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a b s t r a c t

It has been well established that carbon dioxide (CO2) is one of the main greenhouse gasses and a leading
driver of climate change. The chemical conversion of CO2 to substitute natural gas (SNG) in the presence
of renewable hydrogen is one of the most promising solutions by a well-known process called CO2

methanation. There have been comprehensive efforts in developing effective and efficient CO2 methana-
tion catalytic systems. However, the choice of competitive and stable catalysts is still a monumental
obstruction and a great challenge towards the commercialization and industrialization of CO2 methana-
tion. It is necessary to emphasize the critical understandings of intrinsic and extrinsic interactions of cat-
alyst components (active metal, support, promoter, etc.) for enhanced catalytic performance and stability
during CO2 methanation. This study reviews the up-to-date developments on CO2 methanation catalysts
and the optimal synergistic relationship between active metals, support, and promoters during the cat-
alytic activity. The existing catalysts and their novel properties for enhanced CO2 methanation were elu-
cidated using the state-of-the-art experimental and theoretical techniques. The selection of an
appropriate synthesis method, catalytic activity for CO2 methanation, deactivation of the catalysts, and
reaction mechanisms studies, have been explicitly compared and explained. Therefore, future efforts
should be directed towards the sustainable developments of catalytic configurations for successful indus-
trial applications of CO2 utilization to SNG using CO2 methanation.
� 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
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1. Introduction

Socioeconomic and scientific developments have increased the
global energy demand due to the increasing human population,
urbanization, modernization, and industrialization. Crude oil, coal,
and natural gas, known as fossil fuels, are the main energy sources
that have provided almost 85% of the world’s primary energy in
recent years. This high dependency on fossil fuels is escorted by
a massive emission of anthropogenic greenhouse gases (GHGs) to
the atmosphere, mostly in the form of carbon dioxide (CO2). It
has caused global warming, climate change, and various other
associated environmental concerns, including acid rain, extreme
weather events, imbalanced food distributions, disturbed nutri-
tion, and mass migration of birds and animals [1–6]. According
to recent scientific reports, atmospheric CO2 can last from 100 to
10,000 years with related climate destruction consequences. The
atmospheric CO2 has been increased by 40% from 1750 to 2011
with > 400 million ppm. The same amount of CO2 was released
only in 2013, which is the worst in the global historical records
so far; the most dangerous thing is that 50% of the total atmo-
spheric CO2 was released within 45 years. Before the industrial rev-
olution, the concentration of atmospheric CO2 was ~ 280 ppm,
which has increased to ~ 410 ppm, and the global CO2 emissions
smashed 33 gigatonnes (Gt) in 2018 [7–10]. Recently, different
techniques, such as photocatalysis, electrocatalysis, and thermo-

catalysis have been used to recycle atmospheric CO2 into value-
added chemicals and fuels, including methane, methanol, ethanol,
syngas, as well as a number of other products [11–23].

In addition, the US Energy Information Agency (EIA) has pro-
jected a 48% increase in the world’s energy consumption by 2040
from 549 to 815 quadrillions Btu. On the other hand, fossil fuels
are being depleted very fast as predicted by Hubbert’s curve. In
such circumstances, CO2 conversion into substitute natural gas
(SNG) by CO2 methanation is one of the promising ways to reduce
atmospheric CO2 and fulfill the high-energy demands. SNG has
high calorific value (55.7 kJ g�1) than coal (39.3 kJ g�1) and petro-
leum (43.6 kJ g�1); it produces a lower amount of CO2 compared to
coal and petroleum [24,25]. Due to the existing pipeline networks,
filling stations, and storage facilities, SNG can be stored and dis-
tributed without additional costs [26–34].

In the last few decades, serval studies have been investigated to
examine CO2 methanation over various types of catalytic systems
to produce SNG. From a thermodynamic perspective, it is still pos-
sible to boost catalytic efficiency by lowering temperatures, while
simultaneously increasing the yield and selectivity of methane by
reducing the effect of multiple side reactions. Coke is generated
because of these multiple side reactions during CO2 methanation,
which may trigger catalyst deactivation by blocking active sites
on the surface of catalysts (will be discussed in thermodynamic
section). Furthermore, due to its exothermic nature, CO2 methana-
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tion and other multiple side reactions emit a lot of heat, resulting
in hotspots in the reactor and catalyst deactivation. Since different
intermediates come from multiple side reactions, elucidating the
reaction mechanism during CO2 methanation is also a difficult task.
These issues make the CO2 methanation is a complicated reaction.
Therefore, the development of highly efficient and stable catalysts
is still a major challenge for the commercialization of CO2 metha-
nation [35–38].

In previous review studies, numerous CO2 methanation issues
and aspects have been analyzed and elucidated [35–49]. Neverthe-
less, there is still some gap in a state of the art knowledge devoted
exclusively to synergistic interactions between the catalytic activ-
ity and catalytic characteristics. In an effort to fill this gap, this
review updates and clarifies innovations for various latest develop-
ments in catalytic systems for CO2 methanation with contempo-
rary evaluation and synergistic relationship between oxygen
vacancies, strong metal-support interaction, particle size, metal
dispersion, chemical composition, acidity/basicity, reducibility,
porosity, and surface area. The studies regarding the CO2 conver-
sion into methanol, hydrocarbons, higher alcohols, CO, dimethyl
ether, formic acid, and formates by photo-/electrochemical pro-
cesses are not focused in this review. Firstly, the thermodynamics
and reaction chemistry of CO2 methanation are addressed. Then
the developments in catalytic systems for CO2 methanation with
active phase (metals), various types of supporting materials, pro-
moters, and methods of preparation are deeply discussed, with
an emphasis on their optimal synergistic relationships between

surface area, electronic/redox properties, structural properties,
basicity, metal-support interaction, oxygen vacancies, and
reducibility during the catalytic activity (Fig. 1). We also summa-
rize the recent improvements in metal-based catalysts,
promoter-based catalysts of different supporting materials, includ-
ing conventional, structural, zeolites, MOF, carbon, and other novel
catalytic systems. Based on the theoretical and experimental stud-
ies, the deactivation of the catalysts and reaction mechanisms are
also reviewed. Finally, the conclusions and outlook are provided.

2. A brief history of CO2 methanation

The CO and CO2 methanation techniques were discovered in
1902 by Paul Sabatier and Jean-Baptiste Senderens, and have been
used in various applications for over 100 years [31,50,51]. During
the late 1970 s oil crisis, methanation, or the hydrogenation of
CO and CO2, became very important for SNG production. In the
1980 s, basic studies on CO2 methanation processes were con-
ducted, with an emphasis on the use of blast furnace gas or coke
oven gas for downstream methanation. However, due to the sub-
stantial effort needed to clean these gases, only a few of these ideas
have made it to the commercial-scale [33,52,53]. Earth’s fossil fuel
reserves are limited in quantity and as the demand for fuel
increases, these sources are being depleted. The need to switch
from fossil fuels to renewable and sustainable energy sources
was another big explanation for CO2 methanation’s recognition.

Fig. 1. Different catalytic properties for highly active catalytic systems for CO2 methanation.
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The CO2 methanation process has received a renewed interest in
research institutions and industries because of the growing
demand for electricity storage, which has been fueled by rising
wind and solar power share. Hashimoto et al. [54] suggested a
combination of CO2 methanation and seawater electrolysis as a
way to avoid global warming and recycle CO2 as early as the
1980 s. In 2009, Sterner et al. [55] resurrected this concept for
the alleviation of climate change and the conservation of energy.

CO2 (g) + 4H2 (g) CH4 (g) + 2H2O (g) DH = -165 kJ/mol ð1Þ

CO (g) + 3H2 (g) CH4 (g) + H2O (g) DH = -206.1 kJ/mol ð2Þ

3. Thermodynamic considerations of CO2 methanation

Thermodynamically, CO2 methanation is a feasible reaction to
produce CH4 along with H2O as a byproduct using the stoichiomet-
ric molar ratio of feed gases (H2: CO2; 4:1), according to Eq. (1) at
relatively low temperature (200-250oC) and atmospheric pressure,
as shown in Fig. 2A. On increasing the temperature (above 450oC)
CO byproduct becomes more significant, which is produced by a
side reaction called a reverse water gas shift reaction (RWGS;
H2 + CO2 � CO + H2O), and at the same time, unconverted H2

and CO2 also start to rise, with a significant drop in the CH4 forma-
tion. As the CO2 methanation is a strongly exothermic reaction
along with a significant change in enthalpy (DH = -165 kJ/mol),
thereby the CO2 methanation activity is unfavorable at elevated
reaction temperatures. The mole fraction of CO2 reaches its maxi-
mum value when the temperature goes above 550oC and then falls
due to RWGS, which dominates at high temperatures. Using a sto-
ichiometric molar ratio of feed gases, no significant amount of car-
bon deposition is generated during CO2 methanation [56–63].

3.1. Thermodynamic parameters and multiple side reactions during
CO2 methanation

CO2 methanation involves several side reactions, as shown in
Table 1, each with its own set of thermodynamic parameters. In
Table 2, it can be seen that these all reactions are temperature-
dependent and have a major influence on methane formation dur-
ing CO2 methanation [24,35]. Hussain et al. [35] performed exper-
imental and thermodynamic analysis for CO2 methanation; they
studied the thermodynamic parameters, including equilibrium
constant (ln (K)), Gibbs energy (DG), entropy (DS), and enthalpy
change (DH) using different temperatures. Fig. 3 and Tables 1 dis-
play the ln (K) and Gibbs energy (DG) values for all potential reac-
tions involved in CO2 methanation. As can be seen that the
reactions, including CO reduction (11), CO methanation (9), Bou-
douard reaction (7), CO2 reduction (2), and CO2 methanation (1)
have positive ln (K), and negative DG and DH values, indicating
their high spontaneity and exothermicity. It confirms that these
are the most likely and dominant reactions during the methanation
process. However, reverse water gas shift reaction (4), the reverse
dry reforming of methane (6), and CH4 cracking (8) have negative
ln (K) and positive DG and DH values, indicating their infeasibility
and endothermicity during methanation, particularly at low tem-
peratures. As temperature increases, these reactions become sig-
nificant and feasible, e.g., the cracking of CH4 (8). It is
noteworthy that the CO2 hydrogenation (5) and CO hydrogenation
(12) reactions are more significant and feasible in the range of
450–500 �C. However, these reactions decline and become infeasi-

Fig. 2. (A) Product fraction of CO2 methanation at equilibrium (1 bar and CO2/
H2 = 1:4) obtained using HSC chemistry software 6.0 via Gibbs free energy
minimizing method. The results are according with published data [56]. (B)
Equilibrium conversion of CO2, H2 and formation of CH4 in CO2 methanation at
temperatures and pressures using H2/CO2 = 4:1. Adapted from [43].

Table 1
Possible reactions involved in CO2 methanation with their corresponding equilibrium constant (ln(K)), Gibbs free energy (DG), entropy (DS) and enthalpy change (DH) values at
T = 25oC and P = 0.1 MPa [35].

No. Reactions Chemical equations ln(K) DG DS DH

1 CO2 methanation CO2 (g) + 4H2 (g) � CH4 (g) + 2H2O (g) 24.868 �141.932 �214.497 �164.747
2 CO2 reduction CO2 (g) + 2H2 (g) � C + 2H2O (g) 11.003 �62.800 �91.722 �90.147
3 CO2 hydrogenation to CH3OH 2CO2 (g) + 3H2 (g) � CH3OH (g) + 4H2O (g) �0.61 3.484 �177.109 �49.321
4 Reverse water gas shift CO2 (g) + 2H2 (g) � CO (g) + H2O (g) �5.011 28.602 42.045 41.138
5 CO2 hydrogenation to C2H6 2CO2 (g) + 7H2 (g) � C2H6 (g) + 4H2O (g) 27.759 �158.43 �357.361 �264.978
6 Dry reforming of CH4 CO2 (g) + CH4 (g) � 2CO (g) + 2H2 (g) �29.879 170.535 256.542 247.023
7 Boudouard reaction 2CO (g) �C + CO2 (g) 21.026 �120.004 �175.812 �172.423
8 CH4 cracking CH4 (g)�C + 2H2 (g) �8.853 50.53 80.73 74.6
9 CO methanation CO (g) + 3H2 (g) � CH4 (g) + H2O (g) 19.857 �113.330 �172.452 206
10 CO hydrogenation to CH3OH CO (g) + 2H2 (g) �CH3OH (g) 4.401 �25.118 �219.153 �90.459
11 CO reduction CO (g) + H2 (g) �C + H2O (g) 16.015 �91.402 �133.767 �131.285
12 CO hydrogenation to C2H6 2CO (g) + 5H2 (g) � C2H6 (g) + 2H2O (g) 37.782 �215.635 �441.45 �347.254
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ble after 500 �C. The hydrogenations of CO and CO2 to CH3OH
(numbers 10 and 3) are more significant at low temperatures
and vice versa. Based on the foregoing findings, it was proposed
that CO2 methanation is a complex process involving multiple
competitive side reactions that affect overall methane yield. As a
result, in order to achieve high selectivity and methane yield dur-
ing CO2 methanation, reaction conditions must be optimized.
According to Le Chatelier’s principle, changing the different param-
eters (e.g., temperature, H2/CO2, and pressure) thermodynamically
can boost the CO2 methanation activity. For example, using high
pressure can increase the CO2 methanation activity, as previously
reported [43], shown in Fig. 2B. They found that 1 bar (below
225 �C) or 20 bar (300 �C) pressure is required to achieve at least
98% of CO2 conversion during the CO2 methanation reaction.

3.2. Effect of H2/CO2 ratio on CO2 methanation

Several studies have stated that the change in H2/CO2 ratio has a
major impact on CO2 methanation activity [57–59,64–67]. For
example, Ahmad et al. [59] reported that H2/CO2 played an impor-
tant role in the equilibrium conversion of CO2, methane yield, the
selectivity of CO and methane, as shown in Fig. 4. It is noteworthy
that the molar ratio of H2/CO2 has a significant impact on the equi-
librium conversion of CO2 (Fig. 4A). Using the H2/CO2 ratio of 2:1,
the CO2 conversion is lower than that of H2/CO2 of 4:1 at the same
pressure, indicating that H2 acted as a limiting reactant during CO2

methanation (Eq. (1)). The higher H2/CO2 ratio (�4) results in
excess H2 molecules on the catalyst surface to reduce the available

active sites on the catalytic surface during CO2 methanation,
resulting in increased product yield and improved CH4 selectivity
(Fig. 4B, Fig. 4C). In addition, the selectivity of CO during CO2

methanation is an important factor for high methane yield; the
higher H2/CO2 ratio significantly reduces CO formation (Fig. 4D).
Similar results were reported by other studies of CO2 methana-
tion [57,68]. Hussain et al. [35] also explained the effect of the
H2/CO2 ratio on the selectivity of methane and CO2 conversion dur-
ing CO2 methanation. They reported that at low temperatures, the
main products are H2O, CO2, and C with lower H2:CO2 of 1:1. The
RWGS: CO2 (g) + 2H2 (g) � CO (g) + H2O (g) produces more CO
as the temperature rises above 400 �C. As the temperature
increases, the CH4 selectivity decreases, suggesting that CO2

methanation is unfavorable at high temperatures. As the H2/CO2

ratio continues to increase, the CH4 selectivity and CO2 conversion
are significantly enhanced (100%) using H2/CO2 of 4:1.

3.3. Effects of pressure on CO2 methanation

It is generally accepted that if one or more of the reactants are
gas then increasing pressure will effectively increase the concen-
tration of the reactant molecules and speed up the reaction. The
particles are, therefore on average, closer together and collisions
between the particles will occur more frequently. Several studies
have documented that increasing pressure dramatically improves
the conversion of CO2, selectivity, and yield of methane
[38,40,57,69,70]. For example, Ahmad et al. [59] found that pres-
sure was a significant factor in achieving high selectivity and yield
of CH4 during the equilibrium conversion of CO2, as shown in Fig. 5.
It is clear to notice that the equilibrium conversion of CO2 to
methane has enormously enhanced when pressure was increased
from 1 to 100 bar (Fig. 5A). A similar trend was observed for
methane yield and selectivity during CO2 methanation (Fig. 5B,
Fig. 5C) In contrast, CO selectivity decreased rapidly as the pressure
increased from 1 to 100 bar (Fig. 5D). It should be noted that during
CO2 methanation at various pressures, there are no major improve-
ments in CH4 selectivity at low temperatures (below 700 K). As the
temperature is raised, the CO2 conversion, selectivity, and yield of
methane at high pressures all increase noticeably. However, from
an industrial and economical perspective, CO2 methanation should
be carried out at a low pressure using high temperature. Since the
high-pressure equipment is dangerous to use, low temperatures
during the chemical phase are not appropriate for accelerating
the reaction rate [35].

4. Reaction chemistry of CO2 methanation

From a thermodynamic perspective, CO2 methanation is a
reversible, exothermic, and favorable reaction at room tempera-
ture and atmospheric pressure; however, experimental CO2

methanation does not produce significant methane yield using
these conditions. Even though CO2 appears to be a simple mole-
cule, it has a linear, highly inert, stable, and diamagnetic molecule.
According to molecular orbital theory, there are formal double
bonds between O and C; two combination orbitals (O2s + O2s
and O2s-O2s) of O and the carbon 2 s and 2p(z) orbitals combine
to make two sigma bonding orbitals and two sigma antibonding
orbitals, as shown in Fig. 6. The carbon 2p(y) combines with the
group orbital O2p(y) + O2p(y) and the carbon 2p(x) combines with
the group orbital O2p(x) + O2p(x). This generates two p* antibond-
ing molecular orbitals and two p bonding molecular orbitals. The
other four p orbitals on the oxygen atoms are non-bonding molec-
ular orbitals.

Table 2
Interpretation of DG and ln (K) values in Fig. 4, for involved reactions in CO2

methanation [35].

No. Reaction name Reaction equation Remarks

1 CO2

methanation
CO2 (g) + 4H2 (g)
�CH4 (g) + 2H2O
(g)

Thermodynamically feasible
and spontaneous for T < 600 �C,
exothermic.

2 CO2 reduction CO2 (g) + 2H2 (g)
� C + 2H2O (g)

Thermodynamically feasible
and spontaneous for T < 650 �C,
exothermic.

3 CO2

hydrogenation
to CH3OH

2CO2 (g) + 3H2 (g)
� CH3OH
(g) + 4H2O (g)

Thermodynamically feasible
and spontaneous for T < 25 �C,
exothermic.

4 Reverse water
gas shift

CO2 (g) + 2H2 (g)
� CO (g) + H2O (g)

Thermodynamically feasible
and spontaneous for T > 800 �C,
endothermic.

5 CO2

hydrogenation
to C2H6

2CO2 (g) + 7H2 (g)
� C2H6 (g) + 4H2O
(g)

Thermodynamically feasible
and spontaneous for T < 425 �C,
exothermic.

6 Dry reforming
of CH4

CO2 (g) + CH4 (g)
� 2CO (g) + 2H2

(g)

Thermodynamically feasible
and spontaneous for T > 625 �C,
endothermic.

7 Boudouard
reaction

2CO (g) � C + CO2

(g)
Thermodynamically feasible
and spontaneous for T < 700 �C,
exothermic.

8 CH4 cracking CH4 (g) � C + 2H2

(g)
Thermodynamically feasible
and spontaneous for T > 525 �C,
endothermic.

9 CO
methanation

CO (g) + 3H2 (g)
�CH4 (g) + H2O
(g)

Thermodynamically feasible
and spontaneous for T < 625 �C,
exothermic.

10 CO
hydrogenation
to CH3OH

CO (g) + 2H2 (g) �
CH3OH (g)

Thermodynamically feasible
and spontaneous for T < 150 �C,
exothermic.

11 CO reduction CO(g) + H2 (g) �
C + H2O (g)

Thermodynamically feasible
and spontaneous for T < 675 �C,
exothermic.

12 CO
hydrogenation
to C2H6

2CO (g) + 5H2 (g)
� C2H6 (g) + 2H2O
(g)

Thermodynamically feasible
and spontaneous for T < 500 �C,
exothermic.
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Fig. 3. (A) Equilibrium constants and (B) Gibbs free energy of possible multiple side reactions during CO2 methanation activity. Fig. 3 (a, b) for better view. Reprinted with
permission from [35]. Copyright 2021 Elsevier.

Fig. 4. Effect of H2/CO2 ratio on (A) CO2 conversion, (B) CH4 yield, (C) CH4 selectivity and (D) CO selectivity. Reprinted with permission from [59]. Copyright 2016 Elsevier.
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This entire configuration creates CO2 very stable, making it very
difficult to convert into other products. The dissociation of CO2 into
O2 and CO is a highly endothermic process at room temperature
with DH of 293 kJ/mol. When CO2 is used as a single reactant at
2000 �C, just 2% of it transforms into CO (g) and O2 (g), demonstrat-
ing its high chemical stability. In addition, the Lewis CO2 structure
indicates that both oxygen and carbon atoms have completed their
octet by sharing electrons. Thus, the reduction of the fully oxidized
carbon (C4+ of CO2) to methane (C4� of CH4 (CO2 + 8e- ? CH4)) has a
large kinetic barrier due to the high chemical stability of the CO2

molecule as discussed above [42,72]. As a result, a substantial
energy input, an adequate catalytic system, and optimized reaction

conditions are needed to energize the chemical conversion of CO2

to methane [11]. It should be noted that the addition of H2 as a
co-reactant in the methanation reaction allows the conversion of
CO2 thermodynamically feasible with a DH of � 167 kJ/mol due
to higher Gibbs free energy [13,71]. Therefore, for CO2 dissociation
and reaction with hydrogen in order to generate methane, it is
mandatory to have an efficient and highly active catalyst. Recent
catalytic developments for CO2 methanation reaction to methane
production are carried out in the following sections.

5. Catalyst developments for CO2 methanation

Regardless of the thermodynamically favored CO2 methanation
reaction, the presence of a catalyst is essential to achieve an
acceptable reaction rate and selectivity; a suitable and active cata-
lyst is indispensable due to the chemically inert nature of CO2 [73].
Over the last few decades, numerous research works and reviews
have been produced to design and investigate the efficient conver-
sion of CO2 into methane through CO2 methanation [4,9,74–78].
Typically, the catalysts used in CO2 methanation are made of active
metals (active phase: e.g., Co, Fe, Ni, Pd, Ru, Rh, Pt, Mo or W) and
supporting materials (e.g., SiO2, Al2O3, CeO2, TiO2, SiC, and ZrO2)
[45,79]. In the following sections, many types of active metals
and supporting materials, which are widely used in CO2 methana-
tion studies, have been explained.

5.1. Active metals (active phase)

It was found that the transition metals of groups 8–10 in the
periodic table have a great capacity to activate CO/CO2 during
methanation reactions. Fischer et al. [79] investigated these metals
and applied for methanation reactions as unsupported metal cata-
lysts. The reactivity results obtained from respective metals cata-
lysts have been shown in Fig. 7 (1). In another study, a new
order of activity and selectivity of these metals was reported by

Fig. 5. Effect of pressure on (A) CO2 conversion, (B) CH4 yield, (C) CH4 selectivity and (D) CO selectivity. Reprinted with permission from [59]. Copyright 2016 Elsevier.

Fig. 6. The molecular orbital diagram of carbon dioxide.
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Vannice et al. [80] for methanation reactions, as shown in Fig. 7 (2).
Mills et al. [73] also investigated these metals to establish an activ-
ity order of five metals, as shown in Fig. 7 (3). It is noteworthy that
these orders of reactivity for metals present only a general trend;
in most cases, these differ and depend on several other factors,
including metal-support interactions, reduction temperatures, or
activation temperatures. The widely used active metals in metha-
nation reactions with their pros and cons have been summarized
in Table 3.

A volcano-shaped curve was observed when the activity of dif-
ferent supported transition metals was plotted against their reac-
tion energies for dissociative CO chemisorption, which was
associated with the catalyst surface’s ability to form chemical
bonds with either products, reactants, or reaction intermediate,
as shown in Fig. 8 [96]. This relationship can help to find new cat-
alysts for methanation reactions. The far-right side metals had high
dissociative CO adsorption energies with the rate of methanation
limited by the high resistance to CO dissociation, which stated that
these metals were not appropriate for methanation reactions. It
was suggested that the metals in the middle (e.g., Ru) had opti-
mum chemisorption energy in the region of �150 kJmol�1, and this
could explain why Ru had higher activity than all the other metals
of groups 8–10 in the methanation reaction. The other metals,
including Rh, Ni, and Co, also have high activity for methanation
reactions [97–100]. Active metals play a decisive role in the forma-
tion of methane by tuning selectivity towards CH4 and CO products
during methanation or hydrogenation of CO2. For this purpose, sev-
eral studies have been carried out to improve the formation of
methane by selecting appropriate active metals. Previously, several
studies have shown that different transition metals exhibit a broad
range of methane selectivity for CO2 hydrogenation during the cat-
alytic performance of monometallic catalysts. For example,
Mutschler et al. [101] examined a series of pristine transition met-
als for CO2 hydrogenation and found that Co and Ni exhibited high
activity and selectivity towards methane formation with less CO

production. Fe, on the other hand, was mainly involved in the for-
mation of CO by the RWGS reaction. Cu did not show any catalytic
activity as a pristine metal for CO2 hydrogenation. It was found
that the observed activation energies on Co and Ni are 77 kJ/mol
74 kJ/mol, respectively. Garbarino et al. [102] investigated the effi-
ciency of unsupported Co and Ni nanoparticles for CO2 hydrogena-
tion. The unsupported metallic cobalt nanoparticles displayed a
substantial involvement in methane production but deactivated
after time on stream due to rapid sintering and the formation of
encapsulating carbon. On the other hand, they retain more stable
activity in the RWGS reaction, producing CO as the main product.
In another study, CO2 hydrogenation was carried out for the pro-
duction of methane using the Ni/Al2O3 catalysts. The catalysts con-
taining very small Ni particles have been found to be very selective
to methane without a significant formation of CO [103]. Ber-
sani et al. [104] performed CO2 hydrogenation and modeling pre-
dictions based on density functional theory (DFT) simulations of
the CuO system. CH4 was produced with the formation of the Cu-
Phase and in correspondence with the decomposition of the Cu-
Phase format, with a maximum conversion rate of CO2 (2.8%) at
470 �C (on fully reduced copper), supporting the indication of inde-
pendent reaction pathways for the conversion of CO2 to CH4 and
CO. Panagiotopoulou et al. [105] conducted CO2 hydrogenation
over supported noble metal catalysts. They found that the Rh-
and Ru-based TiO2-supported catalysts favored methane formation
and CO2 conversion was followed the order of Rh > Ru > Pt > Pd
over the TiO2-supported catalysts. While the Pd- and Pt-based cat-
alysts mainly produced CO as the major product. In general,
methane and CO formation are highly dependent on the choice
of metal and pressure, as shown in Fig. 9. Using the Pd [72,106],
Fe [107–109], Pt [110–112], and Cu-based catalysts produce CO
as the main product via RWGS reaction. While Rh [113,114], Ru
[101,115–117], Co and Ni-based [118–120][121] catalysts produce
methane as the main product during atmospheric-pressure CO2 -
hydrogenation. In the next sections, we will evaluate the catalytic

Fig. 7. Important active metals for methanation reactions.
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performance of different supporting materials coupled with active
metals, promoters, and methods of preparation for CO2

methanation.

5.2. Supporting materials

The catalysts’ activity does not only depend on the metal
phases, but the supporting materials also contribute greatly to

enhance the catalytic performance during the chemical reactions
in heterogeneous catalysts. The supporting materials provide cer-
tain physicochemical properties, including high surface area, high
dispersion of metal particles, electron mobility, and the additional
active sites on the catalysts [42,45,51,122,123]. Several types of
supporting materials, including SiO2, Al2O3, TiO2, CeO2, ZrO2, struc-
tured metal oxide, perovskite, solid solution, hexaaluminate, zeo-
lites, and carbon materials have been prepared using different
preparation methods for CO2 methanation [36,46,69,124,125]. In
this study, we focused on various types of supporting materials
that have been extensively used in recent studies of CO2

methanation.

5.2.1. Conventional supporting materials
Conventional supporting materials such as aluminium oxide

(Al2O3) is one of the most commonly used support for CO2 metha-
nation and many other industrial reactions. Al2O3 has different
types of crystallographic modifications, including a, c, j, d, and h
phase, which make it more complicated than other metal oxides
[45]. Typically, a-Al2O3 is not considered proper support in
nickel-based catalysts for CO2 methanation, whereas c-Al2O3 has
been extensively employed for CO2 methanation catalysts due to
its well-developed pore structure and high textural and surface
acidic/basic properties [126,127]. Zheng et al. [128] used c-Al2O3

as support to perform CO2 methanation. They found a stable cat-
alytic performance under cyclic operating conditions due to high
surface area and larger average pores of c-Al2O3. However, c-
Al2O3 supported catalysts are susceptible to carbon formation
(coke), agglomeration of metal particles, and sintering at elevated
reaction temperatures [45]. Therefore, c-Al2O3 supports are modi-
fied using promoters or additives to increase the catalytic perfor-
mance for CO2 methanation. The promoters will be discussed in
the following section 5.3.

Reducible metal oxides such as TiO2, ZrO2, and CeO2 have been
widely employed as supporting materials for numerous chemical
reactions. TiO2 is regarded as the most efficient defect-rich semi-
conductor supporting material for heterogeneous catalysis; it has
been found that the TiO2 supported Ni catalysts exhibited higher
catalytic performance towards CO2 methanation because the par-
tial substitution of Ni particles could create oxygen vacancies in
the TiO2 lattice. TiOx could provide electrons to Ni atoms on the
catalyst surface, which facilitated the hydrogen adsorption on Ni
nanoparticles and spilled-over to support, which sequentially
could improve the activation and dissociation of CO2, leading to a
comparatively higher CO2 methanation activity at low tempera-
tures [129,130]. Jia et al. [130] used ZrO2 as supporting material
to synthesize a Ni/ZrO2 catalyst for CO2 methanation. A superior
low-temperature CO2 methanation activity was achieved with
CO2 conversion and CH4 yield of 71.9% and 69.5%, respectively over
the plasma-decomposed catalyst at 300 �C. The high catalytic
activity was due to lattice oxygen vacancies, basicity, and highly
dispersed Ni nanoparticles at the Ni/ZrO2 interface. They concluded
that higher basicity and oxygen vacancies have improved CO2

adsorption and activation. While rapid dissociative adsorption of
H2 was occurred at Ni nanoparticles particles to generate hydrogen
atoms, which spilled-over onto ZrO2 support to form methane, as
depicted in Fig. 10. Like TiO2 support, CeO2 and ZrO2 have been
widely used in CO2 methanation due to their redox property that
could enhance the activation and dissociation of CO2 by electron
transfer from supporting material to metal atoms [120,123,131].
Tada et al. [123] conducted a CO2 methanation study over different
Ni-promoted support materials, including Ni/a-Al2O3, Ni/MgO, Ni/
TiO2, and Ni/CeO2. They found that the Ni/CeO2 catalyst exhibited
higher CO2 conversion compared to other catalysts due to high
basicity and oxygen vacancies on CeO2 support.

Table 3
Summary of characteristics of different transition metals with their pros and cons.

Metal Advantages Disadvantages

Ru � Ruthenium (Ru) is consid-
ered the most efficient and
active metal for methanation
reactions.

� Ru also shows high catalytic
activity at low temperatures
[67,81].

� Ru-promoted catalysts show
long-term thermal stability
compared to the other
methanation catalysts
[82,83].

� Ru is very expansive metal; it
is more than 100 times costly
compare to Ni.

� � Using Ru is not economi-
cally viable for industrial-
scale methanation reactions
[37,81].

Ni � Nickel (Ni) is undeniably
known as the reference for
methanation benchmark
due to higher activity and
low price.

� Nickel is applied active metal
for commercial methanation
applications [84].

� The recovery rates of Ni is
50%, which is higher than
25% of Ru. Therefore, from
environmental and industrial
point of view, Ni is more
prominent than Ru for many
chemical reactions [85].

� However, the catalyst insta-
bility, caused by carbon
deposition and Ni sintering,
are the major limitations of
nickel catalysts [86].

� � Ni easily can form Ni-car-
bonyls species, which are
toxic and have serious con-
cerns on environment and
health [84,87,88].

Fe � Iron (Fe) is highly active and
efficient metal for methana-
tion reaction.

� Fe is more active than Ni and
has considerable lower price
than Ni [85].

� Fe-based catalysts can be
used at elevated tempera-
tures (700–950 �C).

� � Fe is generally used as a
second metal to Ni to pre-
pare alloy or bimetallic cata-
lysts for the Fischer-Tropsch
synthesis (FTS) and ammonia
production [84,89,90].

� Fe based catalysts have low
selectivity towards methane.
More prone to carbon depo-
sition in CO methanation
[85].

� � Fe- based catalysts form
Fe2O3, Fe3O4 and FeO struc-
tural changes during
methantion reactions. Fe0
and different phases, includ-
ing h-Fe3C, e-Fe2C, e’- v-
Fe5C2, and Fe2.2C might coex-
ist [87,91].

Mo � Molybdenum (Mo) is well
known for highest sulphur
tolerance during methana-
tion reactions compared to
all other metals.

� It is widely used for
hydrodesulfurization and
hydrodenitrogenation [92].

� Mo are used as promoters for
Ni catalysts to improve the
interaction between support
and Ni species in the Ni-Mo
alloy, which can hinder the
sintering of Ni particles at
high temperature [93].

� Mo metal has a low metha-
nation activity than Ru, Fe,
Co, and Ni.

� � Mo exhibits a higher selec-
tivity towards higher hydro-
carbons, which effects the
possible methane yield dur-
ing methantion reactios [95].

Co � � Cobalt (Co) shows similar
catalytic activity to Ni for
methanation reactions [94].

� � Co is also expensive metal
compared to others Fe and
Ni. Therefore, Co-based cata-
lysts are not commonly used
for industrial scales applica-
tions as nickel catalysts [94].
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5.2.2. Nanostructured porous support materials
The nanostructured porous materials represent a promising

choice to replace the conventional supported catalysts due to their
tailorable pore size, high surface area, short-range order, higher
number of dangling bonds, and a great variety in the valence band
electron structure. These nanostructured porous materials have
also been used as host materials to synthesize nano-sized catalysts
for CO2 methanation and many other chemical reactions [132–
137]. One potential candidate as new supporting material is
mesostructured silica nanoparticles (MSN), which have attracted
a great deal of attention due to unique features such as well-
ordered structures, nanosized dimensions, high surface area, tun-
able pores size (1.5–10 nm), and tailorable pores diameters. There-
fore, MSN-based materials have been used in many applications,
including biomedical imaging, drug delivery, and catalysis
[51,138–143]. Aziz et al. [51] investigated CO2 methanation over
a Ni/MSN catalyst to compare with other catalysts. They observed
that a large amount of intra- and inter-particle porosity and oxy-
gen vacancies in the Ni/MSN catalyst had increased the catalytic

performance compared to other catalysts. In another study, Aziz
et al. [143] examined different metal-promoted MSN catalysts for
CO2 methanation. Among all the catalysts, the Rh/MSN catalyst
exhibited superior catalytic performance due to an extensive num-
ber of oxygen vacancies, basic sites, and large surface area. They
have explained the active role of the MSN support during CO2

methanation activity by conducting in-situ FTIR observations, as
depicted in Fig. 11. It was found that CO2 and H2 were adsorbed
and activated on Rh (metal phase of catalyst) to form CO, O, and
H atoms, which migrated onto the MSN surface by spilled-over
phenomena to form methane via linear/bridged carbonyl interme-
diate species. They reported that the oxygen vacancies rich MSN
support played a crucial role in providing strong interaction to
form carbonyls spices, which were important reaction intermedi-
ates in methane formation during CO2 methanation.

5.2.3. Metal-organic framework (MOF) supporting materials
Another class of crystalline materials contains multidentate

organic linkers and transition-metal cations via coordination

Fig. 8. Volcano-shaped curve of dissociative CO chemisorption for different transition metals at 550 K. Adapted from [96].

Fig. 9. Schematic showing possible products and potential catalysts for CO2 hydrogenation.
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Fig. 10. Schematic demonstration of mechanistic reaction between CO2 and H2 over Ni/ZrO2 catalyst. Modified from [130].

Fig. 11. Propose mechanism of CO2 methanation on metal supported MSN. Adapted from [143].

Fig. 12. CO2 methanation activity in terms of H2 conversion (XH2) and selectivity for CO (SCO) over different catalysts at 250, 330 and 350 �C with increasing pressure (left to
right). Adapted from [149].
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bonds are called metal–organic frameworks (MOFs), which are
considered porous materials with the open framework. MOFs have
recently gained a great deal of interest as supporting materials due
to their high surface area (1000–10000 m2 g�1), controlled struc-
ture, confined pore space, unique structural features of the skele-
ton, and functional organic linkers. Therefore, MOFs have
attracted global interest in various applications such as catalysis,
sensors, molecular separation, and gas absorption [144–150]. The
MOFs are considered marvelous catalyst templates; thermal
removal of water ligands resulting in free coordination sites in
metals situated at the nodes of the MOFs structure such as Cu,
Mn, or Cr [151–154]. The Lewis acidic sites are produced in the
MOFs catalysts due to coordinatively unsaturated metal sites and
act as tremendous active sites in synergy with encapsulated NPs
or by themselves. The catalytic active metal sites can be promoted
in MOFs either during the MOFs synthesis or post-synthesis
modification through the metalation of ligands situated on the
MOF linkers.

Recently, MOFs-based catalysts have been used in several CO2

methanation studies. Zhen et al. [146] studied CO2 methanation
over the Ni@MOF-5 catalyst. It was found that the well-
dispersed, uniform Ni nanoparticles state and stronger metal sup-
porting interactions between the MOF-5 and Ni atoms resulted in
high catalytic activity (CH4 selectivity; 100%) and high thermal sta-
bility. Lippi et al. [149] executed CO2 methanation over a highly

active 1Ru/UiO-66 catalyst derived from a MOFs template. The
1Ru/UiO-66 catalyst demonstrated marvelous activity towards
CH4 selectivity with a lower amount of CO at 330oC, as shown in
Fig. 12B. It was suggested that the catalytic activity of the 1Ru/
UiO-66 was greatly affected by the unique morphology of the
UiO-66 MOFs template, which provided a well-ordered distribu-
tion of Ru nanoparticles (Ru-NPs) throughout the framework of
the UiO-66 template. In a similar study, Xu et al. [154] prepared
a Ru@UiO-66 catalyst using the UiO-66 MOFs. The Ru-NPs were
encapsulated during the synthesis of the UiO-66 MOFs through a
solvothermal method and applied for plasma-assisted catalytic
CO2 methanation. It was found that the Ru@UiO-66 catalyst
revealed a superior activity with 72.2% CO2 conversion and 95.4%
of CH4 selectivity due to the excellent dispersion of Ru-NPs on its
unique framework structure, as shown in Fig. 13. Li et al. [155] syn-
thesized MOFs-derived catalysts and investigated the effect of dif-
ferent particle sizes and morphologies on CO2 methanation. It was
found that the ZIF-67-templated porous carbon, along with Co-
NPs, exhibited excellent CO2 methanation activity (CH4 selectivity;
99.2%) at low reaction temperatures. The high catalytic perfor-
mance was due to the highly dispersed Co-NPs (with a size of 7–
20 nm) inside the carbon matrix, separated by the graphite-like
carbon, which also prevented the metal from sintering effectively.
In addition, several CO2 methanation studies were conducted over
MOFs catalysts [156–165].

Fig. 13. Preparation of UiO-66 and Ru@UiO-66 and their catalytic performance towards dielectric barrier discharge plasma-assisted CO2 conversion. Reprinted with
permission from [154]. Copyright (2019) American Chemical Society.

Fig. 14. (A) Core-shell structure of Ni/Al2O3@Al catalyst reduced at 673 K. (B) SEM of Ni/Al2O3@Al), (C) TEM of Ni/Al2O3@Al with SAED pattern, formed by exolution from NiAl-
LDH shell. Reprinted with permission from [172]. Copyright 2017 Elsevier. (D) Core-shell CeO2-Pt@mSiO2-Co. Reprinted with permission from [173]. Copyright (2019)
American Chemical Society.
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5.2.4. Core-shell structured supporting materials
It is a great challenge to avoid metal sintering and carbon depo-

sition on active sites of catalysts during CO2 methanation catalytic
performance. Recently, to overcome this issue, a new core–shell
configuration has gained much interest due to the encapsulation
of metallic particles by a porous shell, including alumina or silica;
it is also called a yolk-shell structure, typically prepared using the
modified Stöber method [166–168]. The core–shell configuration
prevents coking, sintering, and agglomeration of metal particles
by the encapsulated metal particles. This unique configuration is
developed by adding different reagents [169–174] as a protective

shield to cover the active metal particles. Lee et al. [172] synthe-
sized a Ni/Al2O3@Al core–shell microstructure consisting of an Al
core and a NiAl layered double hydroxide (LDH) shell with petal-
like surface morphology, as illustrated in Fig. 14(A-C). The catalytic
properties of the Ni/Al2O3@Al core–shell catalysts were studied
towards CO2 methanation to compare with those of the conven-
tional Ni/Al2O3 catalysts. They examined CO2 methanation and
found that the Ni/Al2O3@Al exhibited a three times higher turnover
rate (TOF) than the Ni/Al2O3 catalyst developed by conventional fil-
tration methods, reflecting the marked internal catalytic properties
of the Ni/Al2O3@Al catalyst. The superior catalytic activity was due

Fig. 15. Schematic phases in synthesis of silica nanoparticles with SEM (a, b and c), TEM (d, e and f). Upper microemulsion layer (a and d), lower aqueous layer (b and e), and
macroemulsion system (c and f). Reprinted with permission from [192]. Copyright (2012) American Chemical Society.
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to fine nickel nanoparticles (Ni-NPs) dispersion on the thin
nanosheets comprising the Ni/Al2O3@Al core–shell microstructure,
which topologically retarded the aggregation of Ni-NPs to provide
facile transport of reactant and product species through the cata-
lyst microstructure. Xie et al. [173] developed a well-defined
nanostructured catalyst (CeO2-Pt@mSiO2-Co) using two metal-
oxide interfaces, including CeO2-Pt as a core and mesoporous silica
as a shell, which was further decorated with cobalt nanoparticles
as shown in Fig. 14D. It was found that the CeO2-Pt@mSiO2-Co
catalyst showed high selectivity (60%) towards C2-C4 due to this
unique core–shell configuration of catalyst. Le et al. [174], synthe-
sized a Ni-promoted unique aluminate spinel substrate Al@MAl2O4

(M = Zn, Mg or Mn) core–shell catalyst for CO2 methanation. It was
found that the core–shell spinel structures of Ni-Al@MnAl2O4 have
performed outstanding CO2 methanation activity due to the cre-
ation of the moderate basic and improved dispersion of Ni-NPs.
Kirchner et al. [175] prepared a silica-based core–shell catalyst
for CO2 methanation and achieved a 20% of CO2 conversion.
Though the CO2 conversion was low, the core–shell configuration
exhibited pronounce resistance against thermal sintering, particle
attrition, and coke deposition during CO2 methanation. Several
other CO2 methanation studies were conducted over the core-
shell catalysts [176–185].

5.2.5. Fibrous supporting materials
In recent years, Polshettiwar and co-workers discovered a new

class of fibrous nano-silica (KCC-1) of unique fibrous morphology
in 2010 [186]. KCC-1 has emerged as an effective supporting mate-
rial for several chemical reactions such as drug delivery system, the
adsorbent in removing drugs, and heavy metals in wastewater
streams due to exceptional physical properties, including larger
pores volume, high surface area, and thermal/hydrothermal
mechanical properties. In contrast to the closed two-dimensional
porous silica materials of cylindrical pore structured materials
(SBA-15 and MCM-41), KCC-1 has open silica fibrous and
dendritic-like structures, which are easily accessible for reactants
molecules [187–192]. Moon et al. [192] synthesized and investi-
gated the formation mechanism of hierarchical mesoporous silica
nanoparticles with a bicontinuous microemulsion phase, as shown
in Fig. 15. They suggested that the inner wrinkle distances of wrin-
kled silica nanoparticles (WSNs) could be accurately tuned to
enhance the pore’s size volume and surface area.

Motivating by this innovative fibrous morphology of the spher-
ical silica nanoparticles, Patil et al. [193] applied KCC-1 in CO2

adsorption, and better adsorption was found on KCC-1 compared
to MCM-41. Hamid et al. [194] also prepared mesoporous silica
KCC-1 using the microemulsion method and obtained uniform
microspheres with unique, well-defined fibrous morphology com-
pared to MCM-41 and SiO2, as shown in Fig. 16. They conducted
the CO2 methanation reaction and noticed that CH4 selectivity
was 83% with a rate of CH4 formation of 9.0 � 10�8 mmol m�2s�1,
which were higher than MCM-41 and SiO2 (Fig. 16A and B). They
concluded that the high catalytic performance was due to fibrous
morphology, which provided higher accessibility of CO2 and H2

in the activation process. They reported that a higher amount of
oxygen vacancies and basicity in KCC-1 played a critical role in
enhancing the catalytic performance towards CO2 methanation
activity. Singh et al. [187] executed CO2 adsorption over the KCC-
1 and compared the results with MCM-41. They found that the
KCC-1 showed higher CO2 adsorption capture capacity compared
to MCM-41 due to the fibrous morphology, which provided great
accessibility sites for the CO2 adsorption. In another study, Mishra
et al. [195] developed metal-free-ligand-free fibrous nanocatalysts
that convert CO2 to methane at significant rates, scales, and stabil-
ities. In another study, Hamid et al. [196] investigated CO2 metha-
nation over metal promoted fibrous silica KCC-1 and found the
highest catalyst performance for the Ni/KCC-1 due to high surface
area, small particle size, and high dispersion of Ni nanoparticles.

5.2.6. Zeolites as supporting materials
Zeolites are aluminosilicates (AlO4

5- and SiO4
4-) of the family of

microscopic mesoporous solids called molecular sieves, consisting
primarily of Si, Al, O, and metals such as Ti, Sn, and Zn. They have
been applied mainly as catalysts in many industrial reactions
because of the high large surface area, thermal stability, shape selec-
tivity, andhigh tailorable acid-baseproperties [197]. In recent times,
several CO2methanation studies havebeen conductedover zeolites-
based catalysts [198–200]. Itwas reported that the zeolites’ capacity
to adsorb CO2 molecules and their catalytic properties are impres-
sively influenced by the Si/Al ratio, which can affect CO2 methana-
tion performance. Bacariza et al. [201] reported that catalytic
performances towards CO2 methanation were highly dependent
on Si/Al ratio, regardless of the compensating cation in zeolites. They
also reported that sintering and loss of crystallinity were not
detected after the catalytic tests. Quindimil et al. [202] synthesized
Ni-supported Y- and BETA-zeolites to study CO2 methanation. They
found that Na+ ion-exchanged zeolites, mainly BETA zeolite showed
enhanced CO2 conversion (65%) due to high reducibility.

Fig. 16. FESEM and TEM images of KCC-1, MCM-41 and SiO2 along with their catalytic performance towards CO2 methanation. (A) Rate of CH4 formation and (B) dependence
study of catalysts. Reprinted with permission from [194]. Copyright 2017 Elsevier.
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Table 4
Summary of catalytic performance of CO2 methanation catalysts.

No Catalyst Active metal
/ion

Promotor/ Si/Al
ratio

SynthesisProtocol P
(atm)

Reactor T
(oC)

XCO2

(%)
SCH4

(%)
Ref.

1 Ni/MSN Ni - Sol-gel method 1 fixed-bed 300 64 99.9 [51]
2 Ni/CeO2 Ni - Wet impregnation 1 fixed-bed 300 90 100 [123]
3 Ni@ MOF-5 Ni - Impregnation 1 - 280 48 100 [146]
4 c-Fe2O3 - - PVA route 1 fixed-bed 400 67 87 [175]
5 KCC-1 - - Microemulsion 1 fixed-bed 450 48.7 - [194]
6 1Ru/UiO-66 Ru - Incipient Wetness Impregnation 30 fixed-bed 250 60 100 [197]
7 Ni-MgO/ZrO2 Ni Mg Impregnation 1 fixed-bed 300 90 100 [210]
8 Ni-Ca/AC -Ni Ca Impregnation 1 fixed bed 360 76 100 [211]
9 Ni-xCeO2/MCM-41 Ni - Deposition precipitation 1 fixed-bed 380 85.6 99.8 [212]
10 Ru/CeO2 Ru - Impregnation 1 fixed-bed 300 80 99 [116]
11 Ru–CeO2/Al2O3 Ru - Impregnation 1 fixed-bed 300 60 99 [116]
12 Ru-Mn-Ni/Al2O3 Ni Ru-Mn Impregnation method 1 microreactor 400 99.74 72.36 [213]
13 Pd–Mg/SiO2 Pd Mg Reverse microemulsion 1 fixed-bed 450 59 95 [72]
14 Pd-Ni/SiO2 Ni - Microemulsion 1 fixed-bed 450 50.5 89 [72]
15 Pd-Li/SiO2 Li - Microemulsion 1 fixed-bed 450 42.6 88.5 [72]
16 Co/KIT-6 Co - Impregnation 1 fixed-bed 360 52.6 94.5 [214]
17 MesoporousNi-Al2O3 Ni - EISA 1 fixed bed 400 83 97 [215]
18 Ni/!-Al2O3 Ni - Incipient wetness impregnation 1 spinning-

basket
210 80 99.5 [216]

19 Fe-Ni/Al2O3 Ni Fe Incipient wetnessimpregnation 1 down-flow
tubular

250 22.1 99.5 [217]

20 Fe/Al2O3 Fe - Incipient wetnessimpregnation 1 down-flow
tubular

250 11.4 96.5 [217]

21 Ni/ZrO2 Ni - Impregnation method 5 fixed-bed 250 90 90 [218]
22 Co-Ni/ZrO2 Ni CO Impregnation method 5 fixed-bed 250 93 90 [218]
23 Rh-Ba/Al2O3 Rh Ba Two-nozzle flame spraypyrolysis 1 fixed-bed 450 55 94 [219]
24 Rh-K/Al2O3 Rh K Pyrolysis 1 fixed-bed 450 25 0 [219]
25 NiRu/SiO2-P Ni Ru PEG-free method 10 fixed-bed 320 10 80 [220]
26 Ni-CeO2/c-Al2O3-

Plasma treated
Ni - DBD plasma method 1 fixed-bed 300 80 100 [221]

27 Ni-Meso ZrO2 Ni - Ultrasound-assisted method 1 fixed-bed 300 70 100 [222]
28 Mg-Ni/USY Ni Mg Impregnation 1 pyrex reactor 400 63 93 [223]
Zeolites supported catalyts
29 FS@ZSM-5 - - Microemulsion 1 fixed-bed 500 - 66 [50]
30 ZSM-5 - - Microemulsion 1 fixed-bed 500 37 [50]
31 Ni/Y H+ - Impregnation 1 fixed-bed 300 48.5 96.4 [51]
32 Ni/USY Na+ 3 Impregnation 1 flow tubular 400 65 94 [198]
33 Ni/USY Na+ / Cs+ 38 Impregnation 1 fixed-bed 400 73 97 [201]
34 Zeolite 13X - 1.0 Impregnation 1 fixed-bed 320 79 100 [208]
35 Ni/USY zeolites Mg2+ 3.7 Ion-exchanging 1 fixed-bed 350 80 15 [209]
36 Ni/USY zeolites Cs+ 3.7 Ion-exchanging 1 fixed-bed 350 40 15 [209]
37 Ni-Ce/USY Cs+ 38 Co-impregnation 1 pyrex reactor 305 78 99 [224]
38 Mg-Ni/USY Na+ 3 Impregnation 1 pyrex reactor 400 63 93 [223]
39 Zeolite silicalite-1 - - Impregnation 1 fixed-bed 450 60 - [225]
40 BETA zeolite NH₄+ 25 Ion exchange - DBD plasma

reactor
400 84 97 [226]

41 Rh-Y Na+ 2.4 Ion exchange 30 fixed-bed 150 6 100 [227]
42 Ni/BEA Na+ / Cs+ 38 Impregnation 1 fixed-bed 400 70 96 [228]
43 Ni/BEA Na+ 243 Impregnation 1 Fixed-bed 400 71 97 [228]
44 Ni/MOR Na+ / Cs+ 47 Impregnation 1 fixed-bed 400 66 95 [228]
45 Ni/ZSM-5 Na+ / Cs+ 40 Impregnation 1 fixed-bed 400 65 96 [228]
46 Ru/ZSM-5 H+ 15 Impregnation 1 tubular

microreactor
350 100 100 [229]

47 Pt-Co-MOR Na+ 5 Ion exchange I microreactor 350 41 15 [230]
Carbonaceous supported catalysts
48 Rh/c-Al2O3 + Ni/AC Ni Ni Incipient wetness Impregnation - fixed-bed 125 50 100 [231]
49 Rh/c-Al2O3 + Ni/AC Ni Ni Incipient wetness Impregnation - fixed-bed 125 50 100 [231]
50 Fe@CNT Fe - aerosol assisted chemical vapour

deposition (AACVD)
1 fixed-bed 370 45.1 29.3 [232]

51 Ni-Ce/CNT Ni Ce Co-impregnation 1 fixed-bed 350 83.8 100 [233]
52 Ni/CNT Ni - Co-impregnation 1 fixed-bed 350 61.1 96.6 [233]
53 Ni-Ce/Al2O3 Ni Ce Co-impregnation 1 fixed-bed 350 64.5 97.5 [233]
54 Ni/Al2O3 Ni - Co-impregnation 1 fixed-bed 350 30.2 86.4 [233]
55 NiMn/(SGO)-CNT Ni Mn - 1 micro-reactor 350 78 100 [234]
56 Ni/N-CNT Ni - Chemical vapourdeposition 1 fixed-bed 360 90 99 [235]
57 Fe/N-CNT Fe - Dry impregnation 25 - 360 25 40 [236]
58 Fe/CNT Fe K+ - 2 fixed-bed 340 35 26 [237]
59 Ru/N-CNF Ru - - - porous frit 375 63 100 [238]
60 Ru/N-ABC Ru - Wet impregnation 10 fixed-bed 380 94 100 [239]
61 Ru-N/ABC-600 Ru N In-situ pyrolysis 10 fixed-bed 380 93.8 99.7 [239]
62 Ru/N-ABC-500 Ru N In-situ pyrolysis 10 fixed-bed 400 92.8 91.8 [239]
63 Ni-Ce/CNT Ni Ce Impregnation 1 fixed-bed 350 55 85 [240]
64 Ni/OCF Ni - Incipient wetness Impregnation 1 fixed-bed 320 74 97 [240]

(continued on next page)
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Table 4 (continued)

No Catalyst Active metal
/ion

Promotor/ Si/Al
ratio

SynthesisProtocol P
(atm)

Reactor T
(oC)

XCO2

(%)
SCH4

(%)
Ref.

65 Ni/MgAl-MMO Ni Mg Impregnation 1 fixed-bed 250 97.9 97.5 [241]
66 Ni-Ca/AC Ni Ca Impregnation 1 fixed-bed 360 76 100 [211]
67 Ru-Co/C Co Ru Impregnation 5 fixed-bed 300 29.9 54.3 [242]
68 FeK/MWNTs Fe K Ultrasonication 20 fixed-bed 340 43.6 27.1 [243]
69 FeK/SWNTs Fe K Ultrasonication 20 fixed-bed 340 52.7 13.5 [243]

Fig. 17. CO2 methanation activity over activated carbon and Rh/c-Al2O3 catalysts. Adapted from Swalus [231].

Fig. 18. Proposed interface-bonding mechanism in the Ni-CNT catalytic system. Reprinted with permission from [234]. Copyright (2018) American Chemical Society.
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Intrinsic basicity is one of the most critical factors, which
improves the catalytic performance of the zeolite-based catalysts
to attract more acidic CO2. The basicity of zeolites can be enhanced
by adding more basic compensation cations, including Mg, Ce, and
La or promoters. These are the most widely used compensation
cations that increase the basicity of zeolites and provide the new
active sites for the absorption and activation of CO2 molecules.
The development of a suitable zeolite catalyst for well-defined
and controlled types of active sites increases the capacity of
various metal species to stabilize. In addition, the confinement
effects boost the activity of the catalyst in zeolite’s channels and
cages, which act like nanoreactors [203–206]. Borgschulte et al.
[207] studied hydrogenation of CO2 over different zeolites sup-
ported Ni catalysts. They found that the selectivity for methane
is significantly boosted if the size of the pores of the support is lar-
ger than 5 Å. In comparison, the size of the pores less than 3 Å
reduced the overall conversion rate and the selectivity for
methane. Wei et al. [208] prepared zeolite 13X, and 5A supported
Ni catalysts and applied them for CO2 methanation. They found
that the zeolite 13X was proved the best catalyst with a superior
catalytic performance due to larger pores size. Bacariza et al.
[209] studied CO2 methanation by adding the compensating
cations on Ni/USY zeolites. They found that larger alkaline com-
pensation cations (Mg2+) enhanced the CO2 adsorption and CO2

methanation activity. They concluded that the catalytic activity
of zeolites was improved by tuning the catalytic properties
through the exchanged cation. All these features of zeolite materi-
als make them suitable, selective, and stable catalytic materials for
CO2 methanation. As shown in Table 4, the most performant
zeolite-based leading catalysts tend to have higher catalytic perfor-
mance, particularly methane selectivity during CO2 methanation.

5.2.7. Carbon as supporting materials
It is well established that the presence of hydrogen is essential;

it must be supplied at the surface of the catalyst for methanation
reaction. Several studies have proved that the activated carbon
materials could provide high adsorption sites for hydrogen. After
the activation process, hydrogen could migrate at the surface by
a spillover mechanism to promote the hydrogenation of CO2.
Although carbon as a supporting material provides high active sites
for adsorbed hydrogen, they are unable to activate CO2. These are
promising supporting materials in other perspectives, such as less
coking tendency tunable physicochemical and textural properties,
and high thermal conductivity.

Numerous carbon-supporting materials, such as activated car-
bons [231,244], carbon nanotubes [232–234,237–239], nano-
carbon nanofiber [245], biomass [239] and carbon felt [240] have
already been used for CO2 methanation reaction. Swalus et al.
[231] prepared composite material of nickel promoted activated
carbon (Ni/AC) and Rh/c-Al2O3 to examine CO2 methanation. They
noted the enormous increase in CO2 methanation activity over
synthesized catalysts. They concluded that high catalytic perfor-
mance was due to the Ni/AC’s capacity to absorb and activate
H2 to H atoms, which spilled over to the active Rh sites for chem-
ical reaction with adsorbed CO2, as shown in Fig. 17. O’Byrne et al.
[232] synthesized CNTs supported iron catalysts (Fe@CNT and Fe
decorated CNT) and applied them for methanation reaction. They
noticed that the Fe@CNT was proved a superior catalyst for
methanation reaction in methane selectivity and CO2 conversion
due to the high hydrogen spillover process on Ni-promoted CNTs.
Wang et al. [233] prepared a Ni-based catalyst modified with car-
bon nanotubes (CNTs) and promoted with cerium (12Ni4.5Ce/
CNT) to study the CO2 methanation activity. They reported that
among all the catalysts, the 12Ni4.5Ce/CNT demonstrated high
activity and thermal stability. It was suggested that the confine-
ment effect produced between Ce and well-dispersed Ni-NPs on
CNTs, has greatly enhanced the catalytic activity for CO2 metha-
nation. In another study, Wang et al. [237] conducted hydrogena-
tion of CO2 over different support materials including, SiO2, TiO2,
ZrO2, and Al2O3. Among all, carbon nanotubes, mesoporous car-
bon illustrated the highest catalytic activity for CH4 selectivity.
The chemical and physical properties, such as electronic state or
binding energy (BE) and thermal stability of CNTs, can be effec-
tively tuned by adding oxygen and nitrogen [234,236,239]. Li
et al. [234] investigated CO2 hydrogenation over oxygen function-
alized Mn-promoted Ni-CNTs and found higher catalytic perfor-
mance (nearly 100% CH4 selectively) at low reaction
temperatures compared to other unprompted catalysts. They
reported that high performance was due to the surface oxygen
groups (SOGs) on CNTs, which could act as a channel between
CNTs and Ni NPs. This promoted a strong interaction by forming
interfacial covalent bonding between them SOGs-CNTs and Ni
atoms, as shown in Fig. 18. Thereby, the thermal stability of the
catalyst was improved when the Ni-CNTs interactions were estab-
lished by donating electrons (electronic effect) from Ni to the
CNTs. Wang et al. [235] examined CO2 methanation over prepared
Ni-NPs grown on the N-doped carbon nanotubes (Ni/N-CNTs),
which presented high CO2 methanation activity due to improve-
ments in the binding-sites for Ni-NPs with minimum metallic

Fig. 19. N-doped biochar supported Ru as efficient catalyst for CO2 methanation. Adapted from [239].
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aggregation. Chew et al. [236] prepared iron catalysts supported
on oxygen and nitrogen-functionalized multi-walled carbon nan-
otubes (CNTs) and on silica to examine hydrogenation of CO2. It
was observed that the prepared O-CNTs and N-CNTs demon-
strated higher activity than the SiO2 support due to the well dis-

persed Fe-NPs metallic, high reducibility, and metal-support
interactions, and hydrophilicity. Wang et al. [239] synthesized
the N-doped biochar catalysts with different pyridinic-N content
to study CO2 methanation. They reported that the Ru/N-ABC-
600 catalyst showed a high CH4 selectivity of 99.7% and CO2 con-

Fig. 20. Promotional effects of alkaline earth metal oxides on Ni/CeO2 for CO2 methanation. Reprinted with permission from [241]. Copyright 2020 Elsevier.

Fig. 21. STEM-mapping images of the catalysts: (a) Mg0.1Ce0.9Ox; (b) Ca0.1Ce0.9Ox ;(c) Sr0.1Ce0.9Ox; (d) Ca0.1Ce0.9Ox-IMP. Reprinted with permission from [241] Copyright 2020
Elsevier.
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version of 93.8% because the basic N species could act as an
anchor for CO2 capture, as shown in Fig. 19. Although the existing
studies of structured carbon materials for CO2 methanation
showed promising results, their applications for CO2 methanation
are scarce [246–248].

5.3. Effect of promoters on CO2 methanation

A promising concept for improving the catalytic activity and
thermal stability of the catalysts is promoters or additives, which
increase the resistance of catalysts towards sintering and coking.
Generally, the promoters are categorized into chemical (electronic)
and textural (structural). Chemical promoters are used to provide
new additional active sites to improve the chemical properties
related to the activity of the catalysts such as redox property or
basicity. Textural promoters are usually applied to delay and avoid
the sintering of active species by improving the textural properties
of the catalysts. Typically, alkali metals, alkaline earth metals, tran-
sition metals (Fe, Ru, Co, Mn, Zr, La, Ce, Y, etc.), and metal oxides
are used as promoters for the development of CO2 methanation
catalysts [27,45,249].

5.3.1. Addition of alkali metals
The addition of alkali cations is a very successful approach to

increase the catalytic efficiency and thermal stability for CO2

methanation. For example, Petala et al. [115] synthesized a Ru/
TiO2 catalyst to study CO2 methanation activity. They used differ-
ent alkali metals, including Na, K, Li, and Cs as promoters to
enhance CO2 methanation. Among all the catalysts, the Na-
promoted catalyst (Ru/Na-TiO2) exhibited higher catalytic perfor-
mance compared to unpromoted Ru/TiO2 catalysts and other cata-
lysts (about three times higher). Small quantities of alkalis were
suggested to replace the portion of costly metals, lower the price
and increase the performance of the CO2 methanation reaction.
In another study, Cimino et al. [250] synthesized alkali promoted
based Ru/Al2O3 catalyst for CO2 methanation. They found that
the addition of Li on Ru/Al2O3 could improve both the CO2 capture
capacity and methanation activity due to the formation of a mixed
Li-Aluminate spinel phase. However, surface K and Na carbonates
reduced the CO2 methanation activity and selectivity. Pana-
giotopoulou et al. [251] examined methanation of CO2 over
alkali-promoted Ru/TiO2 catalysts. The activity and the selectivity
of CH4 were found to increase with the promotion of 0.5%Ru/TiO2

with alkalis. The alkali promotion of 0.5%Ru/TiO2 catalyst favored
the dissociative adsorption of CO during CO2 methanation. Several
other studies also used alkali metals as promoters to enhance the
CO2 methanation [252–256].

5.3.2. Addition of alkaline earth metals
The catalytic performance of CO2 methanation catalysts can

also be increased by alkaline earth metals, usually considered as
structural promoters. Liu et al. [241] investigated different alkaline
sites by modifying CeO2 with different alkaline earth metal oxides
(e.g., Mg, Ca, Sr, Ba) for CO2 methanation. Among all the catalysts,
Ca promoted catalyst (Ni/Ca0.1Ce0.9Ox) illustrated the higher cat-
alytic activity than other catalysts, as shown in Fig. 20. It was con-
cluded that the high catalytic performance was due to the
formation of the solid solution in the Ca0.1Ce0.9Ox sample after dop-
ing Ca2+ cations into the CeO2 lattice. While other cations were dis-
persed on the CeO2 surface, STEM-mapping confirmed that
promoting Ca to Ni/CeO2 could effectively improve Ni dispersion
with moderate alkaline sites. The high amount of surface oxygen
vacancies was the major reason for enhanced catalytic perfor-
mance during CO2 methanation, as depicted in Fig. 21. In order
to improve the CO2 methanation activity of the USY zeolite, Bacar-
iza et al. [209] also added Mg. It was noticed that the presence of

Mg in the prepared catalyst improved the CO2 methanation activ-
ity. The addition of Mg (up to 2.5%) produced basic sites and
enhanced the dispersion and size of Ni-NPs, which has increased
the activation of CO2. The concentrations of Mg were an essential
factor in structural changes of the USY zeolite; a high amount of
defective surfaces with oxygen atoms of low-coordination num-
bers were produced in USY zeolite using the lower concentrations
of Mg. Nevertheless, the Ni nanoparticles’ reducibility and the crys-
tallinity of the support have been decreased by high Mg concentra-
tions due to the formation of solid solution, e.g., NiO-MgO, which
has reduced the CO2 methanation activity. Liang et al. [257] exam-
ined the alkaline earth metals as promoters for the Ni/Al2O3 cata-
lyst towards CO2 methanation activity. The promotion of Mg and
Ca has negative effects on the catalytic efficiency of Ni/Al2O3 in
CO2 methanation by promoting the RWGS reaction. In converse,
the methanation activity has been increased drastically, especially
in the low-temperature region with the addition of Sr or Ba. It was
reported that the Sr species generated the oxygen vacancies, which
have increased the activation of CO2 to improve CO2 methanation.
Tan et al. [210] prepared Ni/ZrO2 catalysts with different Ni load-
ings for study CO2 methanation. They found that the catalytic
activity and thermal stability of the Ni/ZrO2 catalyst were signifi-
cantly improved on adding the MgO as a promoter due to highly
dispersed Ni NPs and confinement effect. Meanwhile, all promoters
are not equally favorable for CO2 methanation. It has been reported
that some promoters have acted differently, depending on the sup-
porting material used. For example, Le et al. [258] found that the
Na addition to Ni/CeO2 catalyst has a negative impact on the cat-
alytic performance for CO2 conversion. While the Ni/SiO2 catalyst
showed a high catalytic performance towards CO2 methanation
on Na addition as a promoter, they suggested that the addition of
Na to the catalyst was closely linked to chemisorb CO2 on the sur-
face of support materials during CO2 methanation. In another
study, Iloy et al. [259] observed a negative effect of potassium
metal for CO2 hydrogenation activity over silica-supported cobalt
due to a decrease of reducibility of Co-NPs during the calcination
of catalyst. Other studies also reported similar results [260–263].

5.3.3. Addition of zirconium oxide (ZrO2)
ZrO2 has also been used extensively as a promoter in many cat-

alysts to improve catalytic performance for CO2 methanation due
to its superior advantages, including rich oxygen vacancy sites
and high thermal stability. Cai et al. [126] used ZrO2 as a promoter
to improve the catalytic performance of synthesized Ni/ZrO2-Al2O3

catalysts for CO2 methanation. It was found that the addition of
ZrO2 to Ni/Al2O3 catalyst has enhanced the catalytic performance
(six times higher methane yield) and thermal stability compared
to the un-promoted Ni/Al2O3 catalyst. They suggested that the high
catalytic performance was mainly due to well-dispersed ZrO2,
which suppressed the incorporation of Ni-NPs into the crystal lat-
tice of cAl2O3. In another study, high performance has resulted
from a synergistic effect by a doped element, ZrO2 modified clays,
and nickel species [264]. Lin et al. [265] studied CO2 methanation;
they found that the addition of ZrO2 into Ni/Al2O3 has increased the
oxygen vacancies and active Ni sites to present excellent CO2

methanation stability.

5.3.4. Addition of cerium oxide (CeO2)
Cerium, in the form of CeO2, is another one of the most favor-

able promoters used in CO2 methanation to enhance the catalysts’
catalytic performance. So far, numerous CO2 methanation studies
have been conducted over ceria-promoted catalysts
[131,145,266–268]. Liu et al. [131] synthesized a Ni/Al2O3 catalyst
and added CeO2 on it as a promoter to study the CO2 methanation.
They found that the catalytic activity was strongly dependent on
the CeO2 content in all Ni-CeO2/Al2O3 catalysts for CO2 methana-
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tion. Among all the catalysts, the Ni-CeO2/Al2O3 with CeO2 (2wt%)
had the highest catalytic activity and thermal stability due to the
high reducibility of Ni-NPs species. They reported that the addition
of CeO2 has lowered the reduction temperature and improved the
catalyst’s reducibility by altering the interaction between Al2O3

and Ni-NPs. Bacariza et al. [224] investigated the effect of incorpo-
rating the metal in the Ni/zeolites catalysts for CO2 methanation.
The highest CH4 selectivity and CO2 conversion were obtained for
the 5Ni-3Ce/Na-USY (3) catalyst, most likely as a result of the com-
bined effect of good dispersion of the NPs and the small size and,
their easier reducibility due to interaction with CeO2 and the good
CO2 adsorption capacity. Recently, Guo et al. [266] synthesized a
Ni-Al layered double hydroxide (LDHs), used as catalyst precursors,
and modified it by CeO2 for CO2 methanation. It was found that the
synthesized NiAl-MO/CeO2-5 catalyst exhibited the highest CO2

conversion of 91% at low temperature (250 �C). The addition of
CeO2 was beneficial to provide appropriate and oxygen vacancies
and basic sites, well dispersion of NPs, which were conducted the
activation CO2 to form methane. Wang et al. [212] investigated
CO2 methanation on the CeO2 promoted Ni/MCM-41 catalyst. They
found high CH4 selectivity and CO2 conversion over the CeO2 pro-
moted Ni/MCM-41 due to well-dispersed Ni particles by synergetic
effect among Ni active sites, CeO2 and MCM-41. Rynkowski et al.
[267] synthesized a Ru/Al2O3 catalyst and modified it with CeO2

to improved CO2 methanation. They observed that the creation of
new active sites at the interface between the partially reduced
ceria and the Ru metal particles via the Ce-AlO3 structure had
improved catalytic performance of CeO2 promoted Ru/Al2O3 cata-
lyst. The catalytic performance was linked with high reduction
temperatures, which indicated larger ruthenium crystallites on
the CeO2 promoted catalyst. They concluded that the Ce (III) atoms

present in the CeAlO3 structure were the major factor in improving
the CO2 methanation. Alarcon et al. [268] synthesized the Ni-CeO2/
c-Al2O3 modified catalyst using CeO2 as a promoter for the CO2

methanation study. They found that the modified catalyst exhib-
ited higher tolerance to sulfur poisoning due to the presence of
CeO2, which minimized the formation of non-active NiS sites on
the catalyst during CO2 methanation activity, as shown in Fig. 22.
In addition, the CeO2-promoted catalyst showed high thermal sta-
bility, while the non-promoted catalyst suffered from nickel sinter-
ing. In another study, Tada et al. [116] also used CeO2 in the
modification of synthesized Ru/Al2O3 catalyst to examine CO2

methanation. They found that the CeO2 promoted Ru/Al2O3

showed a high CO2 conversion rate with high sulfur tolerance
due to partial surface reduction, which contributed to decompose
formate species.

5.3.5. Addition of lanthanum oxide (La2O3)
La2O3 is one of the most active promoters used to modulate the

surface basicity of the catalysts for CO2 methanation. Quindimil
et al. [202] prepared Ni supported on beta and Y zeolites to test
CO2 methanation. They also used La2O3 as a promoter to improve
the catalytic activity of the catalysts. It was noted that the beta
zeolites performed higher CO2 methanation activity than the Y
zeolites due to the high dispersion of Ni particles. The Ni dispersion
was enhanced due to the addition of La2O3, which has further
boosted the Ni/BETA zeolite catalyst’s basic properties to improve
the activity and selectivity to CH4. The La2O3 promoted Ni/BETA
catalyst performed CO2 conversion of 65% and CH4 selectivity of
ca. 100%, twofold compared to unpromoted Ni/BETA catalyst with-
out La2O3. Zhang et al. [269] prepared the La-doped Ni/Mg-Al cat-
alysts with different La loadings to study CO2 methanation. They

Fig. 22. Schematic representation of the proposed reaction mechanism of CO2 methanation under H2S poisoning for Ni-CeO2 catalyst. Adapted from [268].
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discovered that the 2% La prompted Ni/Mg-Al catalyst achieved the
high CO2 conversion (61%) and CH4 selectivity (nearly 100%) due to
high basicity. Zhi et al. [270] investigated the effect of La2O3 on the
catalytic performance of the Ni/SiC for CO2 methanation. It was
found that the La2O modified Ni/SiC exhibited high activity and
thermal stability than pure Ni/SiC due to high dispersion Ni-NPs.
Wang et al. [271], investigated CO2 methanation over a La-
modified Ni/SBA-15 catalyst. They found that the La-modified Ni/
SBA-15 catalyst exhibited decent catalytic performance, high sta-
bility, and anti-sintering due to the high dispersion of Ni-NPs and
strong metal-support interaction.

5.3.6. Addition of vanadium oxide (VOx)
VOx, as a promoter, has recently been studied in various CO2

methanation catalysts. Lu et al. [272] investigated CO, and CO2

methanation over the VOx promoted Ni catalysts supported cata-
lysts. They reported that adding a proper amount of VOx could
enhance methanation activities with superior anti-sintering and
anti-coking properties. It was attributed that high catalytic activity
was due to the well-dispersed active Ni-NPs, which have improved
the interaction with bentonite support by VOx. In another study,
Hamid et al. [273] examined CO2 methanation over vanadium pro-
moted Ni/KCC-1 catalyst. They reported that the addition of V2O5

to Ni/KCC-1 catalyst had improved the CO2 methanation activity
due to high basicity and well-dispersed Ni species, which provided
additional adsorption sites for CO2 activation at a lower tempera-
ture. Wang et al. [274], conducted CO2 hydrogenation over Rh-
0.3VOx/MCM-41catalysts, modified using vanadium oxide as a pro-
moter. They found that higher CO2 hydrogenation activity was due

to a higher number of nanoparticles of Ru and the VOx-Rh interface
sites on the MCM-41.

5.3.7. Addition of other promoters
Recently, Burger et al. [275] prepared a modified NiAlOx catalyst

using two promoters Mn and Fe, and applied it for CO2 methana-
tion. It was reported that the combination of both dopants
enhanced the catalytic activity. Moghacidam et al. [276] synthe-
sized the mesoporous supported nickel-based catalysts on
nanocrystalline alumina using different types of promoters, includ-
ing Fe, Zr, Co, La, and Cu. Among all, Fe promoted Ni-based catalyst
presented the highest CO2 methanation activity due to the high
reducibility of NiO, which was occurred at lower temperatures.
Zhao et al. [277] investigated Mn-promoted Ni/Al2O3 catalysts for
CO and CO2 methanation and found that the high Ni nanoparticles
dispersion and reducibility have improved the catalytic perfor-
mance of Mn-Ni/Al2O3 (60%) three times higher compared to the
unpromoted catalyst (ca. 20%). The well-dispersed Ni particles
and the high number of basic sites also contributed to improving
the catalytic performance of Mn-promoted catalyst with anti-
sintering properties during the methanation reaction. Vrijburg
et al. [278] studied the promotional effect of MnO on Ni catalysts
supported on a silica-modified c-Al2O3 (SA) to execute CO2 and
CO methanation. Significantly higher methanation rates and CH4

selectivities were obtained for Mn-promoted compositions com-
pared to Ni-only catalysts. The Mn addition has increased the dis-
persion and the reducibility of Ni particles, which enhanced the
CO2 adsorption and activation. Bakar et al. [213] prepared the Ni/
Al2O3 catalysts and modified them with Mn and noble metals to

Fig. 23. (a) Systematic synthesis steps involved in mesoporous Ru promoted TiO2 support. The precursor solution was atomized. Then the aerosol mist paced in a tubular
furnace. The obtained dried particles of surfactant micelles and amorphous TiO2 were collected on an absolute filter. (b) The particles were calcined in air to generate the
porosity and NPs of RuO2 were impregnated onto the mesoporous TiO2 supports. Reprinted with permission from [287]. Copyright (2018) American Chemical Society.
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study CO2 methanation. Among all the catalysts, the Ru promoted
Ni/Al2O3 showed superior CO2 conversion of 99.74% and CH4 for-
mation of 72.36% due to the high reducibility of Ru nanoparticles.
Guo et al. [279] prepared a Co modified Ni/SiO2 catalyst and
applied it in CO2 methanation. The catalytic activity has been
observed to increase significantly over Ni-Co/SiO2 catalysts due
to Co/Ni molar ratios and high Co loading. In another study, the
CO2 methanation reaction was performed using Co as a promoter
and it was found that the appropriate addition of Co metal on Cex-
Zr1-xO2 could remarkably enhance the catalytic activity and ther-
mal stability [280]. Isah et al. [281] executed the CO2

methanation reaction over a zeolite-promoted Ni/Al2O3 nanocata-
lyst and found that the addition of zeolite (2%) has exhibited supe-
rior CO2 conversion of 99% and CH4 selectivity of 56% towards CO2

methanation reaction due to high the surface area.

5.4. Effect of preparation methods on CO2 methanation

One of the most significant considerations for developing cata-
lysts for methanation reactions is an optimized preparation pro-
cess. The metal dispersion, catalytic activity, crystal structure,
and allowable metal loadings on the supports can be affected by
chemical and physical techniques used to combine metals and sup-
ports. Some of the commonly used preparation methods are dis-
cussed in the following sections.

5.4.1. Sol-gel method
The sol–gel is one of the most versatile chemical methods,

which has been used for the preparation of solids catalysts for var-
ious chemical reactions. Typically, this method is employed to syn-
thesize a porous solid catalyst using small metal alkoxide
molecules, sulfides, or nitrides, or specific metal salts [282–285].
Different processes, including aqueous and non-aqueous routes
and preparation methods, are used to produce methanation cata-
lysts, following the basic sequence: (1) the precursor’s solution is
converted into an active state, (2) the activated precursors are con-
verted to nanoclusters through polycondensation, (3) gelation; for-
mation of gel which encapsulates the solvent, (4) aging process
(typically 1–5 days; 50–100 �C), (5) calcination process, (6) wash-
ing process, and (7) stabilization/drying. Thus, the synthesized cat-
alysts are stable enough and can be used for methanation reactions
up to 500 �C [286,287]. Kim et al. [287] synthesized mesoporous Ru
promoted TiO2 based CO2 methanation catalyst via the aerosol-
assisted self-assembly process, as depicted schematically in
Fig. 23. They reported that the catalytic activity depends greatly
on the large surface area, small RuO2 crystals, and the strong inter-
action between rutile TiO2 and RuO2.

5.4.2. Impregnation method
When a precursor of an active phase is contacted with the solid

support using a specific volume and then dried subsequently to
remove the imbibed solvent is called impregnation, which is
prominent in two ways: wet impregnation (WI) and incipient wet-
ness impregnation (IWI). In the first one, the solution volume is
used in excess amount. The solid particles are separated after some
particular interval of time, and the heating or drying process
detaches the excess solvent [288]. The latter one is also called cap-
illary impregnation or dry impregnation. Typically, the active
metal’s precursor is mixed in an organic or aqueous solution of
incipient wetness amount. Several heterogeneous metal catalysts
for methanation reactions have been synthesized using this tech-
nique because it is easy and straightforward to control metal load-
ings without liquid waste. However, the impregnation method
generally results in the formation of large, aggregated particles
on the external surface of the mesoporous silica [289,290].

Pan et al. [291] examined the CO2methanation reaction over dif-
ferent nickel-promoted catalysts synthesized by impregnation,
deposition–precipitation, and urea combustion techniques. They
reported that theNi/Ce0.5Zr0.5O2 catalyst prepared by the impregna-
tion method had displayed the highest activity due to a large num-
ber of oxygen vacancies, basic sites, high Ni surface area, and high
Ce (III) atoms. Dong et al. [292] synthesized a Ni/3DSBA-15 catalyst
using the incipient wetness impregnation method to examine CO2

methanation. It was reported that the phyllosilicate catalyst pre-
sented superior catalytic performance and stability. In another
study, Guo et al. [293] conducted CO2 methanation over the Mg-
modified Ni/SiO2 catalysts prepared by different impregnation
methods and found that the co-impregnation method could signifi-
cantly improve the activity and thermal stability of synthesized cat-
alysts compared to other prepared catalysts.

5.4.3. Microemulsion method
Typically, industrial processes are performed under harsh con-

ditions, making it difficult to achieve the long-term thermal stabil-
ity of the catalysts. To design high thermally, stable catalysts for
methanation reactions has been a great challenge. The microemul-
sion process, which is regarded as the best way to achieve high
thermal stability, high pores volume, high surface area, and high
dispersed metal nanoparticles, can develop organic or inorganic
nanomaterial catalysts, which play a critical role in increasing
CO2 methanation [50,294]. Generally, the combination of the water
phase, oil phase, surfactant, and co-surfactants are used in the
microemulsion process. Primarily, the aqueous phase consists of
the metal salt and other ingredients, while the oil is a complex
mixture of olefins and hydrocarbons. There are three types of
microemulsion: (i) water-in-oil or reverse microemulsion, (ii) oil-
in-water microemulsion, and (iii) bicontinuous microemulsion
[295–297]. Park et al. [72] studied CO2 methanation over
monometallic and bimetallic catalysts prepared by a reverse
microemulsion process. They reported that the nanoparticles of
palladium, magnesium, nickel, and lithium were highly dispersed
and aggregated on the surface of silica support. The superior CO2

methanation activity was noticed due to the synergistic effect
between well-dispersed nanoparticles of Pd, Mg, and Si oxide. Dur-
ing the microemulsion process, the surfactant might be nonionic or
ionic, which defines the stabilizing interactions between the aque-
ous phase and the hydrophilic end of the surfactant [298–301].
Hussain et al. [50] studied CO2 methanation over a metal-free
fibrous silica ZSM-5 (FS@ZSM-5) catalyst synthesized using a
microemulsion process. They found higher CO2 methanation activ-
ity (formation of methane of 0.108 mmol m�2s�1 and CH4 selectiv-
ity of 66%) than commercial ZSM-5 (rate of formation of methane
0.067 mmol m�2s�1 of CH4 selectivity of 37%). In another study,
Hussain et al. [185] prepared fibrous silica-mordenite (FS@SiO2-
MOR) and fibrous silica-beta zeolite (FS@SiO2-BEA) using the
microemulsion method and applied these as metal-free catalysts
for CO2 methanation. They found that high surface area, oxygen
vacancies, and basicity improved the catalytic performance for
CO2 methanation.

5.4.4. Other preparation methods
Hwang et al. [302] employed a co-precipitation method to syn-

thesize the mesoporous NiFe-Al-X catalysts using different types of
precipitation agents such as (NH4)2CO3, Na2CO3, NH4OH, and
NaOH. They applied these synthesized catalysts for CO2 methana-
tion and found that among all, the NiFeAl-NaOH catalyst exhibited
high CO2 methanation activity. The catalytic performance of the
catalysts was found to rely on the nature of the precipitation
agents used in the synthesis process. In recent times, another type
of material consists of anion intercalated inorganic linkage, which
is also known as hydrotalcite-like compounds, anionic clays, or lay-
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ered double-hydroxide materials (LDHs). These materials have
gained much interest as precursors or heterogeneous catalysts
due to their high dispersion of metallic particles and large specific
surface area. He et al. [303] used a facile method to synthesize the
NiAl-LDH precursor using a hierarchical Al2O3 matrix and applied
it for CO2 methanation. They reported that high catalytic perfor-
mance was achieved (over 90% CO2 conversion) over the synthe-
sized catalyst. It was found that the activity was correlated to
high dispersion of fastened Ni clusters, and a large number of sur-
face vacancies, which severed as the active sites during CO2 metha-
nation. In another study, the Ni-Al2O3-HT catalysts were prepared
using Al hydrotalcite as a precursor for CO2 methanation. It was
reported that the high catalytic performance of both catalysts

was due to highly dispersed Ni particles and basic sites; these
results were consistent with another CO2 methanation study [304].

Dielectric barrier discharge plasma (DBD) is another crucial and
new method, which is used to enhance the catalytic activity by
plasma generation that requires a dielectric barrier material
between the electrodes [305,306]. Very recently, the nickel precur-
sors are decomposed by DBD to prepare the Ni/MgAl2O4 catalysts
with well-dispersed Ni nanoparticles (Ni-NPs) [307]. It was
reported that using this method, the CO2 methanation activity
could improve significantly. In another study, Jwa et al. [213] used
a DBD reactor filled with Ni/zeolite pellets to examine the hydro-
genation of CO and CO2 to produce CH4. It was found that after
the plasma-assisted reaction, smaller and well-dispersed Ni-NPs

Table 5
Types and nature of catalyst deactivation in methanation activity.

No. Mechanism Description Example Nature Ref.

1 Fouling The blockage of the sites and pores onto the catalyst active
surface due to carbon deposition that results in activity
loss.

2CO (g) M CO2 (g) + C (s) Physical [308,309]

2 Attrition or
crushing

The crushing of the catalyst particles due to mechanical
fluidization, which reduces the internal surface area of
catalytic materials.

In a fluidized-bed or slurry-bed reactors, the catalyst
particles are crushed into fines powder, which may block
the active sites is carried away with the product flow.

Physical [308]

3 Thermal
degradation
(Sintering)

The loss of active surface of catalysts due to crystallite
growth of either the active phase or support material by
sintering, chemical transformations or evaporation.

Thermal degradation is usually occurs during reduction or
calcination of synthesized samples at high temperatures.

Physical [310]

4 Poisoning Strong chemisorption of pollutants species on the catalytic
active sites due to unwanted chemical reactions.

� H2S (g) + NiO (s) M NiS (s) + H2O (g)
� 2H2 (g) + C4H5S (g) M H2S (g) + C4H10 (g)
� Tars
� Ammonia
� Chlorine compounds
� Alkalis

Chemical [311]

5 Vapours
solids
reactions

Formation of inactive phases on catalytic actives sites due
to chemical reactions with, support materials, promoter or
fluid.

Carbon monoxide react with active phase of Ni-based
catalysts to form nickel carbonyls species at temperatures
below 230 �C.
Ni (S) + 4CO (g) M Ni (CO)4(g)

Chemical [312]

Fig. 24. Different types of catalyst deactivation in methanation (A) fouling, (B) attrition, (C) sintering, (D) poisoning, and (E) vapours solids reactions. Adapted from [42].
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were obtained, which have significantly improved the catalytic
performance for carbon oxides. The summary of the representative
catalysts for CO2 methanation has been shown in Table 4.

6. Main challenges in CO2 methanation

6.1. Deactivation of the catalysts

The methanation catalysts undergo rapid and severe deactiva-
tion due to different physicochemical changes, such as thermal
degradation of the support material, metal sintering, oxidation of
the metallic phase, particularly, the coke formation. The deactiva-
tion of the catalysts can be classified into two major types: (i)
physical deactivation and (ii) chemical deactivation. Fouling (coke
deposition), thermal degradation (sintering), and attrition are the
major factors of the catalyst’s physical deactivation. While in the
chemical deactivation, the catalysts are typically deactivated by

poisoning and vapor–solid reactions [38], these deactivation phe-
nomena are summarized in Table 5 with schematic representa-
tions, as shown in Fig. 24. The deactivation of the catalysts
depends on the structure and the composition of the catalysts,
and operating conditions during the catalytic performance, includ-
ing feed ratio, temperature, and pressure, which could promote the
sintering, attrition, or coke deposition [11]. The physical deposition
of gas-phase species onto the active surface of the catalyst is called
fouling, which causes blockage of the pores and active sites of the
catalysts, as shown in Fig. 24A. For example, the decomposition of
CO2 produces CO molecules, which further generate solid carbon
and CO2 through Boudouard reaction or CO disproportionation:

Fig. 25. Possible reaction pathways of CO2 methantion to CH4 along with CH3OH and CO, (*) presents the adsorbed surface species. Reprinted with permission from [320].
Copyright (2017) American Chemical Society.

Table 6
Reaction energies (DE) and activation energies (Ea) of different elementary reactions
of for direct C-O bond cleavage pathway during CO2 methanation [322].

No. Reaction steps DE (kJ/mol) Ea (kJ/mol)

1 CO2* ? CO* + O* �73.09 13.60
2 CO* + O* + H2 ? CO* + O* + H2* �36.73 –
3 CO* + O* + H2* ? CO* + H2O* 78.26 319.60
4 CO* + H2O* ? CO* + H2O" 58.90 –
5 CO* ? C* + O* 76.92 132.18
6 C* + O* + H2 ? C* + O* + H2* �216.39 –
7 C* + O* + H2* ? C* + OH* + H* 16.35 113.67
8 C* + OH* + H* ? C* + H2O* �78.56 58.02
9 C* + H2O* ? C* + H2O" 121.68 –
10 C* + H2 ? C* + H2* �88.52 –
11 C* + H2* ? CH* + H* �88.61 12.82
12 CH* + H* ? CH2* �45.12 39.64
13 CH2* + H2 ? CH2* + H2* �108.06 –
14 CH2* + H2* ? CH3* + H* �47.02 102.23
15 CH3* + H* ? CH4* 15.70 135.86

Table 7
Reaction energies (DE) and activation energies (Ea) of different elementary reactions
of for formate pathway during CO2 methanation [322].

No. Reaction steps DE (kJ/mol) Ea (kJ/mol)

1 CO2* + H2 ? CO2* + H2* �94.32 –
2 CO2* + H2* ? HCOO* + H* 30.29 88.61
3 HCOO* + H* ? HCOOH* 17.03 172.45
4 HCOOH* + H2 ? HCOOH* + H2* �53.65 –
5 HCOOH* + H2* ? H2COOH* + H* �47.02 70.92
6 H2COOH* + H* ? H2CO* + H2O* �44.75 283.67
7 H2CO* + H2O* ? H2CO* + H2O" 46.10 –
8 H2CO* + H2 ? H2CO* + H2* �103.64 –
9 H2CO* + H2* ? H2COH* + H* 112.24 254.90
10 H2COH* + H* ? CH2* + OH* + H* �144.87 160.99
11 CH2* + OH* + H* ? CH2* + H2O* 9.39 65.45
12 CH2* + H2O* ? CH2* + H2O" 64.07 –
13 CH2* + H2 ? CH2* + H2* �73.27 –
14 CH2* + H2* ? CH3* + H* �18.61 25.92
15 CH3* + H* ? CH4* 45.48 118.91
16 H2CO* + H2* ? H3CO* + H* �10.28 116.72
17 H3CO* + H* ? CH3* + OH* 87.27 321.96
18 CH3* + OH* + H2 ? CH3* + OH* + H2* �38.23 –
19 CH3* + OH* + H2* ? CH3* + H2O* + H* 49.90 128.40
20 CH3* + H2O* + H* ? CH3* + H* + H2O" 53.96 –
21 CH3* + H* ? CH4* 30.55 127.89
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2CO (g) �CO2 (g) + C (s) [308]. This problem can be solved by
increasing the H2/CO ratio or adding the steam during the metha-
nation reaction because solid carbon can react with water and
hydrogen to inhibit carbon deposition [309,313].

This type of deactivation process mainly depends on catalyst
particle shape and the operating conditions. Typically, it proceeds
when the feedstock passes through methanation reactors, includ-
ing, fixed-bed, fluidized-bed, and slurry-bed reactors, it carryover
of dust and fines produced after attrition, as shown in Fig. 24B.
To solve this issue, process conditions and structural properties
of catalysts are optimized and tuned, respectively with minimum
impacts of attrition. Besides, new technology has been introduced
by DuPont, which could encapsulate the active phase in a porous
silica shell to permit unhindered diffusion of the reactants and
products, without affecting selectivity and conversion [308,309].

Another type of deactivation of catalysts is the sintering of
metal particles due to growing the surface metal particles or
metal crystallite size. This phenomenon can lead to the loss of
the active surface area of the catalysts, resulting in decreases in
the activity per gram of catalyst (less accessible active sites)
[310], as shown in Fig. 24C. The high temperature (above
500 �C) and the exothermicity nature of the methanation reaction
are somehow also responsible for the sintering effect. Therefore,
some catalysts have been designed for high temperatures metha-
nation (<700 �C) [314].

In addition, poisoning is another major issue that causes the
deactivation of the Ni-based catalysts. Ni metal is highly active
towards impurities, which are inherently present in the CO2

stream, such as biogas and flue gas, or atmosphere. Contaminants
such as tars, ammonia, chlorine compounds, alkalis, particles, or
sulfur compounds can react sensitively to active sites of the metha-
nation catalysts during methanation reactions. This issue is tackled
by additional care in operating or planning CO2 methanation plants
with sulfur-containing CO2 derived from anaerobic biogas plants
because the sulfur gradient is readily formed along the reactor axis
[315,316]. For this purpose, the CO2 methanation reactors must be
installed with a suitable sulfur elimination system to avoid sulfur
poising. Generally, a Rectisol wash process is conducted with
adsorption of zinc oxide or low-temperature methanol [317]. The
state-of-the-art Ni-supported catalysts can sustain the stability
and activity over hundreds of hours if the concentration of sulfur
content is present in the feedstock in parts per billion (ppb)
[318]. Hydrogen sulfide (H2S) can react quickly with nickel oxide

(NiO) to form water and nickel sulfide (NiS), leading to a decrease
in the activity of Ni-based catalysts during the chemical reaction as
shown in Table 5 and Fig. 24D [311]. Many chemical reactions,
such as vapor phase reactions that can react with the catalysts’ sur-
face to produce inactive surface species, lead to catalyst deactiva-
tion. Typically, in methanation reactors, CO (g) reacts with Ni (s)
to form a nickel tetracarbonyl compound (Ni (CO)4 (g)) at temper-
atures below approximately 230 �C [312], as mentioned in Fig. 24E
and Table 5. To solve this issue, the methanation reaction should
not run over commercial Ni-based catalysts below 250 �C [319].

Fig. 26. Proposed reaction mechanism via formate pathway during CO2 methanation over Ni/CZ-AE catalyst. Adapted from [346].

Table 8
Reaction energies (DE) and activation energies (Ea) of different elementary reactions
of for RWGS + CO hydrogenation pathway during CO2 methanation [322].

No. Reaction steps DE (kJ/mol) Ea (kJ/mol)

1 CO2* + H2 ? CO2* + H2* �94.32 –
2 CO2* + H2* ? COOH* + H* 38.05 151.75
3 COOH* + H* ? CO* + H2O* 29.82 228.90
4 CO* + H2O* ? CO* + H2O" 64.46 -
5 CO* + H2 ? CO* + H2* �97.59 -
6 CO* + H2* ? HCO* + H* �51.28 110.43
7 HCO* + H* ? CH* + OH* 54.83 210.01
8 CH* + OH* + H2* ? CH* + H2O* + H* �105.68 -
9 CH* + OH* + H2 ? CH* + OH* + H2* 100.04 172.30
10 CH* + H2O* + H* ? CH* + H* + H2O" 24.79 –
11 CH* + H* ? CH2* 65.85 237.15
12 CH2* + H2 ? CH2* + H2* �140.39 -
13 CH2* + H2* ? CH3* + H* �77.99 101.97
14 CH3* + H* ? CH4* 17.84 70.26
15 HCO* + H* ? H2CO* �97.32 36.06
16 H2CO* + H2 ? H2CO* + H2* �100.62 -
17 H2CO* + H2* ? H3CO* + H* 4.68 97.81
18 H3CO* + H* ? CH3* + OH* 173.77 368.32
19 CH3* + OH* + H2 ? CH3* + OH* + H2* �146.45 -
20 CH3* + OH* + H2* ? CH3* + H2O* + H* 22.58 51.21
21 CH3* + H2O* + H* ? CH3* + H* + H2O" 64.81 -
23 CO* + H2* ? COH* + H* 141.51 153.96
24 COH* + H* ? HCOH* �20.79 196.62
25 HCOH* ? CH* + OH* �45.02 196.24
26 CH* + OH* + H2 ? CH* + OH* + H2* �48.18 -
27 CH* + OH* + H2* ? CH2* + H2O* 7.46 243.43
28 CH2* + H2O* ? CH2* + H2O" 53.57 -
29 CH2* + H2 ? CH2* + H2* �140.39 -
32 HCOH* + H2 ? HCOH* +H2* �123.28 -
33 HCOH* +H2* ? H2COH* +H* �47.08 145.86
34 H2COH* +H* ? CH3* + OH* �21.13 99.76
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6.2. Reaction mechanisms of CO2 methanation

In order to design superior catalytic systems rationally, reaction
mechanisms during CO2 methanation must be investigated.
Although CO2 methanation is relatively a simple reaction, there
are several challenges to establish the arguments on the nature
of the intermediate surface species, and their role in forming
methane is still debatable. The CO2 methanation mechanisms can
be categorized into three major routes based on CO2 initial hydro-
genation: (i) CO2 direct dissociation pathway (CO2 direct dissocia-
tion into CO*), (ii) the formate pathway (CO2 C-terminal
hydrogenation to HCOO* species), and (iii) RWGS + CO Hydro path-
way (CO2 O-terminal hydrogenation to COOH* species) [320–322],
as shown in Fig. 25. Typically, the multiple active sites available at
the surface of catalysts facilitate the activation and dissociation of
reactants to produce the desired product via different reaction
intermediate species. Recently, several in situ, operando experi-
mental techniques and theoretical studies of CO2 methanation
were elucidated [322–332] and reaction intermediate species and
elementary steps were discussed.

6.2.1. CO2 direct dissociation pathway
In this pathway, CO2* dissociates into CO* and O* first; the sub-

sequent steps are the same as those of CO methanation. This pro-
cess is exothermic with the reaction energy of �73.09 kJ/mol and
needs to overcome a barrier of 13.60 kJ/mol on Rh/TiO2 catalyst,
as mentioned in Table 6. This specifies that the Rh/TiO2 catalyst
dissociated CO2* into CO* with high activation energy barrier
(51.00 kJ/mol) [322,323], which reveals that the Rh/TiO2 catalyst
is much more active for CO2 activation than Ni-based catalysts.
The *CO undergoes dissociation reaction to form *O and *C, which
subsequently converted to CH4 on hydrogenation [322,324,333].
The reaction energies (DE) and activation energy barriers (Ea) of
different elementary reactions have been listed in Table 6.

Methanation of CO2 was conducted over Ni (110), and Ni (100)
surfaces by density functional theory (DFT) observations. The CO
was found one of the main intermediates in this process by com-

parison of the energy barrier. Some of the other intermediates
were also observed, including carbonyl, hydroxyl, and HCOO dur-
ing CO2 methanation [334–336]. It was found that the reaction
rates for CH4 formation and activation energy for CO2 were close
to the values for methanation of CO under the same circumstances.
Falconer et al. [337] performed CO2 methanation over a Ni/Si cata-
lyst through temperature-programmed reduction and
temperature-programmed desorption. They found that the CO2

was dissociated CO and O atoms at high temperatures. In other
mechanistic studies of CO2 methanation, it has also been reported
that CO as an intermediate was produced not only on Ni-based cat-
alysts, but on other catalysts as well, such as Pt and, Rh and Ru
[338–342].

6.2.2. Formate pathway
The formation of methane via the CO bond cleavage in H2COH

or H3CO is termed a formate pathway [111]. According to some
CO2 methanation studies, the associative pathways with formate
are important in the formation of methane [343,344]. Yang et al.
[322] investigated the reaction mechanism over an Rh/TiO2 cata-
lyst. They found the reaction energies (DE) and activation energy
barriers (Ea) of different elementary reactions have been listed in
Table 7. They reported that the H2 molecule was adsorbed and
spontaneously dissociates on the interfacial Rh site. Subsequently,
CO2* was hydrogenated to HCOO* (30.29 kJ/mol) and HCOOH*
(17.03 kJ/mol). The HCOOH* further converted into H2COOH* spe-
cies, which is an exothermic process, as listed in Table 7. The H2-
COOH* species decomposed into H2CO* and H2O* by reacting
with H*; however, the decomposition of H2COOH* was a kinetically
unfavorable process (Ea = 283.67 kJ/mol). The H2CO* species
further hydrogenated to H3CO* or H2COH* after H2O* desorption.
Subsequently, the CH2* and OH* were formed by the decomposi-
tion of H2COH*. The H2O* species were formed by the reaction of
OH* and H* to desorbs from the catalyst surface. While after
H2O* desorption, the H2COH* species decomposed to produce
CH2*, which was hydrogenated to CH4*. Bian et al. [345] investi-
gated kinetic and mechanistic study CO2 methanation over the

Fig. 27. Methantion to methane technology: current state and perspectives. Adapted from [365].
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Ni/CeO2; they found that methane formation followed the formate
pathway over oxygen vacancies, which acted as active sites for the
formate formation. Ashok et al. [346] examined CO2 methanation
over a Ni/CeO2-ZrO2 catalyst. According to DRIFTS observations,
they concluded that the main reaction pathway does not involve
CO as an intermediate; most of the CO2 part was converted to
methane via a formate pathway. They reported that the CO2 could
linearly adsorb onto catalyst support as mono or bidentate carbon-
ate, which reacted with dissociated hydrogen to form hydro-
genated carbonates. Hydrogen was dissociated on the surface of
Ni0 and then spilled over to Cex+ species present in the catalyst
support. On further increasing the temperature (250oC), these
hydrogenated carbonate species converted into monodentate for-
mats by reaction with the dissociated hydrogen. These formate
intermediates converted into formaldehyde-like species and sub-
sequently methoxy species, which finally dissociated to release
CH4, as shown in Fig. 26. Similar results were reported in other
studies [118,347–351]. Nevertheless, few studies are available in
the literature, which suggests that the intermediate formate spe-
cies are spectators during the CO2 methanation activity; they can
block the active sites on catalysts surfaces [352–353].

6.2.3. RWGS + CO-Hydro pathway
The formation of methane from CO2 methanation can also occur

via the RWGS + CO hydrogenation pathway. The RWGS + CO-Hydro
pathway is also called the carboxyl pathway, which is initiated by
the hydrogenation of adsorbed CO2 to COOH or the C-O bond scis-
sion of *HCOH, *H2COH, *H3CO leads to the formation of CHx spe-
cies which undergo subsequent hydrogenation reactions to form
CH4 [117,322,342]. Different intermediates have been shown in
Table 8 with their Ea and DE values of different elementary reac-
tions via the RWGS + CO hydrogenation pathway over the Rh/
TiO2 catalyst. In RWGS + CO hydrogenation pathway, methane is
formed through the channel:

CO2* !COOH* !CO* !COH* !HCOH* !H2COH* !CH3* !CH4* ().

In this route, the COOH* species dissociated into CO*, which was
known as the rate-determining [322]. In some studies, CO and CHO
were considered crucial intermediates in the RWGS + CO-Hydro
pathway [354–357].

7. The state-of-the-art commercial aspects of CO2 methanation

Based on the findings of this review, it is clear that catalyst
development is a critical step towards the large-scale commercial-
ization of CO2 methanation. In the current state of technological
developments, CO2 methanation is the most compatible approach
to produce substitute natural gas compared to photocatalytic, elec-
trocatalytic, or biological ways. These systems are still far from
being a practical consideration compared to CO2 methanation
due to lower volumetric mass transfer coefficient and a lower reac-
tion rate. To produce SNG, CO2 can be obtained directly from the air
or the exhaust gas of the industrial plants and power plants. While
H2 is produced through water electrolysis using renewable meth-
ods, including hydroelectric generators, wind turbines, tide, wave,
geothermal, solar panels, or photovoltaic cells [31–34]. More
efforts to develop reactors, suitable operating conditions, and elec-
trolytic systems for the generation of H2 from water are expected
in the near future, leading to the realistic implementation of
large-scale CO2 methanation.

In the light of international protocols and policies on environ-
mental protection, such as Sustainable Development Goals (SDGs),
Kyoto Protocol the Paris Agreement [358–360], the catalytic CO2

methanation has a great potential to reduce CO2 and fulfill energy
demands. The European Union (EU) aspires to be carbon neutral by

2050, and this goal is at the heart of the European Green Deal
[361]. As demonstrated throughout this paper, the development
of substitute natural gas emerges as a viable choice for meeting
this demand. Taking into account all of the methane’s benefits,
and with EU policies supporting low CO2 emission scenarios in
the near future, CO2 methanation appears to be a positive para-
digm change that will play a key role in a new energy model. Sev-
eral EU countries are developing power-to-gas (P2G) technology to
produce substitute natural gas. Since 2009, Germany tends to be at
the forefront of P2G technology, which offers substitute natural
gas. In Stuttgard, there is a well-established industrial-scale
Power-to-methane plant of 6300 kW capacity, which supplies
methane to Audi (250 kW). This power plant project was launched
by ‘‘ETOGAS GmbH. ETOGAS” through ‘‘ZSW: The Center for Solar
Energy and Hydrogen Research” in Wertle, Germany. Another pro-
ject, the Karlsruhe Institute of Technology (KIT) co-financed by the
EU’s Seventh Framework Program, has been working on methana-
tion with thermally integrating high-temperature electrolysis
(SOEC Technology). This industrial project’s predictable hydrogen
generation efficiency is 85% higher than that of traditional water
electrolysis. In practice, methanation (exothermic) coupled with
high-temperature electrolysis (endothermic) provides superior
conversion efficiency [362]. Another project was initiated by the
Electrochaea Company using a microorganism (methanogenic
archaea) as a biocatalyst for a methanation technology [363].
Archaea BioCat has a high mass conversion efficiency and is resis-
tant to a variety of pollutants found in industrial CO2 sources, such
as particulates, H2S, and O2. In addition, archaea is highly selective
for methane formation, so minimal post-reaction gas treatment is
required before injecting the produced gas into the gas grid. Krist-
janpoller et al. [364] have published a fascinating paper on the
evaluation of biomethanation plants. The work outlines two criti-
cal principles that will direct research and generate proposals for
the improvement of industrial plants: performance and effective-
ness. The first is a measure of the economy in which the company’s
products are used, including the cost of the catalyst; the second is a
measure of the economy in which the company’s resources are
used, including the cost of the catalyst.

A state-of-the-art perspective on methane production is shown
in Fig. 27. According to recent reports, methanation cost is
expected to drop from > €1000/kWel by up to 75% below 500 €/
kWel by 2050 [41,365]. This decrease in costs is an obvious sign
that catalytic CO2 methanation is being introduced on the market.
It is estimated that investment costs for electrolysis and methana-
tion technologies will fall from more than 1000 € kWel�1 nowa-
days to around 500 € kWel�1 in the future. This cost reduction is
clearly indicated that the market implementation of the CO2

methanation concept is underway.

8. Conclusions and outlook

The CO2 methanation reaction has been a topic of significant
research interest since the early 1900 s. In recent times, for full-
fledged commercialization of CO2 methanation to produce substi-
tuted natural gas, the development of economical, robust, viable,
and sustainable catalysts with high activity has been a great chal-
lenge due to its strongly exothermic nature, low catalytic perfor-
mance and coke formation. Previously, several top-notch efforts
have been made to resolve these issues; thermodynamics, reactor
design, and process configuration aspects have been studied exten-
sively in many reviews. However, reports on robust catalyst sys-
tems, which are the perquisites for high CO2 methanation
activity, are somewhat scattered. Here we have carefully examined
emerging novel catalysts; especially those fabricated using new
generation manufacturing methods, supporting materials and pro-
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moters, a subject that has been largely unexplored to date. We
have analytically reviewed aspects of robust catalyst systems with
identifying opportunities and the critical challenges for enhanced
CO2 methanation. We have also critically reviewed the comprehen-
sive understandings of synergistic interactions of catalyst compo-
nents (active metal, support, promoter, etc.) for enhanced
catalytic performance and stability during CO2 methanation reac-
tion. We have carefully scrutinized the new emerging novel cata-
lysts, specifically those made-up using new preparation methods,
which were unexplored to date. For example, Metal-organic frame-
work (MOF), carbons, and core–shell structure support materials,
which are a powerful platform for the design of multifunctional,
efficient, and stable catalysts for CO2 methanation. We discovered
that using the right combination of active metals, supporting mate-
rials, promoters, and preparation methods is an excellent way to
tune the interactions between surface area, electronic/redox prop-
erties, structural properties, basicity, metal-support interaction,
oxygen vacancies, and reducibility for improved CO2 methanation.
For CO2 methanation, catalytic stability is also a critical factor
because harsh conditions can cause chemical and physical deacti-
vation of the catalysts. The deactivation of CO2 methanation cata-
lysts was studied with emphasis on their source, effects,
development, and control. The main reason for deactivating CO2

methanation catalysts was coke formation due to side reactions,
especially cracking of methane (CH4 (g) �C + 2H2 (g)) and bou-
douard (2CO (g)� C + CO2 (g)) reactions. Different techniques such
as optimizing reaction conditions, the addition of promoters, and
catalyst preparation methods have been explored to avoid this
issue. In spite of catalysts deactivation and energy consumption,
higher CH4 selectivity (�100%) with CO2 conversion (�99%) was
achieved at temperatures around 250–350 �C. The CO2 methana-
tion reaction occurs in a complex system of multiple side reactions,
thereby elucidating the reaction mechanism a challenging task and
will probably require the development of new approaches and
techniques. We reviewed several experimental and theoretical
studies in order to elucidate the reaction mechanisms for CO2

methanation. The critical exploration of the catalytic system and
mechanism are significant breakthroughs of great importance in
the CO2 methanation for tackling the climate change issues, global
energy crisis, and for sustainable development of our world.
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