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a b s t r a c t

Designing CO2 methanation catalysts that meet industrial requirements is still challenging. 

We report Ni-Fe hydrotalcite-derived catalysts with a wide range of Ni and Mg loadings 

showing that an optimised composition with Ni0.4 gives a very high CO2 conversion rate of 

0.37 mmol/gcat/s at 300 °C. This catalyst is studied by in-situ APXPS and NEXAFS spectro

scopies and compared with the other synthesised samples to obtain new mechanistic in

sights on methanation catalysts active for low-temperature (300 °C) methanation, which is 

an industrial requirement. Under methanation conditions, in-situ investigations revealed 

the presence of metallic Ni sites and low nuclearity Ni-Fe species at xNi
L (Ni loading) 

= 21.2 mol%. These sites are oxidised on the low Ni-loaded catalyst (xNi
L = 9.2 mol%). The best 

CO2 conversion rate and CH4 selectivity are shown at intermediate xNi
L (21.2 mol%), in the 

presence of Mg. These superior performances are related to the high metallic surface area, 

dispersion, and optimal density of basic sites. The TOFCO2(turnover frequency of CO2 con

version) increases exponentially with the fractional density of basic to metallic sites (XB) 

from 1.1 s-1 (xNi
L = 29.2 mol%) to 9.1 s-1 (xNi

L = 7.6 mol%). It follows the opposite trend of the CO2 

conversion rate. In-situ DRIFTS data under methanation conditions evidence that the 

TOFCO2at high XB is related to the presence of a formate route which is not predominant at 

low XB (high xNi
L ). A synergistic interplay of basic and metallic sites is present. This con

tribution provides a rationale for designing industrially competitive CO2 methanation cat

alysts with high catalytic activity while maintaining low Ni loading.
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1. Introduction 

The electrification of chemical production and enhancing 
carbon circularity by reusing CO2 are key aspects of the on
going energy transition (Centi and Perathoner, 2022a, 2022b; 
Mustafa et al., 2020; Navarrete et al., 2017; Papanikolaou 
et al., 2022a; Perathoner et al., 2021; Price et al., 2021). The so- 
called power-to-gas (P2G) technology is part of those neces
sary to enable storing intermittent renewable energy using 
CO2 as feedstock to produce synthetic natural gas (SNG) via 
the Sabatier reaction (Blanco and Faaij, 2018; Giglio et al., 
2018; Götz et al., 2016; Hussain et al., 2021; Salomone et al., 
2019; Su et al., 2016). 

The Sabatier reaction also referred to as CO2 methanation, 
is favoured at high pressure and low temperature. However, 
kinetic limitations hinder achieving a high reaction rate and 
selectivity to methane at the low temperatures required to 
operate this exothermic reversible reaction at a more fa
vourable equilibrium (Papanikolaou et al., 2022b). Catalytic 
systems based on noble and non-noble metals such as Fe, Ru, 
Co, Rh, Ir, Ni, Pd, and Pt supported on different metal oxides 
(Al2O3, SiO2, ZrO2, CeO2, TiO2) were investigated for this re
action (Aziz et al., 2014; Garbarino et al., 2014; Nematollahi 
et al., 2015; Tsiotsias et al., 2022; Wang et al., 2022; Yang Lim 
et al., 2016; Zhou et al., 2016). The use of earth-abundant- 
based catalysts, however, is preferable from a sustainability 
perspective. 

Ni-based catalysts offer good catalytic activity and a 
competitive price but suffer from deactivation (Aziz et al., 
2015; Ding et al., 2016; Muroyama et al., 2016). Catalyst design 
strategies for improving catalytic performance involve con
trolling the support's active metal dispersion, metal loading, 
and surface chemistry (Feng et al., 2009; Lima et al., 2020; 
Tada et al., 2021; Wang et al., 2012; Younas et al., 2016; Zhao 
et al., 2010). A high loading is needed to achieve high activity 
(Lu and Kawamoto, 2013; Wang et al., 2016). 

In commercial methanation catalysts, high-loading Ni 
catalysts (Ni loadings ≥ 50 wt%) are usually prepared via co
precipitation. However, using such a high Ni loading, ne
cessary for low-temperature activity, is not ideal for both cost 
and stability. Recently, hydrotalcite-derived catalysts have 
gained great attention due to their structural architecture 
and compositional flexibility (Fan et al., 2014; Feng et al., 
2015), which allow tuning surface properties (i.e. acid-base 
and reducibility) (Sun et al., 2021) and obtain a high metal 
dispersion (Xu et al., 2015). The basic and acidic properties of 
the metal oxide support in the final catalyst can be tailored 
by changing the Mg and Al ratio (Climent et al., 2004; Liu 
et al., 2016). 

Regarding the use of hydrotalcite-derived catalysts for 
CO2 methanation, properties such as the basicity (He et al., 
2014; Wierzbicki et al., 2017), the effect of the Ni amount 
(Wierzbicki et al., 2017), the morphology and size of the Ni 
crystallites (Gabrovska et al., 2011), the synthesis conditions 
(Abate et al., 2016; Gabrovska et al., 2011) and long term 
stability (Bette et al., 2016) have been investigated. These 
studies demonstrate the suitability of hydrotalcite-derived 
catalysts for CO2 methanation. However, there are still many 
questions to be addressed. Among the hydrotalcite-derived 
Ni-based catalysts with high metal loading, Ni-Fe bimetallic 
catalysts are emerging as promising systems in CO2 metha
nation (Abate et al., 2016; He et al., 2014; C. Mebrahtu et al., 
2018b). Fe species have a protective effect on metallic Ni, 

preventing either its hydroxylation (Mebrahtu et al., 2019) or 
poisoning by CO (Serrer et al., 2021). By alloying with Ni or 
forming a Ni-Fe(Ox) interface (Mutz et al., 2017), Ni or metal- 
oxide interfacial sites reduce easier (Winter et al., 2018; Yan 
et al., 2019). The exsolution of Fe to the surface as Fe2+ pro
vides synergistic active sites (Burger et al., 2020). Multiple 
effects are thus present, although their effective role has not 
been proven by in-situ studies, particularly on samples with 
industrially relevant performances active in low-tempera
ture operations. 

We recently reported high methanation activity and se
lectivity for Ni-Fe-Mg-Al hydrotalcite-derived systems with 
uniformly distributed Ni nanoparticles, outperforming com
mercial Ni catalysts ( Mebrahtu et al., 2018b). We also showed 
that incorporating Fe into Ni-Mg-Al hydrotalcite produces 
Lewis basic sites of different strengths, raising the question 
of whether these sites can be used as activity descriptors in 
CO2 methanation (Mebrahtu et al., 2018b). The type and 
amount of basic sites available on the catalyst surface were 
reported as the predominant structural features affecting 
CO2 methanation (Aldana et al., 2013; Korhonen et al., 2008; 
Pan et al., 2014b; Zamani et al., 2015). Pan et al. (2014b) in
dicated by CO2-TPD that only medium basic sites are re
sponsible for the higher activity of Ni/CeO2-ZrO2 compared to 
Ni/Al2O3. In contrast, He et al. (2014) obtained an enhanced 
CO2 conversion and CH4 selectivity by introducing extra- 
strong basic sites using KOH on Ni-Al2O3-Hydrotalcite. 
However, the main issue is that the presence of CO2 feed 
changes the surface basicity character during catalytic op
erations due to CO2 chemisorption. Thus, an in-situ study 
would be necessary to obtain better mechanistic insights 
(Arrigo et al., 2020, 2018, 2022; Giorgianni et al., 2020; Law 
et al., 2015; Vogt et al., 2019, 2018). However, these studies 
provide reliable and relevant mechanistic insights only when 
a careful selection of suitable catalysts to investigate is 
made. In addition, as chemisorption strongly depends on the 
reaction's temperature, studies on active catalysts only at 
higher temperatures (> 400–450 °C) do not provide reliable 
indications on the mechanistic aspects of those operating at 
around 300 °C. 

This study combines an accurate selection of structurally 
tailored catalysts and complementary in-situ characterisation 
methods to clarify mechanistic insights and develop a na
nostructure/activity relationship for the methanation reac
tion. With respect to the literature, it provides for the first 
time indications by both ex-situ and in-situ methods on the 
catalyst dynamics and mechanistic aspects of a highly active 
catalyst operating at a low temperature (300 °C) as requested 
from an industrial perspective. In contrast, literature data are 
only ex-situ or made for much higher temperature operations 
and less active catalysts. 

A series of Ni-Fe-Mg-Al hydrotalcite-derived catalysts 
with different densities of basic sites and active metal 
loading were prepared by modulating the Ni-Fe/Mg-Al ratio. 
The Mg/Al ratio was changed to tailor structural properties 
while the Ni/Fe ratio was maintained constant. The catalysts 
were characterised using a combination of physicochemical 
methods to provide both ex-situ and in-situ indications on the 
nature of the catalysts and structure-activity relationships. 
Powder X-ray diffraction (PXRD), H2 temperature-pro
grammed reduction (H2-TPR), CO2-temperature programmed 
desorption (CO2-TPD), scanning electron microscopy (SEM), 
and CO-chemisorption, in-situ ambient pressure X-ray 
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photoelectron spectroscopy (APXPS), near-edge X-ray ab
sorption fine structure spectroscopy (NEXAFS) and diffuse 
reflectance infrared Fourier Transform spectroscopy 
(DRIFTS) methods were used in this study. 

2. Experimental section 

2.1. Catalysts preparation 

The catalysts were prepared by coprecipitation method, as 
detailed in previous work (Mebrahtu et al., 2018b, 2019), from 
Ni, Fe, Mg, and Al precursors to obtain catalysts with the 
desired metallic molar fractional compositions (xM

d , with M = 
Ni, Fe, Mg, Al) as summarised in Table 1. As previously de
termined, the Ni/Fe ratio was fixed to the optimised value of 
10 (Mebrahtu et al., 2018b; Mebrahtu et al., 2019). The molar 
Mg/Al ratio was tailored between 0 and 4. 

The designed, oxygen-free Ni molar fraction (xNi
d ) was 

varied between 0 and 0.75, corresponding to a change in the 
xMg

d between 0.75 and 0 ( =x x0.75Mg
d

Ni
d , Table 1). The 

achieved metallic loadings are reported in the results and 
discussion section. 

2.2. Structural characterisations 

The X-ray diffraction (XRD) patterns were measured using a 
D2-Phaser instrument (Bruker) for the catalysts at the dif
ferent synthesis steps: a) as prepared and dried, b) after 
calcination and, c) after reduction. Reduced catalysts were 
prepared ex situ, using a tubular furnace, in H2 at 600 °C for 
2 h, to mimic the reduction procedure employed before each 
catalytic activity test. All the catalysts were measured using 
a standard copper X-ray tube, operated at 30 kV and 40 mA 
(Cu-Kα radiation, λ = 1.54178 Å), within a 2θ range of 10–90° 
and a time per step of 0.5 s 

An EAGLE µ-Probe X-ray fluorescence diffractometer 
(EDAX Inc.) was used to measure the molar composition of 
the as-prepared catalysts. 

N2-physisorption isotherms of the calcined and ex situ 
pre-reduced catalysts (−196 °C) were measured with an 
Autosorb IQ2 (Quantachrome Instruments). Before each 
analysis, the samples were outgassed at 200 °C under va
cuum for 16 h. The specific surface area was calculated by 
using the standard multipoint BET method. The total pore 
volume was calculated at p/p° of 0.97. 

A ChemBET Pulsar TPR/TPD/TPO (Quantachrome 
Instruments), equipped with a TCD detector, was used to 

measure temperature-programmed reduction profiles of the 
calcined catalysts. For each experiment, 50 mg of catalyst 
was outgassed in Helium flow at 200 °C for 1 h. Then, the 
temperature of the oven was lowered to 100 °C. After stabi
lisation of the TCD signal, the catalysts were subjected to a 
thermal treatment at a rate of 10 °C.min−1 in the temperature 
range 100–1000 °C and in a mixture of 5% H2/Ar. 

SEM micrographs were acquired using a DSM 982 Gemini 
(Zeiss) scanning electron microscope (SEM), operating with 
an acceleration voltage of 3 kV. The samples were C-coated 
before the SEM investigation using a sputter-coater. 

An AutoChem-II (Micromeritics), equipped with a TCD 
detector, was used to measure a) the CO2 temperature-pro
grammed desorption profiles (CO2-TPD) of the reduced cat
alysts and b) their Metallic Surface Areas (MSA) by CO pulse 
chemisorption. Before both analyses, the calcined catalysts 
were reduced in-situ in H2 (50 mL/min) at 600 °C (10 °C/min) 
for 2 h. Then, each sample was treated at 300 °C for 1 h in He 
flow to clean the surface. CO pulse chemisorption was 
measured at 40 °C in He flow (50 mL/min) using a 0.5 mL ca
librated loop fed with a 10% CO/He mixture. In the case of 
CO2-TPD experiments, the catalysts were cooled down to 
80 °C after the treatment at 300 °C in He flow, then CO2 

(30 mL/min) adsorption was performed for 1 h, then the 
sample was kept in a He flow (30 mL/min) for another 1 h to 
clean physisorbed CO2 from the surface, and cooled down to 
50 °C. Finally, CO2-TPD profiles were obtained between 50 
and 800 °C, using a ramping rate of 5 °C/min. 

The obtained CO2-TPD profiles were fitted using 4 or 5 
Gaussian functions. For an easier comparison among the 
measured catalysts, the fitted areas for each catalyst (AX A Cat, , , 
x: peak number) were divided by the total area of the most 
basic catalyst (ATotal MBC, ) as given in Eq. (1), and indicated as 
relative (B )X A, and total density of basic sites (BTotal A, , Eq. 2). 

=B
A mV

A mV

[ min]

[ min]
X A Cat

X A Cat

Total MBC
, ,

, ,

, (1)    

= < <
=

=
B B B, 0 1Total A

X

X

X A Total A,
1

5

, ,
(2)  

Metallic surface areas (MSA, m2/g), and metal dispersion 
measured by CO-chemisorption were calculated using the 
assumption of a CO/Metal = 1. The last assumption is rea
sonable considering the low CO chemisorption temperature 
employed. The molar amount of CO per gram of catalyst was 
used for calculating the TOFs. The catalysts were normalised 

Table 1 – Sample notations and nominal compositions.          

# Catalyst Name 
x

N i

d
a 

x
F e

d a,b 
x

M g

d a,c 
x

A l

d
a,d Ni/Fee Mg/Ale  

1 Ni0  0  0  0.750  0.250 -  3 
2 Ni0.12  0.120  0.012  0.630  0.238 10  2.6 
3 Ni0.2  0.200  0.020  0.550  0.230 10  2.4 
4 Ni0.4  0.400  0.040  0.350  0.210 10  1.7 
5 Ni0.6  0.600  0.060  0.150  0.190 10  0.8 
6 Ni0.75  0.750  0.075  0  0.175 10  0  

a xM
d represents the nominal, metallic molar fractional composition of the catalysts without considering the amount of oxygen. This is used as 

a base for calculating the precursors' amount for the coprecipitation; + + + =x x x x 1Ni
d

Fe
d

Mg
d

Al
d

b =x x0.1Fe
d

Ni
d

c =x x0.75Mg
d

Ni
d

d =x x0.25 0.1Al
d

Ni
d

e Ni/Fe and Mg/Al, molar ratios (mol/mol)  
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to the molar amount of CO of the highest CO adsorption per 
gram of catalyst (MC, see Eq. 3), for an easier comparison. 

=M
n mmol g

n mmol g

[ ]

[ ]
CO Cat

CO MC

,
1

,
1 (3)  

To describe the reaction, we found it useful to introduce 
the surface fraction of basic sites (XB, Eq. 4), considering the 
total density of basic and metallic sites. 

=
+

< <X
B

B M
X, 0 1B

Total A

Total A
B

,

, (4)  

A Tecnai F20 (FEI) high-resolution transmission electron 
microscope (HRTEM), operating with an acceleration voltage 
up to 200 kV and equipped with a Gatan GIF 2000 energy 
filter, EDX (EDAX), and a HAADF detector, was used to ac
quire the micrographs and EDX mappings of the Ni0.2 and 
Ni0.4 catalysts after reduction at 600 °C under H2. 

A Bruker VERTEX 70 spectrometer was equipped with an 
MCT detector, and a Praying Mantis cell (Harrick; ϕ.h: 
4.53 mm; internal volume: 47.7 mm3) was used for in-situ 
DRIFTS experiments of the prepared catalysts. The catalysts 
were pre-reduced ex-situ at 600 °C using the above-reported 
procedure and transferred to the DRIFTS cell using a glove 
box without air exposure. An additional in-situ reduction 
treatment at 400 °C in H2 (20 mL/min of H2 for 30 min) was 
performed in the DRIFTS cell to minimise the presence of 
surface oxidised species eventually formed during the 
sample transfer. Subsequently, the catalysts were cooled 
down to the target temperature under N2 flow (20 mL/min), 
and background spectra were recorded (64 scans from 1000 
to 4000 cm−1; resolution of 4 cm−1). CO2 adsorption experi
ments (CO2-DRIFTS) were performed at 200, 300, and 400 °C, 
using a 10% CO2/N2 (50 mL/min) mixture with stepwise 
spectra collection (1 min interval). The in-situ CO2 methana
tion experiments (M-DRIFTS) were performed using freshly 
pre-reduced catalysts at 200, 300, and 400 °C, feeding a mix
ture of 50 mL/min (CO2/H2/N2 = 1/4/1 v/v). The temperature 
was held constant for 30 min, and the spectra were con
tinually recorded at each temperature, with an acquisition 
time of 3 min per spectrum. During CO2 adsorption and 
methanation experiments, to clean the catalyst surface and 
remove the effect of pre-adsorbed CO2, temperature ramps 
were performed under N2 flow, and background spectra were 
collected at each temperature. 

The APXPS and NEXAFS experiments were performed at 
the B07 beamline (Giorgianni et al., 2020) at the UK syn
chrotron facility Diamond Light Source. The exit slit (ES) was 
set to 0.5 µm x 0.04 µm and the fix focus constant (cff) to 2.0 
(cff = cos(α)/cos(β)). A thin layer of the calcined catalysts was 
drop-casted onto Au-coated silicon wafers to circumvent 
charging issues. The XPS Ni2p, C1s, and O1s core levels were 
measured using an X-ray excitation energy corresponding to 
an electron kinetic energy (KE) of 450 eV. The pass energy (Ep) 
was set to 20 eV. After each core level measurement, the 
Fermi edge was measured at the same excitation energy and 
used to calibrate the energy scale of the spectra. Only the 
relative distribution of the species will be discussed under 
the different ambient conditions; therefore, no further nor
malisation of the signal intensity in count per second (CPS) 
was carried out to take into account the different scattering 
of electrons in the gas phase, which depends on the gas- 
phase composition. 

Electron Yield (EY) NEXAFS spectra were recorded with an 
analyser setting of 50 eV pass energy (Ep) and electron kinetic 

energy (KE) of 780 eV, 600 eV, 400 eV, and 240 eV for Ni L-, Fe 
L-, O K- and C K-edges, respectively. 

The spectra of the Ni0.2, Ni0.4, and Ni0.6 catalysts were first 
measured on the calcined samples at room temperature and 
UHV conditions. The samples were then reduced in-situ at 
600 °C using 50 – 70 mbar H2 for 3 h. Next, the samples were 
measured in an H2 environment (4 mbar, 300 °C; if not 
otherwise stated). The spectra after pre-reduction, the cata
lysts were measured in H2 (Hy1, 300 °C, 4 mbar) and metha
nation conditions (M1, H2:CO2 = 4, 300 °C, 5 mbar). Ni0.2 was 
measured in CO2 after Hy1 (Cd1, 3 mbar, 300 °C). Instead, 
after Hy1 and M1, Ni0.4 was also further treated and mea
sured in H2 (Hy2, 4 mbar, 300 °C) to restore the degree of re
duction and then during a second methanation cycle (M2). 
During these experiments, the gases were introduced using 
leak valves, and the pressure was stabilised before the 
spectroscopic measurements. A capillary positioned close to 
the catalyst surface allows the feeding of the gases directly 
onto the catalyst's surface. An online MS is positioned at the 
1st pumping stage and allows the analysis of the reactive 
atmosphere above the catalyst's surface. 

The Ni2p and C1s core level envelopes were fitted using 
Casa XPS software after subtracting a U2 Tougaard back
ground. The Ni2p core level spectra fitting procedure was 
developed in a previous contribution and applied here 
(Giorgianni et al., 2020). 

The C1s core level spectra were fitted using a peak with GL 
(30) line shape and 1.6 full widths at half maximum (FWHM). 
The binding energy of the components was constrained to 
the same values in every spectrum. The NEXAFS spectra 
were compared after linear background subtraction and 
edge-jump normalisation. 

2.3. Catalysts performance testing 

20 mg of calcined catalysts, diluted with 500 mg SiC 
(250–500 µm mesh), were tested in a fixed-bed quartz tubular 
reactor (internal diameter: 4 mm) at atmospheric pressure 
and 300 °C in differential conditions. Before each test, all the 
catalysts were reduced in-situ with 50 mL/min pure H2 for 2 h 
at 600 °C and cooled to 300 °C under N2 flow. The reduction 
temperature is fixed to 600 °C for all catalysts based on the 
reduction degrees obtained and similar treatment conditions 
with the in-situ APXPS and NEXAFS measurements. Then, a 
mixture of H2, CO2, and N2 (in the volume ratio of 76%, 19%, 
and 5%, respectively) was fed into the reactor at a gas hourly 
space velocity (GHSV) of 66,845 h−1

. For a fair comparison, the 
catalyst bed temperature is recorded in a temperature range 
from 240 °C up to 310 °C, and interpolation was used to obtain 
consistent activity data at 300 °C for comparison. The lower 
temperature limit was chosen to avoid nickel loss due to 
nickel carbonyl formation. The upper-temperature limit was 
chosen to obtain activity data under differential conditions 
for conversions below 15% to avoid transport limitations. The 
reactor outlet was connected to Agilent 7890B gas chroma
tograph equipped with TCD and FID detectors to measure the 
reaction products online. Carbon balances were always 
greater than 97%. 

The rates of conversion and production for each compo
nent per mass of catalyst (r mmol s g[ ]s

m 1 1 , s = CO2, CO, CH4) 
were calculated by Eqs. 5 – 7. 

=r n X mCO
m

CO CatCO
1

2 2 2 (5)    
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=r r SCO
m

CO
m

CO2 (6)    

=r r SCH
m

CO
m

CH4 2 4 (7) 

Whereby nCO2 is the molar flow rate of CO2, mmol s[ ]1 , XCO2is 
the fractional conversion of CO2 and, m g[ ]Cat the amount of 
catalyst in the reactor; SCO and SCH4 are the fractional se
lectivity toward CO and CH4. 

The rates of conversion and production for each compo
nent are normalised by the molar amount of Ni and Fe 
r s( [ ])s

n 1 were calculated by Eq. (8), using the molar amounts 
of Ni and Fe per gram of catalyst measured by 
XRF ( +n n mmol g)[ ]Ni Fe

1 . 

= +r s r n n[ ] ( )s
n

s
m

Ni Fe
1 1 (8)  

Finally, turnover frequencies for each component ( 
TOF s[ ]s

1 , Eq. 9) were calculated by the ratios of the rate of 
consumption and formation for each component per gram of 
catalysts (rs

m, Eqs. 5–7) and the molar amount of chemisorbed 
CO per mass of catalyst (d mmol g[ ]CO

1 ), as measured by CO 
pulse chemisorption. 

=TOF
r
d

s
s
m

CO (9)  

3. Results 

This study focuses on an in-situ mechanistic study in CO2 

methanation of an industrial-relevant Ni-Fe hydrotalcite- 
derived catalyst. This objective requires properly identifying 
a suitable sample and defining structural, surface and re
activity trends in a homogeneous set of samples to correlate 
the mechanistic indications to these properties. For this 
reason, the initial part of this work will define these aspects. 
However, most of the data and part of the discussion are 
reported in the Supplementary Information to focus the 
manuscript. The indication S in the Figures and Tables in
dicates that they are reported in the Supplementary 
Information. 

3.1. Structural characterisation of the catalysts 

The samples, after coprecipitation and drying, are char
acterised by a crystalline hydrotalcite phase (Fig. S1a and 
description therein), which transforms upon calcination into 
face-centred cubic (fcc) NiO and MgO in the periclase phase 
(Fig. S1b). 

The transformation of the hydrotalcite phase is consistent 
with the morphological characterisation by SEM in Fig. S2 
showing platelet-like particles for the dried Ni0 and Ni0.12 

samples and a rosette-like morphology typical of hydro
talcites (Abelló et al., 2005; Vaccari, 1998; Wang et al., 2010) 
for the dried Ni0.4 and Ni0.6 samples. These morphologies are 
retained after the calcination step (Fig. S3), in agreement 
with Mette et al. (2014). Literature data indicate that a solid 
solution of NixMg1−xO forms when the Ni molar fraction 
ranges between 0.12 and 0.75 (Arena et al., 1996; Matteuzzi 
et al., 1994). MgO and MgAl2O4 spinel phases are evident only 
in the absence of Ni. After the reduction treatment of the 
catalysts at 600 °C in pure H2, only reflections associated with 
metallic Ni and periclase-like fcc phases are observed in the 
diffractograms for nickel-containing samples (Fig. S1c) 
(Gazzano et al., 1997; Lucrédio et al., 2007; Matteuzzi et al., 
1994; Rebours et al., 1994). 

Due to the absence of other crystalline phases, Al3+ ions 
are expected to be either in an amorphous phase or in
corporated into the MgO lattice, leading to a periclase-type 
phase (Ni, Al)xMg1−xO in which Both Ni2+ and Al3+ partially 
substitute Mg2+ (Lucrédio et al., 2007; Matteuzzi et al., 1994; 
Rebours et al., 1994). Moreover, the absence of reflections due 
to segregated Fe phases suggests the formation of stable and 
highly dispersed Fe, in the Ni(Mg, Al)Ox matrix or into the 
metallic Ni phase. A more detailed discussion of the XRD 
results is provided in the Supporting Information. 

The achieved Ni and Fe molar fractional compositions on 
the prepared catalysts, as measured by XRF (xNi

m , xNi
m , Table S1) 

are close to the theoretical value; in contrast, significant 
deviations are observed in the case of Mg and Al at higher xNi

d . 
The Ni loading was reported as metallic molar fractions (xM

L ). 
It ranges between 0 and 0.376 (Table S1). 

Pure calcined MgO presents the lowest specific BET sur
face area (SBET = 40 m²/g, Table S1) and pore volume (Vp = 
0.13 cm3/g). After the reduction pre-treatment under H2, the 
SBET and Vp of MgO increase to 123 m2/g and 0.3 cm3/g, re
spectively. SBET of the calcined catalysts increases linearly 
with the Mg/Al ratio from 174 m2/g to 234 m2/g for the Ni0.75 

and Ni0.2, respectively (Table S1 and Fig. S4a). At the same 
time, the total pore volume (Vp) increases linearly from 0.48 
to 0.73 cm3/g when the Al loading increases from 6.4% to 14% 
(xAl

L , Fig. S4b), with no correlation between Vp and the Mg/Al 
ratio (Fig. S4c). 

After the reduction treatment, SBET of the catalysts in
creases linearly with the Mg/Al ratio (Table S1 and Fig. S4a). 
However, compared with the calcined catalysts, it decreases 
for all the samples, with an SBET-loss increasing at low Mg/Al 
ratios. Besides, the Vp of the reduced catalysts decreases, 
compared to calcined ones, and no correlation with Al 
loading is observed (Fig. S4b). At the same time, a linear in
crease as a function of the Mg/Al ratio is observed (Fig. S4c). 
The observed textural differences among the calcined sam
ples are a consequence of the different particle morphologies 
evidenced in the SEM micrographs (Figs. S2 and S3). Notably, 
catalysts showing flake-like morphology (Ni0.12 and Ni0.2) 
show larger SBET than samples with compact particles and no 
evident platelet-like morphology (i.e. Ni0.4 – Ni0.75), high
lighting the effect of composition on morphology and tex
tural properties (Ferreira et al., 2019; González-Cortés et al., 
2007; Zhu et al., 2016). The observed losses in SBET and Vp 

after reduction with H2 are related to the structural and pore 
network rearrangements, minimised by increasing the Mg/Al 
ratio. 

A standard reduction treatment (pure H2 flow for 2 h at 
600 °C) followed by cooling to 300 °C under N2 flow was ap
plied to all the samples, including for in-situ APXPS and 
NEXAFS measurements, to achieve comparable results. The 
reduction temperature was selected after preliminary tests 
to avoid a large decrease in the surface area and drastic 
sintering of the Ni crystallites. 

The calcined catalysts' reducibility, as determined by H2- 
TPR, increases with the Ni loading (Fig. S5). While no reduc
tion peak is observed for Ni0, the other catalysts exhibit a 
broad high-temperature reduction peak, with the onset and a 
peak maximum shifting from 766 and 905 °C to 493–593 °C as 
Ni loading increases, respectively, indicating an enhance
ment of the reducibility. The high-temperature peak is pre
viously assigned to Ni2+ reduction within the lattice of a Ni- 
Mg-Al solid solution (Liu et al., 2014). Besides, Ni0.12 and Ni0.2 

present a weak H2 consumption peak at 450 °C, attributed to 
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the reduction of NiO at the outermost layer of the support 
(Liu et al., 2014; Parmaliana et al., 1990). The reduction profile 
of pure NiO, investigated in a previous paper as a benchmark 
(Abate et al., 2016), showed a sharp reduction peak at 383 °C 
and a small shoulder at 283 °C, in agreement with the lit
erature (Garbarino et al., 2014). The improved reducibility 
with increasing Ni loading can be related to the exsolution of 
Ni from the spinel phase at high Ni/Al ratios (Liu et al., 2014), 
leading to the formation of small supported NiO crystallites. 
Fe loading favours this process (Parmaliana et al., 1990). 

CO2-TPD of the pre-reduced catalyst is applied to de
termine the strength and density of basic sites on the pre- 
reduced catalysts at 600 °C. All the obtained CO2-TPD profiles 
(Fig. S6) were fitted with four Gaussian peaks except for the 
Ni0.2 catalyst, which presents an additional peak at 525 °C. 
Overall, in the case of Mg-Al mixed oxides, basic sites are 
usually classified into three classes: weak (93–154 °C, B1 – B2), 
medium (200–230 °C, B3), and strong (283–326 °C, B4 – B5), 
which could be attributed to bicarbonates, unidentate and 
bidentate carbonates, respectively (Di Cosimo et al., 2000, 
1998; Silva et al., 2010; Veloso et al., 2008). However, the 
partial oxidation of Ni after CO2 adsorption can also lead to 
CO2 dissociation and desorption of minor amounts of CO 
during the temperature ramp, as it will be shown later by 
CO2-DRIFTS. The fitting of the CO2-TPD profiles (Fig. S6, Table 
S2) indicates that the medium basic sites (B3) are pre
dominant in all the analysed samples. Moreover, the total 
number of basic sites (BA, Total) decreases with Ni-Fe loading 
by 58%, passing from Ni0.2 to Ni0.75 (Table S2). 

The metallic surface area (MSA), measured by CO che
misorption, shows a maximum value for the Ni0.6 catalyst 
(Table 2). The Ni0.12 catalyst shows the lowest MSA, while 
Ni0.75 and Ni0.2 present similar MSA values. The dispersion 
increases with Ni loading (decreasing Mg loadings) in the 
series Ni0.12 – Ni0.6, while, in the absence of Mg, it decreases 
for Ni0.75 (Fig. S7, Table 2). The catalysts' reduction degree, 
measured by H2-TPR after pre-reduction in H2 at 600 °C, in
creased with the Ni loading from 78% to 92% (Table 2). In 
agreement, the lower reduction degree measured at low Ni 
loadings is mainly related to oxidised Ni within the bulk of 
the catalysts, inaccessible for catalysis. Although Ni0.6 pre
sents a lower Ni loading than Ni0.75, its superior MSA and 
dispersion can be promoted by Mg at low loadings. We pos
tulate that Mg, in the Ni0.6 catalyst (Mg/Al ratio of 1.59 mol/ 
mol), as compared to Ni0.75 (Mg/Al: 0 mol/mol), can replace Ni 
for the formation of Ni1−xMgxAl2O4 spinels (Liu et al., 2014;  
Torrente-Murciano, 2016), increasing the available MSA. 

Fig. 1(a and c) show bright-field STEM micrographs and Ni 
particle size distribution of the Ni0.2 and Ni0.4 catalysts re
duced at 600 °C. Ni0.2 and Ni0.4 exhibit narrow Ni particle size 
distributions, and the average particle size increases from 
8.7 nm for Ni0.2 to 10.6 nm for Ni0.4. Besides, HRTEM images of 
the reduced Ni0.2 and Ni0.4 catalysts are also reported in  
Fig. 1(b and d), and lattice fringes of d = 0.2079 nm for Ni0.2 

and d = 0.2081 nm for Ni0.4 are obtained, consistent with the 
(111) crystal plane of Ni. The observed lattice fringe values 
indicate no significant difference in the interplanar distances 
of Ni after increasing Ni-Fe contents. Consistently with XRD 
data, no segregated Fe crystalline phase forms upon reduc
tion. However, it should be noted that the statistical analysis 
of the particle size distribution focused on the larger metallic 
particles offering a clear contrast in the bright-field STEM 
images. Smaller metal clusters were not visualised by mi
croscopy and normally remain undetected with XRD. Thus, 
their presence cannot be ruled out. 

Moreover, high angle annular dark field (HAADF)-EDX 
mapping results for the Ni0.2 and Ni0.4 catalysts reduced at 
600 °C are also presented in Fig. S8. Elemental mapping 
shows the spatial distribution of Ni and Fe within individual 
particles, indicating the formation of alloy structure as 
proven in our previous study (C. Mebrahtu et al., 2018b). 
However, Fe is preferentially distributed on Ni particles (Fig. 
S8a) on the Ni0.2 catalyst, while it is also present over the 
support in small amounts on the Ni0.4 catalyst (Fig. S8b). 

Thus, the presence of i) small Ni-Fe particles, ii) the in
creased MSA/metal dispersion, and iii) increased reduction 
degree after the reduction treatment at 600 °C in H2 with the 
increased Ni loading (Ni0.12 - Ni0.6) are related to the partial 
coverage of Ni particles from the support and strong metal- 
support interaction at low Ni loadings. The latter phenom
enon is reasonable, considering the principles of the copre
cipitation method during the catalyst synthesis. At the same 
time, the homogenous distribution of Mg (Fig. S8a and S8b) 
suggests the presence of vicinal metallic and basic sites 
available for catalysis. In addition, the less homogenous 
distribution of Fe on the Ni0.4 catalyst shown by EDX map
ping, compared with the Ni0.2, indicates a variation of the 
local Fe/Ni ratio on the particles with different Ni loadings. 

3.2. Activity, selectivity, and stability of the hydrotalcite- 
derived catalysts for CO2 methanation 

The activity of the catalysts in the CO2 methanation reaction 
was tested at 300 °C and 1 atm in a fixed bed reactor under 

Table 2 – Metallic surface area, as determined by CO Chemisorption analysis after reduction in H2 at 600 °C for 2 h with a 
rate of 10 °C/min.        

# Catalyst Metallic Surface 
Area (m2/gcat) 

Ma (-) Dispersion (%) Reduction 
Degree (%)b  

2 Ni0.12  0.71  0.059  0.55  78 
3 Ni0.2  2.52  0.210  1.53  87 
4 Ni0.4  9.31  0.767  3.15  90 
5 Ni0.6  12.08  1.000  3.23  90 
6 Ni0.75  4.13  0.347  0.96  92  

a M is the relative metallic surface area, dimensionless, = MSACat
MSANi0.6

, see Section 2.2 for details.  

b Reduction degree of the catalysts based on H2-TPR measured after reduction of the samples in H2 at 600 °C, using the same reduction 
procedure employed before the catalytic testing.  
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high space velocities to simulate those relevant for industrial 
use. No other products except CH4 and CO were detected 
under the investigated conditions. The temperature of 
300 °C, lower than most of those investigated in the literature 
(typically > 400–450 °C), is to evaluate the catalytic behaviour 
under conditions relevant to industrial use. At higher reac
tion temperatures, the conversion of CO2 becomes limited 
from the thermodynamic equilibriums and thus the full 
conversion necessary for industrial use cannot be achieved. 
At the same time, we noted that the results obtained at 
higher reaction temperatures are not representative of the 
nature of the active sites and their stability at these lower 
reaction temperatures (Mebrahtu et al., 2019). To obtain a 
more precise estimation of the activity at 300 °C, the beha
viour in a temperature range around this value was de
termined, and then deriving the precise value for reference 
300 °C, as described in the experimental part. Testing op
erations were selected to avoid mass- and heat-transfer 
limitations, indications also supported by conventional ex
perimental and calculation tests. 

The Ni0 shows no activity due to the absence of nickel and 
iron. The rate of CO2 conversion per gram of catalyst ( rCO

m
2 ,  

Fig. 2a) increases with the Ni loading up to the Ni0.4 catalyst 
( =r mmol·s g0.37 ·CO

m
cat

1 1
2 ) and decreases at high Ni loading. 

Note that Ni0.6, as compared to Ni0.4, shows the largest MSA 
but a lower rCO

m
2 . A similar trend was also shown by the me

thane production rate per mass of catalyst (rCH
m

4 ) which is 
maximised in the case of Ni0.4 and Ni0.6 

(r mmol·s g0.29 ·CH
m

cat
1 1

4 ). Ni0.12 and Ni0.2 show comparatively 
lower rCO

m
2 and rCH

m
4 and larger production rates of CO per 

mass of catalyst (rCO
m ) due to the reverse water gas shift re

action. 
We note that rCO

m decreases with the Ni loading. The in
creased selectivity to CH4 with increasing Ni loading (Fig. 2b) 
confirms this trend. In contrast, the rate data normalised by 
the Ni and Fe in moles (rCO

n
2 ) highlight that the performance 

of Ni0.2 is very similar to Ni0.12 and Ni0.4 (Fig. S9). Note that the 
apparent low selectivity to methane is due to the low con
version (< 10–15%) in these tests. The catalysts at higher CO2 

conversion show over 98–99% selectivity to methane. 
The Ni0.4, Ni0.6 and Ni0.75 catalysts show a stable beha

viour for over 60 h of time on stream (TOS), whereas Ni0.12 

and Ni0.2 deactivate during the 60 h catalytic tests (Fig. 2c, 
stability trend for Ni0.2). The CH4 selectivity remains stable 

Fig. 1 – Bright-field STEM and HRTEM images of Ni0.2 (a and b) and Ni0.4 (c and d) catalysts after reduction at 600 °C under H2, 
particle size distribution from larger area maps are included in a and c, and line scan profiles of the linear features in the 
HRTEM images are shown on top-right sides of b and d. 
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after an initial decrease from 61% to about 57% (Fig. 2d), 
while the opposite trend was observed for CO selectivity. 
However, a stable behaviour could be observed (Fig. S10) if 
the Ni0.2 catalyst is prereduced in H2 at a higher temperature 
(900 °C). In these reduction conditions, the sintering leads to 
partial exsolution of Ni with the creation of small Ni crys
tallites. This evidence indicates that the deactivation is as
sociated with Ni in the spinel structure, while the formation 
of Ni-supported crystallites leads to stable operations. Fur
ther indications will be given later in the section related to in- 
situ APXPS, NEXAFS, and DRIFTS studies. 

Table S3 also summarises a comparison of TOFCO2 values 
of the best catalysts obtained herein (Ni0.4 and Ni0.6) with 
both promoted hydrotalcite-derived and other catalysts re
ported in the literature. As shown in Table S3, Cu, La, V, Mn 
promoted NiMgAl hydrotalcite derived catalysts (Summa 
et al., 2022, 2021; Wierzbicki et al., 2018; Xiao et al., 2021) and 
Ce, V, Fe promoted Ni/Al2O3 catalysts (Daroughegi et al., 2021; 
Garbarino et al., 2021; Mebrahtu et al., 2018a) investigated by 
other groups show significantly lower TOFCO2 values (at 
comparable low reaction temperature operations) than those 
reported here for the best samples. In addition, these sam
ples were also tested under much higher space velocities. By 
comparing the results of TOFCO2 with those of industrial 

catalysts (Abate et al., 2016; Mebrahtu et al., 2018b, 2019), it 
may be concluded that Ni0.4 and Ni0.6 samples outperform 
the behaviour of industrial catalysts for CO2 methanation. 
They are thus representative samples for the in-situ studies. 

3.3. APXPS and NEXAFS studies, dependence on the 
reacting atmosphere 

After the proper selection of representative samples dis
cussed in the previous section, the core of this study regards 
the in-situ mechanistic studies by a combination of physico- 
chemical methods. Earlier studies by us (Giorgianni et al., 
2020) analysed only the role of iron in hydrotalcite-based Ni- 
Fe catalysts for CO2 methanation. Reported here is instead an 
analysis of the role of the fractional density of basic to me
tallic sites and the dependence on the reacting atmosphere. 
As commented before, literature studies focused on ex-situ 
correlations. We report here both ex-situ and in-situ data and 
the latter's dependence on the reacting atmosphere for a 
more comprehensive analysis of the reaction mechanism. 

The Ni0.2, Ni0.4, and Ni0.6 catalysts were studied by in-situ 
APXPS (ambient pressure X-ray photoelectron spectroscopy) 
and NEXAFS (X-ray absorption near edge structure) to clarify 
the Ni, Fe, and C speciation and how these change under the 

Fig. 2 – (a) CO2 conversion, CO and CH4 production rates normalised by the mass of the catalyst, obtained under differential 
reaction conditions (Eqs. 5 – 7); (b) CH4 Selectivity of all prepared catalysts; (c) stability, and (d) selectivity of Ni0.2 during 60 h 
(300 °C, P = 1 atm, H2:CO2 = 4:1, GHSV = 66,845 h−1); in Figure (b) =S (%) 100 S (%)CO CH4 . 
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reactive atmosphere (sequence of experiments and mea
sured spectra were summarised in Table S4). 

Fig. 3 shows the Ni electronic structure of the in-situ mea
sured catalysts. Fig. 3a – c reports the Ni L-edges NEXAFS spectra 
in electron yield, whereas the Ni2p XPS spectra are reported in  
Fig. 3d – f. The Ni L-edges NEXAFS spectra are characterised by 
resonances arising from the electronic transition from the 
ground state 2p63d8 to excited state 2p53d9, where the presence 
of a multiplet structure indicates that Ni is mostly oxidised in 
these conditions due to the low H2 pressure (50 – 70 mbar) used 
during the in-situ reduction. The maximum of the Ni L3-edge 
resonance for Ni0.2 and Ni0.4 at around 853.4 eV under H2 at
mosphere (Hy2) and the presence of a small resonance on the 
high energy side of the main L3-edge resonance are consistent 
with multiplet effects in Ni(II) species; a contribution from 
covalent Ni(III) species is also possible (Giorgianni et al., 2020). 
The small satellite peak above the L3 edge at around 858 eV is 
due to ligand-to-metal charge transfer, typical of solid com
pounds. The comparative analysis of the Ni L-edges NEXAFS 
spectra for the three samples under the H2 atmosphere at 300 °C 
(Hy1, Hy2; a black curve in Fig. 3a – c) shows that the intensity of 
the main resonance decreases in the order Ni0.6 <  Ni0.4 <  Ni0.2, 
whereas the edge jump follows an opposite correlation amongst 
the samples. 

In the case of the Ni0.6, the maximum of the main re
sonance is shifted to a lower energy value, and a multiplet 
structure in the L2 edge is much less evident. This indicates 

that Ni0.6 also contains metallic Ni. It is the most reduced 
among the studied samples, in agreement with H2-TPR data 
(Fig. S5). For the other samples, indications on metallic Ni can 
be deduced by comparing the spectra under hydrogenation 
and methanation reaction conditions, with the latter 
showing a more intense main resonance and a more pro
nounced multiplet structure consistent with catalysts in a 
comparatively more oxidised state. Under methanation 
conditions (M1, M2), the electronic structure of Ni changes 
more significantly for Ni0.6, as shown by the relatively more 
pronounced increase in the intensity of the main resonance. 

The XPS Ni2p spectra provide additional information on 
the surface speciation under different conditions. Initially, 
we used a 4-component fitting model developed previously 
on similar catalytic systems (Arrigo et al., 2020; Giorgianni 
et al., 2020). The Ni2 component at 852.6 eV in the 2p3/2 core 
level spectrum, found with an additional satellite peak at 
5.7 eV above the mainline, is due to metallic Ni. Ni3 compo
nent at 853.7 eV is attributed to Ni(II) in NiO. The Ni4 com
ponent at ca. 855.8  ±  0.05 eV, accompanied by two intense 
satellite peaks at 861.1 eV and 864 eV, is due to a mixed Ni(II)/ 
Ni(III) oxy-hydroxide phase. The Ni5 component, found at 
859.1 eV, is attributed to cationic Ni in mixed oxides such as 
Ni aluminate species. We first discuss the dynamics involved 
for Ni0.6 (Fig. 3f). 

Accordingly, in the H2 atmosphere (Hy1), the freshly re
duced catalyst is predominantly reduced, whereas, under 

Fig. 3 – Comparison of the Ni electronic structure in H2 (Hy1, Hy2: 4 mbar, 300 °C; Hy1 * 5 mbar, 600 °C), and methanation 
condition (M1, M2: H2/CO2 = 4, 5 mbar, 300 °C) by Ni L-edges NEXAFS (a – c), and Ni 2p XPS spectra (d – e) for the Ni0.2, Ni0.4 and 
Ni0.6 catalysts. Before the measurements, the samples were reduced in-situ, at 600 °C in 50 – 70 mbar of H2 (# represents the 
sequential number of the spectra; @ in Hy@, Cd@, M@ stands for the cycle number of the treatment; details in Table S3). 
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methanation reaction (M1), the surface becomes hydro
xylated, as shown by the pronounced increase of the Ni4 
component and the corresponding decrease of the Ni2 spe
cies. This result is consistent with previous work (Giorgianni 
et al., 2020) on high-Ni-content hydrotalcite-derived systems 
and describes the electronic structure dynamics of relatively 
large Ni nanoparticles. The fitting of the Ni 2p XPS spectra of 
Ni0.4 and Ni0.2 shows the presence of an additional low 
abundant component (Ni1) at lower BE (∼ 851.4 eV). The latter 
component is visible in the H2 environment, with a de
creasing trend from Hy1 to Hy2, and nearly completely dis
appears under methanation conditions (M1 and M2). This 
species is relatively more abundant in the low-loaded Ni0.2. 
Previously, a species at lower BE than the metallic Ni com
ponent was found for H-chemisorbed surface states 
(Denecke and Martensson, 2005) and single Ni atoms dis
persed on a Cu single crystal (Koschel et al., 2000). 

Such a shift to low BE indicates a photoemitting Ni metal 
atom, with a coordination number with the surrounding Ni 
atoms below the value of bulk metallic Ni (fcc is 12). From an 
electronic structure viewpoint, such a low BE species implies 
an accumulation of charge on the Ni atom if compared to the 
case of metallic Ni species with a full Ni-Ni coordination 
shell. Hence, using APXPS, we can identify the presence of 
metallic few-atom Ni clusters (Ni1 component), which occur 
at 851.4 eV BE. Under methanation conditions, we observe 
the transformation of the metallic Ni components into hy
droxylated species. 

However, the Ni2 component is relatively more abundant 
on Ni0.4 if compared to Ni0.6, consistent with the higher me
thane formation for the former. Moreover, the Ni1 compo
nents are still present on Ni0.2 and Ni0.4 under methanation 
reaction conditions instead of the complete oxidation ob
served under the CO2 atmosphere (Fig. 3d). We also note that 
the metallic Ni2 component becomes relatively more intense 
for Ni0.4 in the second reduction cycle (Hy2; H2: 4 mbar, 
300 °C; Fig. 3e). The formation of different Ni species after 
reduction is related to the reducibility of the catalysts and 
the effect of the instability of the sample towards sintering. 

As shown in the H2-TPR (Fig. S5), catalysts with lower Ni 
loading (such as Ni0.2) require a higher reduction tempera
ture compared to the catalysts with high Ni loading (Ni0.6, for 

example). A catalyst that shows a high reduction tempera
ture in the H2-TPR (Ni0.2) is characterised by a lower Ni2 
component in Ni 2p XPS and vice versa. Moreover, the re
duced Ni0.2 catalyst also showed Ni1 species in addition to 
the bulk metallic Ni, while reduced Ni0.6 did not show such 
species. We consider this a clear effect of the surrounding 
composition and the metal-support interaction. It will be 
shown later the implications on the surface C species. 

The Fe L3-edge NEXAFS spectra for the measured catalysts 
are reported in electron yield mode in Fig. 4. In this case, the 
Fe1 (708 eV), Fe2 (708.7 eV) and Fe3 (710.6 eV) components, 
assigned to Fe(0), Fe(II) and Fe(III) species, were found. The 
latter components changed dynamically in H2 and metha
nation environment. 

In the Ni0.6, Fe is mostly metallic in the H2 atmosphere, 
while, under methanation conditions, it gets oxidised into a 
Fe(II)/Fe(III) mixture. In comparison, under the H2 atmo
sphere (Hy1 and Hy2), Fe in the Ni0.2 and Ni0.4 catalysts ap
pear less metallic in character than Ni0.6 (peak maximum still 
in correspondence of the Fe2 resonance). At the same time, 
under methanation conditions, their behaviour is consistent 
with the one shown by Ni0.6. 

In a previous study (Giorgianni et al., 2020), we showed that 
the condition in which Fe(II) species were still present in the 
near-surface region coincided with some metallic Ni and in
dicated that this was necessary for forming methane. In con
trast, the total oxidation of Fe(II) to Fe(III) and hydroxylation of Ni 
coincided with the formation of carbon monoxide (Giorgianni 
et al., 2020). Thus, Fe species close to Ni hinder the latter's oxi
dation by acting as an oxygen scavenger. 

As indicated in a previous paragraph, the most active 
samples are low Ni-loaded samples with an activity that in
creases in the following order Ni0.2 <  Ni0.6 <  Ni0.4. The spec
troscopic data so far indicate similar dynamics of the Fe and 
Ni species under methanation conditions for the three 
samples, with retention of a small amount of metallic Ni on 
the surface and a mainly quantitative oxidation/hydroxyla
tion of Fe similar to previous work (Giorgianni et al., 2020). 
Although the transformations involved are of the same 
nature, we can identify in this work the existence of surface- 
exposed low nuclearity metallic Ni coordinated to metallic Fe 
atoms on the reduced samples. 

Fig. 4 – Comparison of the Fe electronic structure in H2 (Hy1, Hy2: 4 mbar, 300 °C; Hy1 * 5 mbar, 600 °C), and methanation 
condition (M1, M2: H2/CO2 = 4, 5 mbar, 300 °C) by Fe L-edges NEXAFS for the Ni0.2, Ni0.4, and Ni0.6 catalysts. Reference spectra 
for FeO and Fe2O3 are included in (a). Before the measurements, the catalysts were reduced in-situ, at 600 °C in 50 – 70 mbar 
of H2 (# represents the sequential number of the spectra; @ in Hy@, Cd@, M@ stands for the cycle number of the treatment; 
details in Table S3). 
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This statement is correct because metallic Ni species are 
still present under methanation conditions in very small 
amounts commensurate with the amount of Fe (Ni/Fe ratio is 
10). The mutual location of Ni and Fe atoms is such that the 
Ni-Ni coordination is below the bulk metallic Ni. 

The C1s XPS spectra were fitted using a 7-component 
model (Fig. 5). The C1 component at 284.8 eV is associated 
with disordered sp2 carbon with a high abundance of sp3 

moieties. It can also be due to small sp2 domains within an 
amorphous carbon phase (Arrigo et al., 2022a). C-O bonds are 
found above 285.5 eV (Arrigo et al., 2022a). C2 at 286.3 eV was 
assigned to CO adsorbed linearly on metallic Ni surfaces (Wei 
et al., 2015) and methoxy species on oxides (Salmeron and 
Schlogl, 2008). The C3 component is at 287 eV, at which BE 
carbonic acid-like adsorbates derived from the interaction of 
CO2 and H2O were previously found (Ye et al., 2019). C4 and 
C5 are found at 288 eV and 288.5 eV, a region assigned to 
formate species, whereas the C6 component at 290 eV was 
assigned to carbonates (Salmeron and Schlogl, 2008). Above 
291 eV, gas-phase CO2 is found. 

After the initial in-situ reduction treatment (50 – 70 mbar 
H2, 600 °C), in the H2 environment (Hy1), the surface of all the 
catalysts is still covered by carbonaceous species coming 
from the preparation procedure or the exposure to the en
vironment (black spectra). We also note that, for Ni0.4, under 
reduction conditions at 300 °C (Hy2, spectrum #18, Fig. 5b), it 
is possible to reduce the oxygenated carbonaceous species 
formed during the 1st methanation cycle (M1), with mainly 
deposited defective sp2 C left. In contrast, on the second re
duction cycle (Hy2) (spectrum #6, Fig. 5a) of Ni0.2, it was not 
possible to remove all the oxygenated species formed after 
the 1st methanation cycle (M1). An interesting observation is 
that while for Ni0.6 under in-situ conditions for methanation 
reaction, only a few C-O/methoxy (C2) and formate (C4) 
species are present, the surface of the Ni0.4 and Ni0.2 is 
characterised by a large population of oxygenated C species, 
including carbonate species, indicating a large population of 
Lewis basic sites available for CO2 chemisorption under 
methanation conditions. The formate species (C4) are similar 
for Ni0.2 and Ni0.4 and much less abundant for Ni0.6. 

We note that the distribution of oxygenated species 
formed on Ni0.4 during the first methanation cycle (spectrum 

#16, Fig. 5b) is similar to that of oxygenated species formed 
on Ni0.2 during the second methanation cycle (spectrum #11, 
in Fig. 5a). However, for Ni0.4, the distribution of the latter 
species changes over time in the second methanation cycle 
(spectrum #24, Fig. 5b), indicating ongoing structural changes 
(spectra #24 and 25, Fig. 5b). We also note that now hydro
genated/reduced C2 species are relatively more abundant on 
the Ni0.4 during the second methanation cycle and a possible 
interconversion of one form into another occurs. For ex
ample, it was possible to identify for Ni0.4 the presence of 
weakly interacting carbonic acid-like adsorbates (C3 in 
spectrum #25, Fig. 5b), probably intermediate species for the 
formation of other oxygenated species (e.g., C2 in spectrum 
#24, Fig. 5b) or C accumulation (C1) upon stronger interaction 
with the catalyst surface. 

Ni0.6 shows the highest C accumulation (most intense C1 
component; spectrum #31, Fig. 5c). We consider the latter 
related to this sample's larger Ni particle size. The presence 
of oxygenated species is correlated to the highly dispersed Ni 
species in the Ni2p seen in XPS, whose electronic structure 
indicates a high electron density, which is available for CO2 

chemisorption. The speciation of surface-oxygenated com
pounds reflects the reducibility and stability of the catalysts 
against sintering. Ni0.2 is the least reducible and shows a 
large abundance of highly oxidised carbon species. Ni0.4 in
itially presents similar characteristics in terms of C specia
tion; however, these carbon species appear to be easily 
reduced under hydrogenation conditions. 

3.4. In-situ DRIFTS experiments 

The nature of CO2 chemisorbed species under CO2-only at
mosphere and methanation conditions was studied by in-situ 
DRIFTS (CO2-DRIFTS and M-DRIFTS, respectively). The Ni0.2, 
Ni0.4, and Ni0.6 were measured at 200, 300, and 400 °C, to
gether with a commercial Ni/Al2O3 catalyst methanation 
catalyst for comparison (CRG-F, from British Gas) prepared by 
a similar coprecipitation method. In this industrial sample, 
the Ni and Al molar fractional loadings, xM

L , are 0.306 and 
0.155, respectively. The composition is between Ni0.2 and 
Ni0.4; see Table S1. Steady-state CO2- and methanation- 
DRIFTS spectra were recorded after exposing the catalyst to 

Fig. 5 – Fitted C1s spectra at KE 400 eV for Ni0.2, Ni0.4, and Ni0.6 in H2 (Hy1, Hy2: 4 mbar, 300 °C; Hy1 * 5 mbar, 600 °C), and 
methanation condition (M1, M2: H2/CO2 = 4, 5 mbar, 300 °C). Major and minor tick labels are consistent between the plots. 
Before the measurements, the catalysts were reduced in-situ, at 600 °C in 50 – 70 mbar of H2 (# represents the sequential 
number of the spectra; @ in Hy@, Cd@, M@ stands for the cycle number of the treatment; details in Table S3). 
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the reaction environment for 10 and 30 min, respectively 
(Fig. 6). All the recorded spectra show the characteristic 
double band of CO2 in the gas phase at 2359 and 2343 cm−1 

(Coenen et al., 2018). 
During CO2-DRIFTS experiments (Fig. 6a), monodentate 

carbonate (1550, 1410 cm−1), bidentate carbonate (1275–1330, 
1625–1670 cm−1), bicarbonate (1220, 1370–1405, 
1655–1670 cm−1), and formate species (1330–1400, 1600 and 
2870 cm−1) are observed for the Ni0.2 and Ni0.4 catalysts. Si
milar absorption bands were found on MgO (Busca and 
Lorenzelli, 1982). Conversely, the latter species are absent on 
the CRG-F and present only in traces on Ni0.6 (Fig. 6a), prob
ably due to the low MgO content in this sample. The band 
associated with adsorbed bicarbonate species (1220 cm−1) 
remains very small within the whole temperature range in
vestigated (200–400 °C) (Busca and Lorenzelli, 1982; Huynh 
et al., 2020). CO species adsorbed in the linear 
(2000–2130 cm−1), bridge (1880–2000 cm−1), threefold 
(1800–1880 cm−1), and fourfold (1800–1730 cm−1) modes 
(Papadopoulos, 2008) were found for Ni0.2, Ni0.4 and on the 
CRG-F catalysts. Moreover, on the CRG-F catalyst, adsorbed 
CO was the most abundant species, in agreement with Fujita 
et al. (1993). 

During M-DRIFTS experiments at 200, 300, and 400 °C 
(Fig. 6b), bands associated with methane in the gas phase 

(3016, 1306 cm-1 (Pan et al., 2014b)) and adsorbed water 
(2700–3700 cm−1 on MgO (Foster et al., 2005) and 
1650–1600 cm−1 (Hadjiivanov, 2014)), potentially overlapping 
with bands of water in the gas phase (4000–3370, 
1930–1118 cm−1 (Hakkarainen et al., 2000)) were detected. 
Bicarbonate species (1220 cm−1) were not identified even at 
200 °C, while formate (1330–1400, 1600 and 2870 cm−1) and 
adsorbed CO bands increased as compared with CO2-DRIFTS 
experiments. After increasing the temperature of the M- 
DRIFTS experiment from 200 to 400 °C, all the observed bands 
decrease in intensity, while the methane bands, at 300 °C, go 
through a maximum. Finally, we note a more pronounced 
increase in the bands associated with CO2 intermediates, 
similar to what was found by Huynh et al. (2020). The more 
intense bands associated with adsorbed water are found on 
the Ni0.2 and Ni0.4 catalysts at 200 °C. 

The presence of multiple CO bands, evidenced by CO2- 
DRIFTS experiments, indicates the presence of dissociative 
adsorption of CO2 (Fig. 6a) on the surface of metallic Ni, in 
agreement with the literature (Heine et al., 2016; Völs et al., 
2021; Yuan et al., 2016). At the same time, the presence of 
bicarbonate and formate species indicates the presence of an 
associative CO2 adsorption mechanism due to MgO (Fujita 
et al., 1993; Ho et al., 2020; Huynh et al., 2020; Miao et al., 
2016). The presence of CO, bicarbonate, and formate species 

Fig. 6 – In-situ DRIFTS spectra recorded during (a) CO2 adsorption (feed 50 mL/min, CO2/N2 = 1/9 v/v), and (b) Methanation 
experiments (Total feed = 50 mL/min, CO2/H2/N2 = 1/4/1 v/v). 
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during the M-DRIFTS experiment is consistent with C1s 
APXPS results (Fig. 5). 

4. Discussion 

Before analysing the structure-activity relationships identi
fied in this work, and the new insights into the state-of-the- 
art, it is useful to briefly recall the main indications from the 
study reported in the previous section. 

A series of hydrotalcite-based Ni-Fe catalysts were syn
thesised to study these materials in the low-temperature 
(300 °C) CO2 methanation for the motivation outlined before. 
In short, high activity at these reaction temperatures is 
needed from an industrial perspective because the max
imum conversion is limited by equilibrium at higher tem
peratures. With respect to earlier literature mechanistic 
studies, this is the first investigation made on methanation 
catalysts operating in this low-temperature range. On the 
other hand, we earlier note that the catalyst dynamic and 
effect of the reaction environment strongly depend on the 
reaction temperature (Giorgianni et al., 2020; Mebrahtu et al., 
2019). From this perspective, this manuscript thus provides 
new insights because measurements were made under dif
ferent conditions to literature and thus tailored to under
stand in-situ catalyst dynamics and mechanistic aspects at 
this industrially-relevant temperature of operation. In con
trast, literature data are ex-situ or made for much higher 
temperature operations and less active catalysts. 

For this reason, the catalysts were prepared to have a high 
activity at these low-temperature conditions. The catalysts 
were thus reduced at 600 °C rather than higher temperatures, 
because the sintering occurring above 600 °C would prevent 
obtaining such high activity. The catalytic tests confirm the 
high rate of CO2 methanation of these catalysts and thus 
their suitability for mechanistic study. The best perfor
mances are shown by Ni0.4 sample. Still, the in-situ study was 
extended to Ni0.2 and Ni0.6 samples to have a homogeneous 
series of samples where the Ni metallic area and density of 
basic surface sites change. 

These three catalysts were studied by combining different in- 
situ spectroscopy techniques (APXPS, NEXAFS and DRIFTS), 
monitoring the change in the nature of the surface species as a 
function of the reactive environment. Parallel ex-situ studies (H2- 
TPR, CO2-TPD, CO-chemisorption) combined with structural 
(XRD) and morphological analysis (SEM, HRTEM, and surface 
area/porosity measurements) provide the complementary data 
to compare these samples with literature for which typically 
only ex-situ measurements were reported. 

Hydrotalcite-derived materials are more active and stable 
towards CO2 methanation than other oxide-supported Ni- 
based catalysts (such as Ni/Al2O3), confirming the previous 
results (Hwang et al., 2012; Mebrahtu et al., 2018b). In con
trast to earlier reports concluding that high active metal 
loading (75–80% of Ni) was needed for viable CO2 conversion 
rate per gram of catalyst (Bette et al., 2016; Mebrahtu et al., 
2018b; Silva et al., 2010), we show herein that high catalytic 
activity can be obtained even with lower Ni-Fe loadings, with 
an optimal performance attained for Ni0.4 (Fig. 2a). 

4.1. Structure-activity correlations 

To develop a structure-activity correlation for the CO2 me
thanation, we first analyse the dependence of turnover fre
quencies (TOFs) on the density of metallic and basic sites, 

which are considered the descriptors of the catalytic beha
viour. The results are rationalised based on in-situ DRIFTS, 
APXPS, and NEXAFS results and the distribution of basic and 
metallic active sites. Accordingly, the TOFs of CO2 conversion 
(TOFCO2), CO (TOFCO) and methane production (TOFCH4) are 
inversely correlated with the density of metallic sites (M) and 
metallic dispersions (measured by CO chemisorption, Fig. 
S11) and directly correlated with the total density of the basic 
sites (BA, Total, CO2-TPD). Due to the intercorrelation of basic 
and metallic sites on the prepared catalysts, the surface 
fraction of basic sites (XB, defined in Section 2.2) is a better 
descriptor to evaluate the catalytic performance. We find 
that the measured TOF TOF, ,CO CO2 and TOFCH4 are ex
ponentially correlated with the surface fraction of basic sites 
(XB, Fig. 7). Similar correlations were found for basic or 
cerium sites (Liu et al., 2020). 

Consistently with the C1s APXPS and DRIFTS results 
(Fig. 5a - b; Fig. 6), besides CO species, also high surface 
concentrations of bicarbonates and formate species are ob
served in the presence of large amounts of basic sites due to 
the improved CO2 adsorption ability promoted by MgO (i.e. 
high XB and low Ni loadings). CO is formed by the dissociative 
chemisorption of CO2, while bicarbonates and formate via its 
associative chemisorption. Therefore, the increased 
TOF TOF, ,CO CO2 and TOFCH4 over the Ni0.12 and Ni0.2 catalysts 
compared to Ni0.4 and Ni0.6 catalysts can be explained by 
assuming that the conversion of CO2 into methane occurs 
through two simultaneous routes, namely the CO and for
mate routes (Scheme 1) in agreement with previous studies 
(Ho et al., 2020; Huynh et al., 2020; Miao et al., 2016; Millet 
et al., 2019; Pan et al., 2014a; Papadopoulos, 2008), but per
formed at higher reaction temperatures. 

Accordingly, for catalysts with large XB values, such as 
Ni0.12 and Ni0.2, the increased TOFCO2can be related to the high 
Mg loadings promoting CO2 adsorption, while the large TOFCO

and TOFCH4 can be related mostly to the increased surface 
concentration of CO and formate, in agreement with M- 
DRIFTS and APXPS. Specifically, the formation of CO, at low 
CO2 conversion, during the methanation reaction is pro
duced by the RWGS, and it is a key intermediate for the 
former reaction (Ko et al., 2016). According to the literature, 
the contribution by RWGS over Ni-based catalysts becomes 
significant under conditions such as i) short contact time or 
low Ni loadings/MSAs due to the lack of H-chemisorbed 
metallic sites for converting CO to CH4 (Mathew et al., 2021), 
ii) imbalance between metallic Ni and Mg sites when formate 
decompose in the presence of Mg ion (Mathew et al., 2021), 
and iii) high Fe/Ni ratio in the presence of oxidised Ni due to 
the higher activity of Fe than Ni in promoting CO2 dissocia
tion (Ko et al., 2016; Mebrahtu et al., 2018b). 

Instead, we observe in this manuscript that the most 
important factors enhancing RWGS reaction for these low- 
temperature methanation catalysts are the low MSAs at low 
Ni loading (due to partial coverage of Ni particles by the 
support (Xu et al., 2017)) and the large density of basic sites 
promoting the formate route. However, a locally high Fe/Ni 
ratio due to Ni-Fe alloys facilitates the RWGS reaction. Var
ious synergistic factors induce the decreased CH4 selectivity, 
favouring CO selectivity, at low Ni loadings. In the case of the 
Ni0.4 and Ni0.6 catalysts, as previously discussed, the low 
surface concentration of formate measured by M-DRIFTS 
(Fig. 6b) and in-situ APXPS (Fig. 5c) suggests a fast conversion 
of formate and CO into methane due to the high MSAs 
(Table 2). 
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Although the Ni0.75 catalyst (i.e. prepared in the absence of 
Mg) showed TOFs in between the Ni0.2 and Ni0.4 (Fig. 7) and 
superior to the Ni0.4 and Ni0.6 catalysts, its intermediate ac
tivity cannot simply be related to its intermediate XB. The 
surface H availability is also important. 

The lower TOFCO2, TOFCO, and TOFCH4 for Ni0.4 and Ni0.6 

might indicate that the limiting factor is not the formate and 

CO conversion to methane but rather the availability of sites 
for CO2 adsorption, consistently with the measured high rCO

m
2 , 

rCH
m

4 , and low rCO
m (Fig. 7). Instead, the conversion of formate 

and CO can be rate-limiting in the case of Ni0.12 and Ni0.2 

(high XB, low Ni MSA), e.g., due to the low availability of 
metallic sites, in agreement with the low rCO

m
2 , rCH

m
4 , and the 

high rCO
m (Fig. 7). The lower rCO

m obtained over Ni0.75, prepared 

Fig. 7 – Relationship between CO2, CH4 and CO TOFs and rates of the measured catalysts with the fractional coverage of the 
basic sites (XB and TOFs defined in Eqs. 4 and 9, respectively; 300 °C, 1 atm, H2:CO2 = 4:1, 66,845 h−1, under differential 
conditions). 

Scheme 1 – Proposed reaction mechanism of CO2 methanation over Ni-Fe(Mg, Al)Ox catalyst.  
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in the absence of Mg, is attributed to the negligible con
tribution from the formate route due to the lower total 
density of basic sites (B Total, A, Table S2, Fig. S6). 

4.2. Changes during catalytic operations 

Deactivation of the Ni0.2 catalyst during 60 h TOS (Fig. 2c) can 
be attributed to the oxidation of small Ni clusters. This oxi
dation of smaller Ni clusters is consistent with the large 
surface water concentration, as well as the fast oxidation of 
the Ni clusters that are formed upon pre-reduction of Ni0.2 

and are oxidised after introducing CO2, as measured by M- 
DRIFTS (Fig. 6b) and, Ni2p XPS in methanation conditions 
(Ni1 component Fig. 3d), respectively. 

The oxidation of Ni by decomposing CO2 to CO is known 
(Heine et al., 2016; Völs et al., 2021; Yuan et al., 2016). Besides 
suppressing the methanation rate by competitive adsorption 
with CO2 (Borgschulte et al., 2013; Marocco et al., 2018), 
strongly adsorbed water can oxidise small Ni clusters 
(Mebrahtu et al., 2019). In our previous work (Giorgianni et al., 
2020), we attributed the deactivation of hydrotalcite-derived 
Ni-based catalysts to a water-mediated oxidative mechanism 
leading to hydroxylation of the Ni, which was less severe in 
the presence of Fe. On the contrary, the stability of the Ni0.2 

catalyst after reduction at 900 °C (Fig. S10) can be related to 
the absence of the small Ni clusters due to the higher tem
perature of reduction, causing the sintering of the smaller Ni 
clusters and thus a lower intrinsic activity. This clearly de
monstrates how the use of catalysts active at a higher tem
perature range does not provide reliable information on 
catalysts active at lower temperatures. 

4.3. Mechanistic insights 

This work has provided new mechanistic insights into the 
complex dependence of the observed reaction rates on the 
structural characteristic of the catalysts. Concerning litera
ture, these insights are related to a highly-active CO2 me
thanation catalyst operating at 300 °C, as would be necessary 
for industrial operations, but having a Ni content below 50% 
wt. The structure-activity relationships discussed in Section 
4.1 are, thus, related to this type of catalyst for the first time 
and obtained by both ex-situ and in-situ studies. Literature 
data refer to catalysts operating at higher temperatures with 
lower activity. 

We identify for the first time highly dispersed metallic Ni- 
Fe clusters on Ni0.2 and Ni0.4. Due to their electronic structure, 
these species are expected to be highly reactive toward CO2 

chemisorption. However, deactivation due to excessive hy
droxylation of the surface by water and consequent blockage 
of the sites for H chemisorption is an issue. Although Fe can 
mitigate this problem (Giorgianni et al., 2020), herein we 
show that the particle size, metal loading, and chemical 
composition in terms of Fe, Ni, and Mg surface distribution 
play an important role. 

For Ni0.2, the surface Fe is mostly distributed on Ni parti
cles such that, as shown by APXPS, Fe-Ni ensembles are 
formed. However, an excessive hydroxylation is seen, pos
sibly due to the high Mg loading. In contrast, we do not ob
serve such Fe-Ni ensembles in Ni0.6, possibly because of the 
low intermixing between Fe and Ni at high Ni loadings and 
low concentration of Mg during the synthesis in agreement 
with HAADF-EDX mapping data of Ni0.4 (Fig. S8b). 

The ideal situation is realised for Ni0.4, in which not only 
the Fe-Ni clusters are still visible, with both Fe and Ni able to 
reduce CO2 to CO via the direct route or via the formate route, 
but the abundance of metallic Ni is relatively high, which 
guarantees adjacent H-chemisorption sites for the further 
reduction of CO to methane. 

This study exemplifies a catalyst design strategy to con
trol product distribution under conditions for methanation 
reaction, in which a complex network of reaction pathways 
occurs. We show the important role of Mg, the Ni-Fe parti
cles, and the intimate atomic distribution during the synth
esis step. However, highly dispersed Mg close to the metallic 
particles can also assist in the formate route. This fact ex
plains the apparent correlation of the activity with the den
sity of basic sites, which is dominated by the adsorption of 
CO2 on Mg sites and less on Ni-Fe sites. Hence, optimisation 
of the Mg and Ni contents allows particles with the optimal 
chemical composition for the methanation reaction. 

5. Conclusions 

In this work, a series of Ni-Fe hydrotalcite-derived catalysts 
with a wide range of Ni and Mg loadings were prepared by a 
coprecipitation method and employed for CO2 methanation. 
Industrially relevant catalytic performance was obtained 
using the Ni0.4 catalyst with a significantly reduced Ni 
loading compared to other commercial catalysts. Using the 
Ni0.4 catalyst with intermediate Ni and Mg loadings, a CO2 

conversion rate of 0.37 mmol/gcat/s is obtained at 300 °C. Note 
that selectivity to methane is affected by very high space- 
velocities and thus low CO2 conversion in these tests to avoid 
mass- and heat-transfer limitations. At higher conversion, 
selectivity to methane is up to over 99% (Mebrahtu et al., 
2018b, 2019). However, this aspect was not reported here 
because it is not relevant to the aim of the study: obtaining 
new mechanistic insights by combining ex-situ and in-situ 
data on a highly-active catalyst for CO2 methanation at 
300 °C having reduced Ni loading (< 50% wt) with respect to 
industrial catalysts for this reaction. 

Its superior activity is attributed to the optimal distribu
tion of basic and metallic sites, leading to dissociative CO2 

and Mg-assisted associative CO2 chemisorption with forming 
formate species as intermediate. The intermediate density of 
metallic and basic sites is the key parameter to obtaining 
highly active and CH4 selective catalysts during CO2 metha
nation. We have identified structure-activity relationships in 
CO2 methanation on these catalysts, which allow us to ra
tionally tailor the stability and distribution of basic and me
tallic sites of hydrotalcite-derived catalysts. 

Concerning the abundant literature on this topic, we have 
to remark that it refers to only less active and active catalysts 
at higher reaction temperatures or for which a full set of ex- 
situ and in-situ data supporting mechanistic insights is not 
available. Therefore, this paper provides a rationale for de
signing industrially competitive CO2 methanation catalysts 
with high catalytic activity while maintaining low Ni loading 
for the first time. 
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