface is 
comparably low, and it further decreases with temperature and almost 
disappeared at 250 ◦C (Fig. 13 B). Monodentate carbonate and formate 
show a similar trend, with both exhibiting a rather constant concen
tration up to 200 ◦C before both steadily decrease. As the concentration 
of the intermediate species decreased, methane was detected via DRIFTS 

Table 5 
Methane formation rates, methane formation rates per gNi of the catalysts, CO2 
conversions and CH4 selectivities at 350 ◦C and 1 bar for the reduced catalysts 
(15 wt% Ni) and comparison of this work (t.w.) with comparable catalytic sys
tems reported in the literature. All methane formation rates were calculated 
using Eq. (7).

Catalyst Methane 
formation rate 
rCH4 at 350 ◦C 
[mol(CH4) h− 1 

gcat
− 1]

Methane 
formation rate 
per gNi,cat at 350 
◦C 
[mol(CH4) h− 1 

gNi,cat
− 1 ]

X 
(CO2) 
[%]

S 
(CH4) 
[%]

Ref.

NiOx/Al2O3 0.14 1.0 7 51 t.w.
Ni-Mn0.375Ox/ 

Al2O3

0.78 5.3 21 85 t.w.

Ni-Mn1Ox/ 
Al2O3

0.58 4.2 18 75 t.w.

9 wt% Ni/ 
ZrO2-P

0.33 3.8 79 97 [34]

9 wt% Ni/ 
Al2O3

a
0.02 0.2 10 82 [35]

9 wt% Ni/ 
CeO2

a
0.17 2.1 80 100 [35]

10 wt% Ni/ 
Al2O3

a
0.08 0.8 26 95 [24]

10 wt% 
NiFeK/ 
Al2O3

a

0.17 1.7 54 98 [24]

10 wt% Ni/ 
MnOx-NS

0.11 1.1 64 99 [28]

18 wt% Ni/ 
Al2O3

a
0.10 0.5 73 99 [16]

17 wt% Ni-Mn 
(0.25)/ 
Al2O3

a

0.11 0.6 80 100 [16]

3 wt% Ni-Mn 
(1:1)/TiO2

a
0.05 1.8 41 100 [15]

3 wt% Ni/ 
TiO2

a
0.03 1.1 65 98 [15]

a calculated with values obtained from the catalytic performance diagrams.

Fig. 5. A) In situ TPR-XRD measurements of Ni-Mn1Ox/Al2O3. Conditions: 10 % H2 in He with a flow rate of 16 ml min− 1, Ramp: 10 K min− 1. B) Ex situ XRD of 
calcined and reduced Ni-Mn1Ox/Al2O3, reduction conditions: 5 % H2 in N2 at 450 ◦C for 1 h.
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and in the product gas (online gas chromatograph, results not shown).

2.5. Reaction mechanism

Depending on the catalyst system, two pathways have been proposed 
in the literature, in which formate is either involved in the reaction as an 
intermediate or only plays a spectator role. Many authors assume that 
formate serves as an intermediate and is then either directly hydroge
nated to methane or first hydrogenated to CO* with subsequent hy
drogenation to methane[10,14,23–25,28,33,35,40,43]. Formate can be 
formed via carbonates or bicarbonates [26].

Our operando DIRFTS analysis reveals that a major difference in the 
reaction mechanism on the Ni-Mn MMO can be caused by the carbonate, 
which is bound to the catalyst surface. In contrast to the NiOx/Al2O3 

catalyst, CO2 adsorbs not only as bicarbonate on the hydroxyl groups but 
also on the Ni-Mn MMO to form carbonate. Tentative reaction mecha
nisms for the two catalyst systems investigated in this study, namely 
NiOx/Al2O3 and Ni-Mn1Ox/Al2O3, can be deduced from the adsorbed 
surface species determined via operando DRIFTS data. Combining the 
findings reported and discussed above, for the NiOx/Al2O3 catalyst the 
CO2 methanation mechanism depicted in Fig. 14 A) is proposed. The 
NiOx/Al2O3 catalyst is rich in surface OH groups to which CO2 is 
adsorbed in the form of bicarbonate (Fig. 14, step I). The hydrogen is 
exclusively activated on the Ni0 nanoparticle by dissociative adsorption 
(Fig. 14, step I) and then reacts further with bicarbonate to formate (step 
II) and splits off water. In addition to bicarbonate, CO2 adsorbs dis
sociatively as carbonyl and oxygen on the nickel sites (step III), and the 
oxygen reacts further with hydrogen to form water (step V). Moreover, a 

Fig. 6. A) LCF of the Ni K-edge of the in situ TPR-XAS measurement of Ni-Mn1Ox/Al2O3. Conditions: 10 % H2 in He with a flow rate of 16 ml min− 1, Ramp: 
10 K min− 1. B) Ni K-edge Fourier-transformed k3-weighted EXAFS spectra of the different reduction states of Ni-Mn1Ox/Al2O3.The measurement of the calcined and 
reduced 700 ◦C sample were taken at room temperature, the other samples were measured at the temperature indicated in the figure. Conditions: Pretreatment: 10 % 
H2 in He at 450 ◦C for 1 h, methanation: c(CO2) = 6.25 vol%, CO2/H2 = 1/4 diluted in He, total flow rate: 16 ml min− 1, GHSV = 127270 h− 1 and p = 1 bar.

Fig. 7. A) LCF of the Ni K-edge of the in situ TPR-XAS measurement of NiOx/Al2O3. Conditions: 10 % H2 in Ar with a flow rate of 16 ml min− 1, Ramp: 8 K min− 1. B) 
Ni K-edge Fourier-transformed k3-weighted EXAFS spectra of the different reduction states of NiOx/Al2O3. The measurement of the calcined sample was taken at 
room temperature, the other samples were measured at the temperature indicated in the figure. 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, total flow rate: 16 ml min− 1, GHSV = 127270 h− 1 and p = 1 bar.

D. Weber et al.                                                                                                                                                                                                                                  Applied Catalysis A, General 708 (2025) 120582 

7 



carbonyl can also be formed when formate decomposes to form an OH 
group on the Al2O3 support and a carbonyl on the Ni sites (step IV), 
which can react with hydrogen to form methane and water (step VI and 
VII). In addition to CO methanation, formate can also react directly with 
hydrogen and split off water to eventually form methane (steps VIII, IX 
and X). The fact that no carbonate could be detected on the NiOx/Al2O3 
catalyst using DRIFTS rules out the reaction pathways with adsorbed 
carbonate as the starting point. The proposed mechanism is in line with 
the literature, although depending on the catalyst system, the focus is 
sometimes only on the CO*- or the formate-mediated pathway[15, 
23–26,33,40,43]. An extended scheme of the CO2 methanation reaction 
mechanism for the Ni-Mn1Ox/Al2O3 catalyst is shown in Fig. 14 B). 
Similar to the NiOx/Al2O3 catalyst, CO2 can adsorb dissociatively on the 
Ni0 sites of the Ni-Mn MMO catalyst or on the OH groups of Al2O3. 
Additionally, the Ni-Mn mixed oxide offers sites to adsorbs CO2 as car
bonates (step XI). Furthermore, the reducible Ni-Mn MMO phase can 
provide defects/oxygen vacancies that can also be active for CO2 
adsorption and activation (step XIII). Formate is most likely only present 
on basic sites and not on Ni0 nanoparticles. These two ways of CO2 
adsorption have already been reported for various catalytic systems
[25–29,43]. The adsorbed CO2 then reacts further with hydrogen to first 
form formate (step XII and XIV) before following the reaction pathways 
shown in Fig. 14 A) to form methane.

According to the tentative reaction mechanism, CO can be formed as 
a by-product either by desorption from the CO*-mediated reaction 

pathway or by dissociative CO2 adsorption. For the Ni-Mn MMO cata
lysts, it is possible that dissociative CO2 adsorption occurs on the 
reducible Ni-Mn MMO phase involving defects/oxygen vacancies (redox 
cycle), as described by Aldana et al. for Ni ceria-zirconia catalysts [43]. 
Dissociative adsorption of CO2 on Ni0, which according to Schmider 
et al. has an activation energy of 89.3 kJ mol− 1, is most likely less 
favored for the Ni-Mn MMO catalyst [32]. This is evident in the differ
ences in the Ni specific methane formation rates and apparent activation 
energies of the Ni-Mn MMO and non Ni-Mn MMO containing catalysts 
(see Table 4). Due to the high CO2 adsorption capacity, the proximity of 
basic sites and active Ni sites in the Ni-Mn MMO catalysts, we propose 
that the CO*-mediated reaction pathways lead to undesired CO forma
tion (Fig. 14 B). This is in line with observations on NiOx/Al2O3. Herein 
the direct hydrogenation of formate is not the only reaction path. Sig
nificant quantities of CO are formed as by-product, yielding in lower 
CH4 selectivity, thus the reaction is more likely to take place via the 
CO*-mediated reaction pathways (steps IV, VI and VII).

3. Conclusion

In contrast to previous studies, in which manganese was used as a 
promoter in smaller quantities [14–16,18,19], we opted for a higher Mn 
content, up to 14 wt% Mn (Mn/Ni ratio of 1), to obtain a supported 
Ni-Mn mixed-metal oxide phase with unique properties. The addition of 
manganese increased the number of weak basic sites, as well as the 

Fig. 8. High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and energy-dispersive X-ray (EDX) spectrum imaging of reduced 
NiOx/Al2O3 catalyst, reduction conditions: 5 % H2 in N2 at 450 ◦C for 1 h.
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active Ni surface area, compared to the literature-based state-of-the-art 
type NiOx/Al2O3 catalyst. The catalytic results shown here demonstrate 
that the supported Ni-Mn MMO catalysts are highly active and selective 
in CO2 methanation under the conditions applied. All supported Ni-Mn 
MMO containing catalysts exhibited similarly high Ni-specific methane 
formation rates and yields, outperforming the NiOx/Al₂O₃ reference 
catalysts by approximately 31 %. In addition, they achieved at least 
three times higher methane formation rates. The differences in catalytic 

performance between the NiOx/Al₂O₃ and Ni-Mn MMO catalysts cannot 
be solely attributed to the differences in Ni surface area. This indicates 
that the Ni-Mn MMO phase contributes to the catalytic activity. This was 
also supported by the Ni-Mn0.125Ox/Al2O3 catalyst, which, even though 
it had the largest Ni surface area of all the catalysts tested, did not show 
the best catalytic performance and had a Ni specific methane formation 
rate similar to that of the NiOx/Al₂O₃ catalyst. In contrast, the variations 
in performance among the different Ni-Mn MMO catalysts can be 

Fig. 9. HAADF-STEM and EDX spectrum imaging of reduced Ni-Mn1Ox/Al2O3 catalyst, reduction conditions: 5 % H2 in N2 at 450 ◦C for 1 h.
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ascribed to differences in their Ni surface area (see Table 2, Table 4 and 
Fig. 4). Therefore, Ni-Mn1Ox/Al2O3 was selected for further in
vestigations as it contains the largest amount of the MnNiO3 MMO 
phase.

In situ XAS and XRD measurements as well as ex situ STEM were used 
to investigate the differences in the activation behavior of the state-of- 
the-art type supported catalyst (NiOx/Al2O3) and the novel supported 
Ni-Mn mixed metal oxide catalyst (Ni-Mn1Ox/Al2O3) catalysts. It was 

Fig. 10. A) Time-resolved DRIFT spectra (Δt = 2 min for t > 3 min, Δt = 1 min for t 0–3 min) for the NiOx/Al2O3 catalyst at p = 5 bar, CO2/H2/N2 = 1/4/5, SV 
= 4.6 mlN mgcat

− 1 min− 1 and T = 100 ◦C. B) Time-resolved normalized absorbance of the peak areas for formate (1373 cm− 1), bicarbonate (1439 cm− 1), Ni-CO 
(2069 cm− 1) and Ni=CO (1926 cm− 1).

Fig. 11. A) Temperature-resolved DRIFT spectra for the NiOx/Al2O3 catalyst at 5 bar, CO2/H2/N2 = 1/4/5, SV = 4.6 mlN mgcat
− 1 min− 1. B) Temperature-resolved, 

normalized absorbance of the peak areas for formate (1373 cm− 1), bicarbonate (1439 cm− 1), Ni-CO (2069 cm− 1), Ni=CO (1926 cm− 1) and CH4 (3014 cm− 1 

not shown).

Fig. 12. A) Time-resolved DRIFT spectra (Δt = 2 min for t > 3 min, Δt = 1 min for t 0–3 min) for the Ni-Mn1Ox/Al2O3 catalyst at p = 5 bar, CO2/H2/N2 = 1/4/5, SV 
= 4.6 mlN mgcat

− 1 min− 1 and T = 100 ◦C. B) Time-resolved normalized absorbance of the peak areas for formate (1373 cm− 1), bicarbonate (1439 cm− 1), Ni-CO 
(2069 cm− 1), Ni=CO (1926 cm− 1) and CO2* (1425 cm− 1).
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found that for the Ni-Mn MMO catalyst, upon activation, the MnNiO3 
phase was reduced to a Ni-depleted Mn0.75Ni0.25O MMO phase resulting 
in finely dispersed Ni nanoparticles on top of this supported Ni-Mn MMO 
phase. All the catalysts tested showed no significant loss in catalytic 
performance under the reaction conditions and time on stream tested. 
For further mechanistic investigation, operando DRIFTS measurements 

were performed, and from the data obtained a reaction scheme with 
CO*- and formate-mediated pathways was developed for NiOx/Al2O3 
and extended for the Ni-Mn1Ox/Al2O3 catalyst (Fig. 14). The data pre
sented show that the NiOx/Al2O3 catalyses the CO2 methanation reac
tion via a coupled CO* and formate reaction mechanism, excluding any 
carbonate intermediates. However, the formation of the reducible Ni- 

Fig. 13. A) Temperature-resolved DRIFT spectra for the Ni-Mn1Ox/Al2O3 catalyst at 5 bar, CO2/H2/N2 = 1/4/5, SV = 4.6 mlN mgcat
− 1 min− 1. B) Temperature-resolved 

normalized absorbance of the peak areas for formate (1373 cm− 1), bicarbonate (1439 cm− 1), Ni-CO (2069 cm− 1), Ni=CO (1926 cm− 1) and CH4 (3014 cm− 1 

not shown).

Fig. 14. A) Proposed reaction mechanism for the NiOx/Al2O3 catalyst. (I) Associative adsorption of CO2 on the Hydroxyl groups of the carrier. (III and V) Dissociative 
adsorption of CO2 onto active Ni sites with consecutive water formation. (II) Hydrogenation of bicarbonate to formate. (IV, VI and VII) Dissociation of formate to CO 
and OH with consecutive hydrogenation of CO to CH4 (VIII, IX and X) Hydrogenation of formate to methane. B) Proposed extended reaction mechanism for the Ni- 
Mn1Ox/Al2O3 catalyst. (XI) CO2 adsorption as carbonate on the Ni0.25Mn0.75O interface. (XIII) CO2 adsorption in defects/oxygen vacancies (⬚). (XII and XIV) 
Successive hydrogenation to formate.
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Mn MMO phase leads to an increase in the number of weak basic sites, 
resulting in the formation of carbonate intermediates. Furthermore, the 
formation of defects/oxygen vacancies in this catalyst system opens up 
an additional pathway for CO2 activation (see Fig. 14 B). This difference 
in the proposed mechanisms is supported by the decrease in the 
apparent activation energy with increasing Mn content and the signifi
cant difference in the Ni specific methane formation rates between the 
non Ni-Mn MMO-containing (NiOx/Al2O3 and Ni-Mn0.125Ox/Al2O3) and 
the Ni-Mn MMO-containing catalysts (Mn/Ni ratio ≥ 0.375).

In summary, we have shown that the addition of high Mn contents 
and thus high Mn/Ni ratios (> 5 wt%) leads to a novel supported Ni-Mn 
MMO catalyst that exhibits differences in activation and reaction 
mechanism compared to the self-synthesized, literature based state-of- 
the-art type NiOx/Al2O3 catalyst. This leads to a significant increase in 
the methane formation rates, also in comparison to other catalysts re
ported in the literature (see Table 5).

4. Experimental section

4.1. Catalyst preparation

Ni-MnyOx/Al2O3 (0 ≤ x ≤ 2) catalysts were prepared by incipient 
wetness impregnation of the corresponding nitrates with the Al2O3 
support (Puralox TH 100/150 from Sasol). For this the appropriate 
amounts of Ni(NO3)2 • 6 H2O (Thermo scientific, 99 %) and Mn(NO3)2 •

4 H2O (Alfa Aesar, 98 %) were dissolved in deionized water and slowly 
added to the support. The catalyst 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. MnNiO3/NiO phase 
ratio was estimated using the semi-quantitative reference intensity ratio 
(RIR) method in the HighScore Plus software[30]. Only the references 
for MnNiO3 and NiO were used to illustrate the trend of the phase ratio 
at different Mn content, and Al2O3 was omitted. This method uses the 
measured diffraction intensity and the RIR values of the specified 
reference phases to calculate the estimated mass fraction according to 
Eq. 2. 

Xa =
I(hkl)a

RIRa Irel
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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 with the Brunauer-Emmett-Teller 
method at p/p0 = 0.05 – 0.21. Prior to sorption measurements, the 
samples were degassed at 200 ◦C for 12 h in vacuum.

4.2.3. 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 min− 1.

4.2.4. Temperature programmed desorption
Temperature programmed desorption of CO2 was performed using a 

AutoChem II & HP from Micromeritics. Pretreatment 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 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.

4.2.5. Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
The composition of the synthesized catalysts was determined by 

elemental analysis using inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) with a SPECTRO Ciros CCD.

4.2.6. 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 pretreatment 
conditions in the catalytic experiments. The sample is then purged at 
500 ◦C for 0.5 h in He. N2O titration is performed by passing 
40 ml min− 1 0.5 % N2O in He over the sample and measuring the 
resulting nitrogen according to the reaction 3 with a thermal conduc
tivity detector. The excess N2O is removed in a cold trap with liquid 
nitrogen. The active nickel surface area is estimated using Eq. 4, 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), mcat is the amount of catalyst used, ωNi is the Ni 
loading and ρNi is the Ni density (8.91 g cm− 3) [31]. 

Ni + N2O → NiO + N2                                                                   (3)

ANi =
nN2 • NA

SNi
(4) 

ANi,norm =
ANi

mcat
(5) 

4.2.7. 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 mi
croscopy (HAADF-STEM) was used for the estimation of the metal dis
tribution 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.

4.3. Catalytic testing

4.3.1. 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 by- 
product detected was CO. Therefore, the CO2 conversion (4), CH4 
selectivity (5), CH4 yield (6) and methane formation rate (7) were 
calculated using the following equations. The apparent activation en
ergies were calculated in a CO2 conversion range of 3.5–11 % from the 
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average of either two cycles (C1 & 2) with the same catalyst or two 
experiments (E1 & 2) using the Arrhenius equation (see Figure S20). The 
standard deviation of three to four experiments was 0.5–2 kJ mol− 1 for 
the catalysts tested. For reasons of clarity, only two measurements were 
plotted in Figure S20. The maximum deviation of 2 kJ mol− 1 was used 
as the error. 

X(CO2) =

(
nCO2 in − nCO2 out

)

nCO2 in
• 100% (4) 

S(CH4) =

(
nCH4 out − nCH4 in

)

(
nCH4 out − nCH4 in

)
+
(
nCOout − nCOin

) • 100% (5) 

Y(CH4) = X(CO2) • S(CH4) (6) 

rCH4 =
V̇CO2 ,in • Y(CH4) • pN

R • TN • mcat
(7) 

4.3.2. Operando DRIFTS measurements
Adsorbed species on the catalysts surface have been tracked via 

diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS). 
Many species that participate in the methanation reaction absorb 
infrared radiation and can therefore be visualized in a spectrogram. The 
DRIFTS investigations were carried out at the Institute of Micro Process 
Engineering of the Karlsruhe Institute of Technology. The radiation 
source used was a Bruker IR cube FT-IR OEM spectrometer with an MCT 
detector cooled with liquid nitrogen. The reactor used was a slightly 
modified version of the reactor described by Engl et al. [37] The spec
trograms were recorded with a spectral resolution of 4 cm− 1 and aver
aged over 40 spectra. In order to be able to compare the results of the 
different catalysts, all experiments were carried out using the same 
procedure. The catalysts were heated to 450 ◦C in a nitrogen atmosphere 
with a ramp of 100 K h− 1 and then reduced in 10 % hydrogen for 1 h. 
After switching back to inert gas and purging with nitrogen for half an 
hour, the temperature was cooled from 450 to 100 ◦C in 25 K steps. 
Background spectra were recorded after constant temperatures were 
reached at each step. At 100 ◦C, the gas inlet was changed from nitrogen 
atmosphere to reaction conditions (space velocity (SV) = 4.6 mlN mgcat

− 1 

h− 1, CO2/H2/N2 = 1/4/5, p = 5 bar). After taking a spectrum every 
minute during run-in, equilibrium was reached after approx. 1 h. The 
temperature was then increased to 450 ◦C in 25 K steps, and a spectrum 
was recorded after 15 min at each step. The resulting spectra were first 
subjected to baseline correction and then the individual peaks were 
fitted to a Gaussian function using Origin software via peak deconvo
lution. The resulting peak areas were plotted for each species and thus 
semi-quantified.

4.3.3. Operando X-ray absorption measurements

4.3.3.1. Sample preparation and operando conditions. The catalysts were 
tested using the quartz capillary flow reactor cells (1 mm OD) and gas 
delivery systems available at the beamlines. The corresponding catalysts 
were either undiluted (PSI) or diluted 1:3 with quartz (ESRF), pressed, 
crushed, and the 50–100 μm fraction was filled into the capillaries. 
Depending on the experiment, the following procedures were used. The 
temperature programmed reductions (TPR) were conducted in 10 % H2 
in He/Ar, with a heating ramp of 8–10 K min− 1 up to 900 ◦C. Pre
treatment/Reduction of the catalyst was carried out by heating to 450 ◦C 
and holding for 1 h in 10 % H2 in He/Ar. The operando CO2 methanation 
experiments were carried out at ambient pressure and 400 & 450 ◦C with 
c(CO2) = 6.25 vol%, c(H2) = 25 vol% in He/Ar and a GHSV of 
127,270 h− 1. Due to the vast differences in intensity in the operando 
experiments of the manganese-containing and free catalysts, which are 
probably due to the different dilutions of these catalysts, the FT-EXAFS 
spectra are only compared qualitatively, and no EXAFS fits are done (see 
Figure S10). The intensity of the samples measured as pellets is 

comparable (see Figure S10b).

4.3.3.2. NiOx/Al2O3 results. Operando Ni K-edge (8120 – 9120 eV) X- 
ray absorption spectra were measured at the SuperXAS beamline of the 
Swiss Light Source (SLS) at the Paul Scherrer Institute. The incident X- 
ray beam was collimated using a Si-coated mirror set at 2.9 mrad prior to 
monochromatization with a liquid nitrogen-cooled, channel-cut Si(111) 
crystal. Subsequently, the monochromatic beam was focused using a Rh- 
coated toroidal double-focusing mirror, resulting in a beam size of 
0.7 mm (horizontal) by 0.2 mm (vertical). Moreover a 15 cm ionization 
chamber filled with 1 bar of N2 was used. Quick fluorescence detection 
was carried out using a PIPS detector. The monochromator was oscil
lated at a frequency of 2 Hz, providing a time resolution of 0.5 s per 
spectrum. Energy calibration and linear combination fitting were per
formed using the ProXAS software [44], with calibration referenced to a 
simultaneously measured Ni foil. Linear combination fitting of the 
XANES region was executed using spectra from the fully reduced 
Ni/Al2O3 catalyst and the fully oxidized NiO/Al2O3 catalyst. EXAFS data 
processing was carried out with the Demeter software package (Athena) 
[45].

4.3.3.3. Ni-Mn1Ox/Al2O3 results. Quasi-simultaneous XRD and XAS 
data were collected in transmission mode for Ni and in fluorescence 
mode for Mn at BM31 beamline of the European Synchrotron Radiation 
Facility (ESRF). Ni & Mn K-edges were measured in the XANES (for Ni: 
8270–8430 eV, Mn: 6500–6650 eV) or EXASF (for Ni: 8230–9330 eV, 
Mn: 6440–7540 eV) range depending on the experiment. The Mn-EXAFS 
and the Ni-EXAFS for the TPR experiments were taken before and after 
the experiments at room temperature, averaging multiple scans due to 
the low signal intensity (Mn) or time sensitivity of the TPR measure
ments. In addition, Debye-Scherrer rings were recorded (energy: 
48.6 keV, wavelength: 0.25509 Å) and 1D XRD patterns in the range 
1–19.5◦ 2θ were obtained after ring integration to follow phase transi
tions during the experiments. In transmission mode three ionization 
chambers were used. Considering scan time and motors movements, the 
collection of a single XAS/XRD data for both K-edges took about 
6.5 min. Linear combination fitting of the XANES region was executed 
with the ProXAS software [44] using Ni spectra from the fully reduced 
Ni/Al2O3 catalyst and the fully oxidized Ni-Mn1Ox/Al2O3 catalyst. For 
the Mn spectra, the oxidized and the fully reduced Ni-Mn1Ox/Al2O3 
were used as references, as their pre-edge and shape match the corre
sponding MnO2 and MnO pellet references (see Figure S1). To visualize 
the phase changes in the XRD data more clearly, the quartz reflections 
were masked using the reflex positions of quartz low (98–008–9280) and 
quartz high (98–008–9288) and the temperature-dependent linear 
combinations of the two phases (Fig. 5 and Figure S21). The EXAFS data 
was processed with Athena [45].
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