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� Fossil fuels depletion contributed

to the growth of alternate energy

sources.

� The synergistic interaction of both

metals can improve the catalyst’s

efficiency.

� The metal-support and metal-

metal interaction can either be

reinforced or weakened.

� Catalyst’s particle size, reduc-

ibility, basicity, and dispersion

were improved.

� Additional metal modifies the

mechanism's energy and rate

value.
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CO methanation has arisen as an attractive research area due to its ability to transform

syngas into substituted natural gas. Current monometallic catalysts have a severe problem;

quickly deactivated. It is generally known that by introducing another metal to create a

bimetallic catalyst, synergistic interaction between both metals considerably enhances

catalyst effectiveness. This paper provides a detailed overview of bimetallic catalysts for

CO methanation, covering its synthesis method and effect on physicochemical
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characteristics. The bimetallic catalyst can both reinforce or weaken the metal-support

and metal-metal interaction, which weakening it favors reducibility while reinforcing it

favors stability. Particle size and dispersion also improve, whereas adding lanthanides can

increases the basicity. We also present the mechanism of CO methanation over the

bimetallic catalyst, which modifies the mechanism's energy and rate value. This review

provides insights on how reaction effectiveness is enhanced, enabling catalyst develop-

ment with the highest possible performance.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Global demand for energy is thriving. The success of

manufacturing civilization, the development of the economy,

and the quality of the population's lifestyle are a function of

energy consumption. Therefore, the worldwide energy con-

sumption of all fuel sources has increased significantly. Nat-

ural gas is among the most cost-effective and substantial

sources of energy available in the world today [1]. It remains

an attractive choice for the industrial and electric power sec-

tors due to its reasonable capital cost and relatively high fuel

efficiency [1].

Furthermore, many country governments have executed

national or international plans to reduce CO2 emissions [2]. As

a result, demand for natural gas is increasing since it is

regarded as an environmentally favorable clean fuel that

provides more significant environmental benefits than other

fossil fuels. Natural gas is also becoming more affordable [3].

Natural gas is colorless, odorless, and lighter than air, and

because it does not include minerals, it produces no ash res-

iduewhen burned,making it a cleaner fuel [4]. For this reason,

natural gas may surpass the more carbon-concentrated coal

and other liquid fuels [4].

However, the oil reserves and natural gas are restricted to

the next 40e60 years, and the coal reserves will be available

until the next 150 years [5]. Therefore, many researchers and

scientists tried to find another alternative sustainable source

of energy. They propose a resolution in the form of synthetic

natural gas, also known as substitute natural gas (SNG), which

is a form of natural gas that has been artificially generated

[4,6]. It is attracting increasing attention due to SNG has been

considered as an adaptable energy carrier that may replace

natural gas due to its extraordinary conversion effectiveness,

existing gas distribution structures such as pipelines, well-

established and efficient end-use technologies, and power

stations [4]. Meanwhile, expenditures involving methane

generation using catalytic and biological processes from gases

containing significant amounts of carbon oxide gases (CO/

CO2) are actively researched [7e9]. The SNG production via

carbon monoxide and carbon dioxide methanation is widely

investigated since both oxides are abundant in the atmo-

sphere. CO2 can be obtained from the atmosphere, while CO

can be obtained from almost all fuel refineries that produce

syngas. Both CO methanation and CO2 methanation is an

exothermic process; hence, it needed catalyst to lower down

the activation energy [10]. Due to the overwhelming
methanation activity of transition metal catalysts (Ni, Co, Fe,

Ru, Rh, Pd, Os, Ir, and Pt), they have been extensively studied

in CO methanation [11].

Many researchers looked into the particular reaction rate

and selectivity of the various metallic element and discov-

ered that the reaction rate of Ru, Fe, Ni, Co, and Mo de-

creases in the sequence of the metals, while the selectivity

of Ni, Co, Fe, and Ru decreases [11]. Catalysts based on iron

have high reaction rate but a low selectivity for methane,

which is well recognized in the industry [12]. Ru is well-

known for being the most active component in the metha-

nation of CO, CO2, and mixtures of these gases [9]. Never-

theless, Ru is approximately one hundred and twenty times

more expensive than Ni in term of mass [9]. Owing to the

relatively low cost, great catalytic performance, and excel-

lent selectivity of Ni-based catalysts when compared to Ru-

based catalysts, Ni-based catalysts have been extensively

used in methanation catalytic reactions [13]. The deactiva-

tion of catalysts (coking and sintering), on the other hand,

limits the usage of metallic catalysts in the future [14e18].

Tao, Meng [18] show that typical nickel-based catalysts were

subjected to significant catalyst deactivation as a result of

sintering and carbon deposition, respectively. Hou, Gao [19]

demonstrated that Ni catalysts deactivate due to the growth

of Ni nanoparticles and carbon deposition on the surface of

the catalyst during methane auto-thermal reforming with

carbon dioxide and oxygen in a fluidized-bed reactor. Yan,

Liu [16] revealed that Ni nanoparticles (NPs) increased in

size and dispersion significantly decreased in the reaction

atmosphere of CO methanation. In a nutshell, whereas

other metal-based catalysts are less active than Ni-based

catalysts, sintering as well as carbon deposition are the

primary issues with Ni-based catalysts. Thus, it can be

inferred that monometallic catalysts, in general, have sig-

nificant disadvantages and disadvantages for CO methana-

tion and that additional research is required to overcome

this issue.

Despite the growing research efforts, overcoming cata-

lyst deactivation and achieving satisfactory catalytic activ-

ity at low temperatures continue to be the greatest issues to

be solved. Several research groups have recently investi-

gated the use of bimetallic catalysts to increase catalytic

activity while simultaneously suppressing catalyst deacti-

vation. As a result, during the last 15 years, there has been a

noteworthy upsurge in the amount of research being done

on CO methanation over bimetallic catalysts. The formation
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of active and stable catalysts is the essential phase in the

CO methanation process. The purpose of this paper is to

provide a critical overview of CO methanation catalyst

manufacture and research that has taken place over the

previous 15 years. The authors of the majority of the review

publications on methanation processes [4,9,11,20] have

primarily explored the progressive development of metha-

nation technology in general, rather than explicitly dis-

cussing bimetallic catalysts for CO methanation processes.

To our knowledge, there is no paper that stipulates a

comprehensive review of the progress of bimetallic cata-

lysts for CO methanation, which would be beneficial to our

readers. For this reason, taking into account current studies

on bimetallic CO methanation and in order to gain a well

understanding of the CO methanation reaction over a

bimetallic catalyst, we are investigating the features of

bimetallic catalysts, including their effectiveness in CO

methanation. It is crucial to select and comprehend the

reference of each bimetallic catalyst correctly. Therefore, in

this review, the concepts regarding CO methanation and

bimetallic catalyst will be initially discussed, and conclu-

sively, a review of current studies regarding the synthesis

method, effect on physicochemical characteristics, and

mechanisms modification of CO methanation over bime-

tallic catalyst will be presented. The objective of this review

is to present an overview of the most recent developments

in the field of bimetallic catalysts and to investigate the

advantages of using bimetallic systems for the CO metha-

nation process.
CO methanation

COmethanation became significant for SNG production during

the late 1970s oil crisis. The purpose was to create the replace-

ment of natural gas utilizing syngas produced by coal gasifica-

tion, which is abundant and was discarded without any value.

Numerous ideas and models of methanation were created at

that time, and themost vital application for COmethanation is

to remove CO from a stream of product gas, for example, in

processes of ammonia manufacture and in membrane cells of

proton exchange which CO is a strong poison of their iron

catalyst [21]. Inaddition, carbonoxidemethanation isutilizedas

a secondary step in the purification of synthesis gas following

the dry reforming of the methane process [22]. While steam

reformation employed methane as the reactant to produce

syngas, some used it primarily to generate hydrogen, with car-

bon monoxide being the undesirable by-product [22]. To

enhance thequantityofhydrogen in theproducedgas, thegas is

delivered through a water-gas shift (WGS) reactor, which also

reduces the amount of CO in the gas. After that, a carbonmon-

oxide selective methanation reactor is employed to reduce

further the CO content of the produced gas [22]. As a result,

carbon monoxide procedures are critical in dry reforming

methane for hydrogen purification. Not only can carbon mon-

oxidemethanationbeusedto removeCOfromsyngas,but it can

also be utilized to adjust the syngas ratio [23]. It's important to

note that methane steam reforming is the reversal of the

methanation reaction in this case. Similarly, a good catalyst for

methanation is also a good catalyst for methane steam
reforming and vice versa, resulting in identical deactivation

mechanisms for both processes [24].

There are a variety of reasons why the methanation pro-

cess appears to be fascinating. The aim of the methanation

process is to generate CH4 fromH2 and carbon oxide gases. CO

methanation is the termused to describe the process bywhich

carbon monoxide is converted to methane [Eq. (1)], then the

process of converting carbon dioxide into methane is referred

to as CO2 methanation, [Eq. (2)].

CO þ 3H2 / CH4 þ H2O DG0 ¼ - 206.10 þ 0.215T kJ/mol (1)

CO2 þ 4H2 / CH4 þ 2H2O DG0 ¼ �165.00 þ 0.172T kJ/mol (2)

2CO þ 2H2 / CH4 þ CO2 DG
0 ¼ - 256.67 þ 0.28T kJ/mol (3)

CO þ H2O / CO2 þ H2 DG
0 ¼ - 34.51 þ 0.03T kJ/mol (4)

2CO / C þ CO2 DG
0 ¼ - 170.34 þ 0.18T kJ/mol (5)

CH4 / 2H2 þ C DG0 ¼ þ 89.53e0.11T kJ/mol (6)

Both CO methanation and CO2 methanation is an

exothermic process. It takes 206 kJ of heat to decompose a

mole of CO, and for every 1m3 ofmethane produced in the STP

state, it corresponds to 2.3 kW of heat. CO methanation uses

syngas (H2þCO) which are generally obtained at plants for the

generation of synthetic fuels that use coal or biomass as fuel

[9] for the catalytic production of CH4 [25]. Methanation is one

of the essential phases in SNG production. The CO methana-

tion is an exceedingly exothermic reaction, accompanied by

various reactions [Eqs. (1)e(6)] [26,27] stated with Gibbs free

energy (DG ¼ DH e TDS with T being temperature (K)), which

may happen throughout the CO methanation.

When DG ¼ 0, a reaction is considered to be in equilibrium.

For DG<0, the corresponding reaction is preferred, and the

equilibrium is changed in favor of the products. If DG>0, the

equilibrium is changed in favor of the reactants [27]. Methane

generation from carbon oxide and hydrogen is preferred up to

a maximum temperature of around 685 �C, according to the

Gibbs free energy, DG. It will be shifted to the left, favoring

reactants if the temperature exceeds that value. According to

Eq. (6), hydrogen, an undesirable product, and carbon (coke)

creation from methane occur at temperatures greater than

540 �C, indicating that 540 �C is themaximum temperature for

carbon oxide methanation, as coke formation limits the cat-

alyst's effectiveness.

Furthermore, high temperatures can also promote active

metals sintering [28]. Research into CO and CO2 methana-

tion methods was revived in the early 21st century due to

the increasing environmental awareness and critical need

to reduce anthropogenic greenhouse gas emissions.
Necessity for bimetallic catalysts in CO
methanation

CO methanation is usually done with the presence of a cata-

lyst. Since it is an exothermic reaction, the catalyst cannot

https://doi.org/10.1016/j.ijhydene.2021.10.213
https://doi.org/10.1016/j.ijhydene.2021.10.213


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 3 0 9 8 1e3 1 0 0 230984
sustain for a long time, coke formation and sintering will

happen, and it is quickly deactivated [29]. So further

improvement and development of the catalyst need to be

done to overcome this problem. There is also an attempt to

build a catalyst that can give high catalytic activity at low

temperatures. Therefore, a long-standing objective of creating

an effective CO methanation catalyst is essential and pos-

sesses significant challenges.

Metal-based catalysts have been of enormous impor-

tance in this regard for a large number of high-performance

catalytic applications. However, it is very desirable to fine-

tune the structure and properties of such catalysts to

satisfy the specific energy and environmental requirements.

Thus, the selection of metal loading is the success key to

synthesize an effective CO methanation catalyst. Metals in

groups 8e10 are active for the methanation process, and

this discovery is led by findings of nickel catalyzing the re-

action between carbon monoxide and hydrogen that results

in the formation of methane and water vapor by Sabatier

and Senderens [25]. In terms of active catalyst, as shown in

Fig. 1, there are two categories: noble metals (such as Pt and

Ru, as well as Rh), and base metals (Fe, Co, and Ni), and the

most promising catalysts are Ru and Ni [30]. The methana-

tion activity order starts with Ru > Rh > Ni > Co > Fe > Pd

[31], which showed that noble metals are higher ranked for

methanation activity. On the other hand, the order is

Ru > Fe > Ni > Co > Rh > Pd with respective to the number of

surface metal atoms [31].

Using the pioneeringwork as a focus, themost activemetal

for COmethanation is Ru [11]. Nevertheless, Ni is the one that

is commonly used in the industry considering the lower cost

and higher activity [30]. The shortcoming of using Ni would be

the possibility of getting coke deposits, suffering metal sin-

tering, and even deactivating at high temperatures [15e19,29].

Numerous researchers examined the particular reaction

rate and selectivity of the various metals and concluded that

the reaction rates decreases in the order of Ru, Fe, Ni, Co, and

Mo, while selectivity decreases in the order of Ni, Co, Fe, and

Ru [11]. It is well established that Fe-based catalysts have high
Fig. 1 e Active metals (red color) for methanation. (For

interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this

article.)
reaction rates but a very low selectivity for methane. Ru is the

furthermost active metal for the methanation of CO, CO2, and

their mixtures. Ru, on the other hand, is more expensive than

Ni [9]. Ni-based catalysts have been largely used for metha-

nation processes in comparison to Ru-based catalysts due to

their inexpensive cost, high reaction rates, and good selec-

tivity [30]. Nevertheless, the deactivation of metallic catalysts

(coking and sintering) limits their future usage [14e18]. Tao,

Meng [18] demonstrated that typical nickel-based catalysts

are susceptible to significant deactivation due to sintering and

carbon deposition. Hou, Gao [19] demonstrated that Ni cata-

lysts deactivate as a result of expanding Ni nano-particles and

carbon deposition on the surface of the catalyst during auto-

thermal reforming of methane in a fluidized-bed reactor.

Yan, Liu [16] demonstrated that nanoparticles of Ni (NPs) were

growing, and the dispersion considerably reduced in the CO

methanation reaction environment.

In a word, whereas other metal-based catalysts have lower

active activity than Ni-based catalysts, the key issues for Ni-

based catalysts are carbon deposition and sintering. These

disadvantages, however, are not limited to Ni-based catalysts

only. For example, as Carvalho, Ordomsky [32] demonstrated,

it is possible for cobalt-based catalysts to become deactivated

as a result of carbon deposition and the agglomeration of co-

balt particles, resulting in a reduction in the concentration of

cobalt active sites and the intrinsic activity of the catalyst.

While Mo-based catalysts have excellent sulfur-resistance

qualities, they still require work to improve their methana-

tion activity [33]. Although Ru is the greatest active metal for

methanation of CO, it also suffers from significant deactiva-

tion and loss of selectivity during reaction, particularly for Ru/

TiO2, which makes commercial usage difficult [34]. The

observed deactivation can be attributed mostly to the

blockage of active sites caused by the accumulation of carbon-

containing substances on the surface of the catalyst [34].

Therefore, it can be stated that monometallic catalysts as a

whole have considerable disadvantages and disadvantages for

CO methanation.

It was later discovered that bimetallic catalysts outperform

their monometallic counterparts in terms of catalytic capa-

bilities [35e37]. In the area of heterogeneous catalytic, the

study of bimetallic catalysts was recently focused on pre-

dominantly since it offers a higher potential for activity and

selectivity paired with increased stability. Numerous bime-

tallic catalysts have been industrialized for use in industrial

processes such as ecological treatment, chemical synthesis,

and petroleum purification. Bimetallic catalysts demonstrate

that the properties of two different metals are combined and

that they create new and distinct properties through syner-

gistic effects between the two present metallic elements [38].

The bimetallic particle's structure can be randomly oriented,

such as alloy or intermetallic composite, cluster-in-cluster, or

core-shell structures. Core-shell nanocomposites, bimetallic

nanocomposites, structured nanoparticles, nano-dendrites,

and other structures are among the many types of nano-

composites that exist [39]. Fourmain types ofmixing patterns,

as shown in Fig. 2, can be identified. Nevertheless, their

concluding structure depends on the composition, procedure,

synthesis method, relative strengths, the surface energy of

bulk materials, and many more [39].
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During the 1960s, the Exxon Research and Engineering

Company began exploring the possibility of using a bimetallic

catalyst [40]. Then, in the early 1980s, John H. Sinfelt invented

the phrase “bimetallic cluster” to describe a distributed sup-

ported metallic catalyst composed of silica and alumina [41].

RueCu, NieCu, PteRu, and PteIr were among the significant

bimetallic catalysts of that time. In recent decades, the

bimetallic catalyst library has been enriched substantially.

These bimetallic catalysts' potentials are assessed for many

reaction processes such as hydrogenation [42e44], dehydro-

genation [45e48], and isomerization [49e52] process, and all of

the catalysts displayed synergistic effect between bimetallic

particles thus showed high activity in their respective reac-

tion. The reasons behind the high activity include electronic

effect, structure modification, dispersion, surface altering,

and many more.

Hence, it is nothing unusual that bimetallic catalyst is

extensively researched in the methanation field. The stability

and activity of bimetallic catalysts have been shown to be

superior to monometallic catalysts [53,54]. Hammer and

Norskov [55] demonstrated that the interaction amongst the

two metal exteriors might alter the electrical and geometric

constructions of the single-crystal metal surface upon depo-

sition of another metal. This alteration leads to diverse

physicochemical properties of double metal surfaces than the

single-crystal metal surface.

The incorporation of a trace quantity of an additional metal

alters the catalytic effectiveness of monometallic catalysts,

resulting in increased activity at lower temperatures and

increased selectivity for CO methanation. For instance, Tada,

Kikuchi [56] showed the additionofNi into Ru/TiO2 showed that

the formate species' breakdown,which occurs as a result of CO2

methanation (side reaction for CO methanation), is slowed,

resulting in decreased CO2 conversion rate, which then results

in thehighcatalystic activity ofCOmethanationat lowandhigh

temperature. They also showed that Ru could reduce NiO's
reduction via spill-over ofH2 fromRumetal, which necessitates

close interactivity between Ni and Ru, indicating high metal-

metal interaction. Yu, Jin [57] also showed that when

compared to monometallic Ni and Co-based catalysts, the

NieCo bimetallic catalysts demonstrated advanced
Fig. 2 e Graphic illustration of probable mixing designs: (a) core

Adapted from Ferrando, Jellinek [39].
methanation reactivity and excellent stability. Zhang, Xin [58]

stated that adding a little of MoO3 (<2%) into a nickel-based

catalyst can enhance the nickel atom's concentration at the

catalyst surface while adding comparatively high MoO3 levels

can lessen the nickel atom concentration. Kustov, Frey [59]

investigated the FeeNi bimetallic catalysts, and they displayed

substantially superior activities and, in some situations, greater

methane selectivity than the classic monometallic Ni and Fe

catalysts.Theadditionof lanthanidesontoNi/SiO2 increases the

catalytic activity as a result of the existence of synergy between

Niandthe4f-blockelement,whichaffects theirbasicity, catalyst

particle size is reduced, and the catalyst's stability on the

gaseous stream is increased [60].

There was also an attempt to use a bimetallic catalyst to

improve methanation's catalytic activity at a lower tempera-

ture. For instance, Ren, Qin [53] reported in their in-

vestigations of CO2 methanation over Ni/ZrO2 added with

secondmetal (Fe, Co, Cu) and found out that with the addition

of metal, catalytic activity increased markedly for tempera-

ture below 250 �C. In another literature, experimental results

discovered that Fe's addition to the catalyst could excellently

improve low-temperature CO methanation catalytic perfor-

mance [61]. Hence, in this field of CO methanation, the

bimetallic catalyst is proven to displayed high catalytic capa-

bilities, CO conversion and CH4 selectivity, excellent stability,

reduced rate of CO2 formation, and can be performed well at

low temperature.
Synthesis methods for bimetallic catalyst

The method of preparation generally affects the catalyst prop-

erties and hence affects the catalytic performance of bimetallic

catalysts. Several methods have been reported for bimetallic

catalyst synthesis, including impregnation, sol-gel, evaporation-

induced self-assembly (EISA), hydrothermal and precipitation

method includingco-precipitationanddeposition-precipitation.

The preparation procedure would have a noteworthy outcome

on the physicochemical characteristics of the catalyst, which

would include the morphology, porosity, reducibility, and sta-

bility [62,63].
-shell, (b) subcluster segregated, (c) mixed, (d) three shell.
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For bimetallic catalysts, it requires more than one metal

precursor. Several reports used methods such as co-

precipitation and co-impregnation, where they used two

metal precursors in one preparation procedure [64e68]. In

most cases, the co-impregnation technique results in a sup-

ported bimetallic or alloy type catalyst, inwhich the twometal

atoms are distributed uniformly throughout the particle. The

sequential impregnation procedure, on the other hand, is

widely used to generate core-shell materials, in which a less

active metal is prepared first, and then the active metal is

deposited onto the less activemetal.While some reported that

they used more than two preparation methods to synthesis a

bimetallic catalyst, for example, Xiao, Song [69] synthesized

their Ni/NieAl2O3 catalyst for CO methanation using the EISA

technique to put the Ni inside the pore wall of the support and

then used incipient impregnation method to load another Ni

onto the surface of the support. Md Ali, Ku Hamid [70] then

prepared NieCo/SiO2 catalyst through successive reverse co-

precipitation and wet impregnation methods.

Impregnation

The impregnation method has been widely used for catalyst

synthesis, whether it is a monometallic or bimetallic catalyst.

It is due to the straightforward, uncomplicated procedure and

inexpensive [71]. In this technique, a solution containing the

active phase's precursor had a physical interaction with sup-

port or another active solid phase, which is subsequently

dehydrated to eradicate the solvent that has been absorbed by

the active phase's precursor [72]. In comparison to other

techniques of preparing a coating of active materials on the

catalyst's surface, this procedure is faster, less expensive, and

more straightforward. Nevertheless, it is complex to manu-

facture a catalyst with a high concentration of precursors and

to achieve uniform precursor dispersion on the support's
surface. There are two impregnation types to synthesize

bimetallic catalyst since it involves two metals: sequential

impregnation and co-impregnation. Sequential impregnation

means the metal was impregnated into the catalyst one by

one, where co-impregnation means both metals were

impregnated simultaneously. Guo and Lu [73] found that the

impregnation techniques had no effect on the reduction

behavior but that the MgeNi/SiO2 catalysts created by the co-

impregnation technique had advanced activity and stability

than those organized by the successive impregnation tech-

nique. Catalysts prepared by the sequential impregnation

technique displayed better NiO dispersion but were quicker to

overload and became bulkier than catalysts developed by the

co-impregnation method, which resulted in a significant in-

crease in Ni sintering of the catalyst when conducted to a

stability test.

Precipitation

Precipitation is a straightforward, cost-effective, and commer-

cially viable approach that is one of the most extensively used

procedures for themanufacture of catalysts [74]. It is a chemical

reaction in which aqueous metal salts and alkali solutions are

combined to forman indissolublemetal hydroxide or carbonate

[75]. This method can be made by changing circumstances, for
instance, temperature, pH value, evaporation, and salt concen-

tration. These constraints caused progressive deviations in

crystal development and accumulation as a result of the alter-

ations. Using the co-precipitation method, one can achieve

uniformconfiguration in twoormore cations inahomogeneous

solution through a precipitation reaction [75]. This method is

essential for the production of composites containing two or

more distinct kinds of metal elements. When it comes to man-

aging particle size and size distribution, co-precipitation is an

inexpensive and straightforward strategy that involves manip-

ulating the relative rates of nucleation and growth throughout

the synthesis process. The formation of a high number of tiny

particles is dependent on the success of the nucleation process.

It is broadly understood that the products are insoluble species

that develop under conditions of high supersaturation [75]. Yao,

Yang [63] compared three synthesis methods for Ni catalyst for

pyrolysis-steam reforming: co-precipitation, impregnation, and

so-gel. They discovered that the co-precipitation prepared

catalyst had the least effective catalytic performance as a result

of theuniformdispersion ofNi, resulting in the accumulation of

amorphous coke deposits on the catalyst. While this catalyst

may not give a good result for pyrolysis-steam reforming since

the process temperature is over 500 �C which leading to high

coke deposits on the catalyst, it gives an excellent result for the

methanation process since the process temperature is usually

below500 �C [67,76,77]. Using theprecipitationmethod, Liu, Cao

[67] discovered that themesoporous NiCoeAl2O3 catalystswere

developed, with nanoparticles of NiCo alloy fluctuating in size

from 7.9 to 9.2 nm that were extremely disseminated in an

aluminamedium.TheNiCoeAl2O3catalystsshownoutstanding

catalytic capabilities throughout the stability test at 500 and

600 �C for 300 h while also demonstrating exceptional anti-

sintering and anti-carbon deposition abilities, which were

ascribed to the production of NieCo alloys in the catalysts.

Razzaq, Zhu [77] studied diverse supports, comprising SiO2,

Al2O3, ZrO2, andCeO2, thatweredopedwithavaryingamountof

additional metals using a typical impregnation and co-

precipitation approach. The ZrO2eCeO2-supported catalyst

synthesized by co-precipitation can achieve 100% of CO con-

version at roughly 300 �C, and it has a CH4 selectivity of 99%.

In contrast, deposition precipitation is a generic term that

refers to the process of displacing small particles of metallic

elements such as metal oxides, metallic sulphides, or metallic

hydroxides onto a prepared support material [78]. The metal

deposition is generated by a process that occurs in the liquid

phase of the solution. This chemical reaction results in the

creation of a metal composite that has low solubility in the

solvent used in the reaction [75]. The precipitation that occurs

as a result of this is directed to happen fully on the exterior of

the suspended support material. This is an effective method

to manufacture highly organized bimetallic catalysts, and it is

an alternative to the organometal precursor process, where

organometallic complexes often disintegrate prematurely,

leading to inactive phases in the catalyst support [79]. Two

processes are involved, which is the precipitation process,

followed by the deposition process. It is the precipitation

process that produces solids from bulk solutions that are

dependent on the presence of enough gravity force to bring

the solid particles collected, whereas the deposition proced-

ure is defined as the interactivity of precipitate particles with a
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support surface [80]. TheNi/Al@Al2O3 catalysts prepared using

the deposition-precipitation method demonstrated signifi-

cantly enhanced catalytic capabilities in methanation when

compared to the Ni/Al@Al2O3 catalysts prepared using the wet

impregnation method, owing to an intensification in disper-

sion and a higher catalytic active surface area [81]. Le, Kim [81]

reported that the catalytic capabilities for both CO and CO2

methanation had been proven to be steady over Ni/Al@Al2O3,

with high coking-resistance for 50 h in the presence of a

catalyst. The activation energies of Ni/Al@Al2O3 prepared by

impregnation were determined to be 110 kJ/mol, whereas the

activation energies of Ni/Al@Al2O3 prepared by deposition

precipitation were 96 kJ/mol, demonstrating that deposition

precipitation can lower the activation energies of the catalyst

significantly.

It is also reported that the catalyst prepared by deposition

precipitation can be reduced at lower temperatures compared

to those assembled by the impregnation technique [81]. As

reported by Zhang, Ai [82], the catalytic activity of a La2O3eNi/

Al2O3 catalyst developed by the deposition precipitation

technique is suggestively higher than that of a catalyst

developed by either the traditional impregnation technique or

the co-impregnation method. A large part of this may be

credited to the activation of La2O3 on the exterior of the

catalyst, as well as to the catalyst's anomalous dispersion on

the catalyst's surface.

Sol-gel

Sol-gel technology has existed as long ago as the mid-1800s

[83]. Among the most widely utilized techniques, sol-gel is

primarily employed in the production of thin-film and powder

catalysts [84e86]. The sol-gel method is an advantageous and

extraordinary system for the development of nano-sized

particles because it has numerous advantages over other ap-

proaches, comprising high homogeneity, appropriate stoi-

chiometric control, low cost, high purity, and the capability of

producing ultrafine particles with a confined distribution of

size in a rapid period of time at low temperatures [87]. In a

recent study, Cheng, Wu [88] developed three different

methods for producing NieFe/TiO2eAl2O3 catalysts (precipi-

tation, co-precipitation, and sol-gel), and they reported that

the Fe and Ni were discovered to be extremely distributed on

the sol-gel catalyst, resulting in an outstanding catalytic ca-

pabilities for CO methanation at low temperatures with CO

conversion approximately 96.7% and methane selectivity

approximately 94.7% at 262 �C [88]. Furthermore, less amor-

phous carbon was formed on the catalyst that was utilized,

which was produced using the sol-gel technique. This may be

attributed to the demonstrated core-in-cell assemblies with

TiO2 as the shell and Al2O3 as the core in the catalyst com-

posite produced by the sol-gel system, which resulted in the

significant stability of the catalyst [88]. It is reported that the

compound formed by the sol-gel technique has extra meso-

pores and delivers more “accessible” active sites. The catalyst

also shows high uniformity of particle size (4 nm), whereas

catalysts assembled by precipitation and co-precipitation

have a broader range of particle size (3e6 nm). Yao, Yang

[63] discovered that the catalyst porosity and the dispersion of
Ni were considerably enhanced using the sol-gel technique,

resulting in the highest reactivity when compared to the

catalyst made using the impregnation and co-precipitation

method, resulting in the highest activity.

Other

Apart from the method above, some other low-profile prep-

aration methods are also reported for bimetallic Ni catalysts.

The evaporation-induced self-assembly (EISA) process is a

well-known alternative synthetic approach that enables

tuning inorganic condensation by forming a meso-organized

liquid-crystal template [89]. A mesophase is gradually pro-

duced when the solvent is removed. The build-up of inor-

ganic material around the void of this liquid crystalline

phase enables one to obtain well-defined mesostructured

hybrids, segregating the nanoscale organic and mineral do-

mains [89,90]. This method is very effective for synthesizing

permeable nanocrystals and has the benefits of uniform

pores, manageable morphologies, and insignificant reaction

circumstances [91]. In general, “self-assembly” refers to the

impulsive organization of materials caused by non-covalent

interactivities. Hydrogen bonding, van der Waals forces, and

electrostatic forces are examples of non-covalent in-

teractions that occur without the involvement of external

factors [92]. Zhao, Fang [93] reported that their NieCo/Al2O3

catalyst developed by the EISA technique presented the

outstanding catalytic activity of CO2 methanation and higher

stability compared to the catalyst developed by the impreg-

nation technique and the catalyst showed an ordered mes-

oporous structure. It has been proven that Ni-OMA produced

by the one-pot EISA process has superior anti-sintering and

coke resistance features, which may be accredited to the

more effective interaction of Ni nanoparticles with the Al2O3

framework than Ni-OMA produced by other methods [69].

Furthermore, even after impregnating with as much as 15 wt

% NiO, the ordered arrangement was still well-preserved.

The BET surface area was between 230 and 290 m2 g�1, the

total pore volume fluctuated between 0.3 and 0.5 cm3 g�1,

and the mean pore diameter ranged between 4.0 and 6.0 nm

[69]. There were regular and narrow distributions of small Ni

particles, with average diameters ranging from 4.0 to 9.0 nm

[69].

The other catalyst preparation methods are hydrothermal.

The term “hydrothermal synthesis” refers to the fusion of

compounds by chemical reactions in a vacuum-packed and

heated solution at temperatures and pressures above the

surrounding environment [94]. The hydrothermal treatment

is well known to significantly impact the catalyst's properties,

a larger specific area of the surface, and larger pores [95]. This

method also results in improved confinement of metal parti-

cles to the mesoporous support, which can also trigger an

anti-sintering property of the catalyst [96]. Zhang, Xin [58]

evaluated the impregnation and hydrothermal methods for

developing a catalyst and discovered that the hydrothermal

method produces the best reaction capabilities with 100% of

CO conversion and 99% of CH4 yield at 400 �C, 20 bar, and 12 k

mL/g/h. Meeyoo, Panchan [97] stated that NieCeeZrO cata-

lysts were synthesized using a one-pot hydrothermal

https://doi.org/10.1016/j.ijhydene.2021.10.213
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synthesis method and discovered that Ni might be partly in-

tegrated into the CeeZrO lattice, consequential in an upsurge

of oxygen surface species in the catalyst. Furthermore, even

with significant Ni loadings, the external areas of the catalysts

remain substantial.

All preparation procedures, as shown in Table 1, provide

catalysts with higher catalytic activity than the original ones.

The impregnation method has gained popularity for catalyst

production due to its ease of use, clear procedure, low cost and

some researchers believe it is preferable to alternative ap-

proaches. However, there is a report that indicates that a

different methodology is superior to the impregnation

method previously indicated in their respective catalyst.

While the impregnation method concentrated on applying

metal particles to the surface catalyst in order to upsurge the

number of available active sites for methanation, the other

preparation method concentrated on incorporating the metal

element within the catalyst in order to increase the catalyst's
stability by making reduction difficult. This is just one of the

numerous instances demonstrating that various preparation

methods target distinct qualities of catalysts and that any of

them can result in good attributes depending on the

approach's objective. In a nutshell, diverse metals, catalyst

supports, metal-support catalyst combinations, and catalyst

objectives necessitate the utilization of a variety of synthesis

methodologies.
Influence of physicochemical properties of
bimetallic catalytic system on CO methanation

Bimetallic catalysts, frequently demonstrating electronic and

chemical properties which differ from their parent metals,

allow achieving enhanced conversion, advanced activity, and

improved stability for CO methanation catalysts. The
Table 1 e Literatures on bimetallic CO methanation catalyst.

Catalyst Synthesis Method Condition
T (�C), P (atm)

NieCo/SiO2 Impregnation 380, 1

CoeMo/AC Impregnation 400, 30

15Coe5Fe/g-Al2O3 Impregnation 300, 10

MoeNi/S15-CA Impregnation 250, 1

LR0.08N0.92-S Impregnation 300, 1

NieCo/CeZrO2 Co-Precipitation 360, 1

5Ni5CoeAl2O3 Co-Precipitation 250, 1

15Nie5Co/ZrO2 Co-Precipitation 300, 70

La2O3eNi/Al2O3 Deposition-Precipitation 400, 1

Ni/Al@Al2O3 Deposition-Precipitation 250, 1

NieZrO2/g-Al2O3 Deposition-Precipitation 400, 1

CeO2eNi/g-Al2O3 Deposition-Precipitation 350, 1

Ni2.0MoC Sol-Gel 240, 70

NieFe/TiO2eAl2O3 Sol-Gel 262, 1

2Ni/13Ni-OMA EISA 400, 1

NiOeTiO2eAl2O3 EISA 380, 1

NieMo/Al2O3 EISA 375, 1

NieZreAl EISA 400, 1
discovery of these surprising physicochemical features of

bimetallic catalysts has sparked a burst of comprehensive

research into CO methanation, intending to create a connec-

tion concerning the reaction performance and the physico-

chemical properties of the catalyst. Fig. 3 summarizes the

outcome of various variables on the catalytic characteristics.

Additionally, the next section discusses the consequences of a

few other selected elements. Catalyst morphology, pore size,

surface area, porosity, metal dispersion, basicity, oxygen va-

cancies, the reducibility of the catalyst, and interactivity be-

tween metal-support and metal-metal are some of the

physicochemical properties that have been studied in the

literature for CO methanation and summarized in this

chapter.

Physical properties

Morphology
From the past literature, the performance of a catalyst has

been found to be closely related to its morphology and

structure. The morphology of the catalyst can be modified

by varying synthesis factors such as support, metal loading,

calcination temperature, and synthesis process [106]. Cata-

lysts can have various morphologies (nanoparticle, micro-

sphere, nanosheets, nanorods, nanowires, and nanotubes),

affecting their surface area, reducibility, porosity, and cat-

alytic activity efficiency [107]. Nevertheless, based on the

literature, adding the second metal did not directly change

the support's morphology, indicating that the second metal

is well dispersed inside/over the support without changing

its structure.

Most literature reported that the bimetallic catalysts

showed almost the same morphology as the monometallic

catalyst. For example, Zhang and Liu [108] observed that an LN/

M catalyst exhibits a foam-like structure with numerous bulky
CO Conversion (%) CH4 Selectivity (%) Refs.

98.00 ~90.00 [98]

~90.00 e [99]

~99.00 ~96.00 [100]

98.70 91.90 [65]

~98.00 ~80.00 [30]

~90.00 ~30.00 [76]

~99.00 ~85.00 [67]

100.00 99.00 [77]

~99.00 ~80.00 [82]

~98.00 e [81]

~99.00 ~85.00 [101]

~99.00 ~82.00 [102]

59.31 67.73 [93]

96.70 94.70 [88]

~98.00 ~88.00 [69]

~95.00 ~99.00 [103]

97.90 95.80 [104]

~90.00 ~80.00 [105]
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exterior pores and that after doping with cobalt species, the

bimetallic catalyst preserves a similar shape after doping with

cobalt species. This finding implies that the Co species are well

scattered within the channels rather than on the surface of the

catalysts, as initially assumed. For RueNi, Tada, Kikuchi [56]

reported that RueNi/TiO2 crystals displayed nearly the same

shape as those on Ni/TiO2 surfaces, indicating the addition of

another metal does not affect the catalyst structure.

The morphology of bimetallic catalysts is directly affected

by the synthesis method. Nickel-iron oxide catalysts con-

taining La, Ce, Sm, Dy, and Yb, which is 4f-block elements,

were synthesized and studied by Ferreira and Branco [109]. It

was discovered that altering the heating value during treat-

ment enables the modification of the morphology of the

product, with the goal of producing either nanoparticles or

nanofibers. The low heating value usage promotes the sta-

bility of nanofibers, whereas the elevated heating value usage

causes the structure of nanofibers to collapse and the creation

of bimetallic oxide nanoparticles to be favored.

Pandey, Ray [110] observed that SEM images of the pure Ni

sample revealed that the elements had a flat and smooth

surface, but that with the Fe addition, the particles seemed to

have an irregular form and sharp edges. As shown in Fig. 4, the

coarseness and unevenness of the particles seemed to esca-

late with an increase in Fe content, and subsequent charac-

terization tests confirmed that the surface area climbed

linearly with an upsurge in Fe content.

The following conclusion can be drawn from the foregoing

explanation: by adding a suitable amount of the secondmetal,

the catalystmorphologywill remain the same, suggesting that

the secondmetal is completely dispersed and has no effect on
the catalyst structure. However, while the structure remains

unchanged, the surface characteristics vary in response to the

number of foreign compounds that are introduced. This

variation is expected since the second metal has been

distributed onto the catalyst surface and has the potential to

affect the surface distinctiveness of the catalyst.

Particle size and dispersion
One of the most critical properties of the catalyst is the par-

ticles size of the catalyst and metal. Usually, tiny nano-

particles of less than 10 nm with a small distribution of

particles are the most active [111]. Depending on the mecha-

nism, active sites are thought to be either on themetal surface

or at the metal-support interface [112]. Thus, altering the size

of the metal particle alters the amount of accessible active

sites. Assuming that CO conversion occurs on the metal sur-

face; thus, increasing the particle size reduces the available

metal surface area.

The size of the catalyst particle is acknowledged to be

critical in preventing carbon deposition [113]. The fact that

deposition of carbon occurs only while the metal agglom-

eration is greater than the critical size means that using

catalyst sizes more minor than the critical size can suc-

cessfully avoid coking [114]. Furthermore, the anti-coking

and anti-sintering characteristics of the catalyst will be

improved, as demonstrated by the lowering in the upsurge

of metal particle size and the lessening in the quantity of

carbon deposition in the catalyst. As a result, by optimizing

the size of the catalyst particles and the active site's struc-

ture, it is possible to increase the catalytic performance and

reactivity of the catalyst.

https://doi.org/10.1016/j.ijhydene.2021.10.213
https://doi.org/10.1016/j.ijhydene.2021.10.213


Fig. 4 e SEM images of: (a) Ni, (b) 90%Nie10%Fe, (c) 75%Nie25%Fe, (d) 50%Nie50%Fe, (e) 25%Nie75%Fe, (f) Fe. Adapted from

Pandey, Ray [110].

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 3 0 9 8 1e3 1 0 0 230990
As a result of the addition of second metals (La, Ce, Fe, and

Co) to the Ni/Al2O3 catalyst with mesoporous nanocrystalline

structure, Rahmani, Meshkani [115] confirmed that the

bimetallic catalysts crystallite sizes were reduced from 18.9 to

5.1 nm. The addition of f-block elements, such as La, Ce, Pr, Eu,

and Gd, on a nickel catalyst, as demonstrated by Ahmad,

Younis [116], exhibited the maximum conversion of 98.2% at

300 �C when compared to the presence of an untainted nickel

catalyst. When compared to the Ni monometallic catalyst, the

superior metal dispersion on the catalyst surface, as well as

the smaller particle size, were found to be accountable for the

increased nickel activity of the catalyst. Kudo and Kato [117],

working with lanthanide-doped Ni catalysts, demonstrate

that the particle size of Ni decreases significantly, from 2 to

3 mm to 0.1e0.7 mm, resulting in an upsurge in the active area

and catalytic capabilities of the catalyst. The SEM pictures

demonstrated that when the Fe content increased, the particle

size of the NieFe samples dropped [110].

Another critical property that these catalytic systemsmust

exhibit is good dispersion of themetallic hydrogenating phase

[113]. This can be regulated primarily by selecting the prepa-

ration conditions and addition of promoters; second metal

and certain compensating cations can also be beneficial

[18,113]. High dispersion indicates the active sites are
distributing widely and evenly onto the catalyst surface [18].

The apparent activation energy is minimal at high dispersion.

It is widely established that metal loading greatly impacts the

dispersion of a supported catalyst, hence changing its cata-

lytic activity. Generally, the inferior the metal loading, the

greater the dispersion of the metal, and vice versa.

Literature advocates that the incorporation of second

metal could enhanced the first metal's dispersion onto the

catalyst. Ni-based catalyst is the furthermost extensively

researched catalyst in this aspect since Ni's dispersion is

crucial for enhancement in catalytic activity. The incorpora-

tion of Fe could enhance the Ni dispersion and its reducibility

[13,53,61,118]. By incorporating the metal Ru onto the Ni

catalyst, Crisafulli, Scire [119] discovered that the robust

metal-metal interactivity increased the Ni dispersion, pro-

moting the production of additional reactive intermediate

carbonaceous species, thereby inhibiting the catalyst's deac-

tivation and extending its lifetime.

In another study, Lu, Yang [120] used small amounts of

lattice, cerium, cobalt, or iron in the NieZrO2 catalyst to

encourage the NiO nanoparticles dispersion while increasing

the amount of reduced active nickel species, thereby refining

the thermal stability of the catalyst. Yu, Jin [57] compared their

mono- and bimetallic NieCo catalysts and reported that the
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higher dispersion of metal might enhance the adsorption and

activation of CO, which then resulted in higher CO methana-

tion performance, as shown in Table 2 and Fig. 5. In general, it

can be concluded that by adding second metal, the metal-

metal interaction increases, thus result in high dispersion,

which then affects the reducibility, adsorption energy, thus

lead to high catalytic activity.

To summarize, in accordance with the previous explana-

tion, it can be stated that by adding an adequate amount of a

second metal, the particle size reduces while the dispersion

increases. The increase in the active area and catalytic capa-

bilities of the catalyst as a result of this modification was

significant. Variations in particle sizes and dispersion can be

accredited to changes in the metal-support interactivity,

respectively. The higher the interactivity amongst the metal

and the support, the greater the dispersion. As previously

stated, the second metal can increase the first metal-support

interaction, which will be discussed in further detail later in

this article.

Surface area and porosity
Methanation reactions are a complicated process that in-

volves interactivities between the exterior of a solid catalyst

and the reactants in a gaseous state. It is essential to under-

stand the concept of an active site, namely a surface atom or

group of surface atoms with distinct structure and properties,

where the catalyzed transformation occurs to understand the

mechanics of catalytic reaction mechanisms [121]. Generally,

the number of active sites per surface area for materials of a

specific type is very similar, and so the extent of a catalyst's
exposed surface area defines the degree of its overall activity

[121,122]. The larger surface area allows more reactants to

reach the catalyst atoms/molecules. As the surface area in-

creases, the proportion of surface atoms concerning the bulk

increases markedly.

Generally, adding a considerable percentage of foreign

substances, which in this case, a second metal, will decrease

the catalyst's surface area [123]. Hence, it is crucial to deter-

mine the second metal's optimum percentage to prevent the

support surface's physical blocking. Adding a second metal

with an appropriate amount leading to negligible surface area

changes. 1% of the second metal (La, Ce, Co, or Fe) added onto

Ni/ZrO2 catalyst did not suggestively affect the catalyst sur-

face area and pore volume as reported by Ref. [120]. However,

Rahmani, Meshkani [115] added 10% of the same metal to the

Ni/y-Al2O3 catalyst, and the findings discovered that the

bimetallic catalyst's specific surface area had been reduced.

This outcome occurs perhaps because 10% of metal is too
Table 2 e Dispersion of metal of mono- and bimetallic
catalyst of NieCo/SiC. Adapted from Yu, Jin [57].

Catalyst Metal Dispersion (%)

Ni/SiC 6.96

8Ni2Co/SiC 8.19

6Ni4Co/SiC 10.50

4Ni6Co/SiC 8.98

2Ni8Co/SiC 7.06

Co/SiC 3.84
much, and that amount can easily block the support pore.

Another reason is probably on the support pore size. The

smaller the pore size of the support, the easier it is for it to be

blocked by foreign metal.

Doping of Co, Fe, and Ru onto a Ni-based catalyst produced

minor changes in surface area, indicating that no physical

blockage of the support has occurred [56,57,124]. According to

a study conducted by Kustov, Frey [59], NieFe/MgAl2O4 cata-

lysts were investigated, and it was discovered that adding

20 wt% metal did not significantly reduce the specific surface

areas, indicating that there was no physical blocking of the

exterior of the support with metal particles after impregna-

tion. A significant drop in catalyst surface areas is observed

when themetal loading is increased to 25 and 30wt%,which is

most likely due to the development of large oxide masses that

restrict contact to the catalysts' interior surface. Zhang, Xin

[58] discovered that the addition of only 0.5% MoO3 to NieMo/

SiO2 catalysts results in a reduction in total pore volumes and

specific surface areas. When MoO3 content (0.5e5%) is

increased, specific surface area decreases significantly, indi-

cating thatMo is not a suitablemetal to be used as a catalyst in

situations where a high surface area is required for a certain

reaction.

When you add a significant percentage of foreign sub-

stances to a catalyst's surface area, like in this case, a second

metal, the surface area of the catalyst will be reduced. In

accordancewith the previous explanation, it can be concluded

that it is critical to find the optimal percentage of the second

metal in order to prevent the support surface from becoming

physically blocked. It is necessary to optimize the amount of

second metal used in order to advance the efficiency of cata-

lytic CO methanation.

Chemical properties

Metal-support interaction
The interaction between metal catalysts and their supports is

critical for increasing catalytic efficiency, yet it is still a diffi-

cult problem to solve and remains an open challenge. In

general, it is well established that catalyst particles sizes and

the metal-support contact are critical factors in preventing

carbon deposition [113]. The electronic and geometric effects

resulting from robust metal-support interactivities are

accountable for the activity, selectivity, and stability of the

catalyst, all of which are essential considerations in deter-

mining performance and efficiency [125]. Generally, strong

electronic metal-support interaction is directly proportional

to the catalyst's stability but inversely proportional to the

catalyst's reducibility [126]. The catalyst's stability is enhanced

with more vital metal-support interactivity, hence avoiding

the sintering of the metal but decreasing the chances for the

metal to be reduced. Therefore, metal-support interaction can

be weakened or enhanced depends on the end properties

target of the catalyst.Weakening the interaction favors higher

reducibility of the catalyst, while strengthening the interac-

tion favors robust catalyst stability. A high degree of strong

metal-support interaction (SMSI) had a substantial suppres-

sive consequence onmethanation activity in general, whereas

a low degree of SMSI enabled the improvement of the selec-

tivity and also stability of CO methanation [127]. Therefore,
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Fig. 5 e The catalytic activity of mono- and bimetallic catalysts with varying Ni:Co ratios in the methanation of CO process.

(a) CO conversion and (b) CH4 selectivity. Reaction condition: P ¼ 20 bar, and ratio of H2/CO ¼ 3. Adapted from Yu, Jin [57].
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finding the optimum condition for the catalyst is needed for

optimum results.

Bimetallic catalysts recently demonstrated strong catalytic

capabilities owing to enhanced interaction of metal support

and electronic influence as the second metal promoters could

boost the interactivity between the loaded metal and catalyst

support [128]. The second metal was put onto Ni-based cata-

lyst was widely investigated since Ni is known as the best

metal for the methanation process, but further improvement

is needed, especially in Ni-support interaction [129]. The

robust interactivity between Ni particle and the support con-

sequences in additional activated H atoms and endorses the

creation of activated CH* species, which are essential in-

termediates in themethanation of CO [130]. This increases the

CO conversion into CH4 and reduces the formation of depo-

sition of carbon, which is detrimental to the catalytic re-

actions [130]. Furthermore, because of the strong Ni-support

connection, the catalyst is exceptionally resilient to the sin-

tering of Ni particles during the catalytic processes [130].

The addition of a second metal (Mo, La, or Fe) to a meso-

porous silica Ni/SBA-15 catalyst was investigated by Tao, Zhou

[65], and it was discovered that the metal improved the

interactivity of nickel with the support, thereby inhibiting the

accumulation of nickel species during heat treatment and

further increasing the sintering resistance of the catalysts.

The CO conversion and CH4 selectivity of MoeNi/S5eCA

catalyst were 98.7% and 91.9%, respectively, at a reaction

temperature of 250 �C. As an added bonus, the catalytic ac-

tivity of MoeNi/S15-CA was nearly unchanged after being

calcined at 700 �C for 2 h, demonstrating a significant

improvement in sintering resistance as a result of the syner-

gistic outcome of the improvement of the metal-support

interactivity and the confinement effect of support [65].

Kathiraser, Ashok [113] added Fe onto Ni/SBA-15 and reported

that there is a consistent distribution of bimetallic NieFe

species with significant metalesupport interactivities on the

mesoporous SBA-15 support. Al2O3 is used to alter the surface

of SiC in order to improve the interactions concerning the

metal and the support and to prevent the active constituent of

nickel from sintering or to lose its shape throughout the re-

action process [131]. Firm metal-support contact reduces the

Ni particle's movement and flexibility, which further
enhances the anti-sintering capabilities of the compound. As

the Ni atoms move through the support, they come into

contact with other particles and combine to generate larger

particles. The robust contact between Ni and its supporting

materials can reduce the movement of Ni atoms on the sup-

porting materials and hence prevent Ni from sintering. As a

result, the robust metal-support contact contributes to the

stabilization of Ni particles' excellent dispersion and the

preservation of catalytic activity even after prolonged expo-

sure to high temperatures [132]. Strong metal-support in-

teractions could efficiently increase electron transport

between metal and support, resulting in a stable catalytic

capability for themetal and support [125].While robustmetal-

support interactivity favor the anti-sintering ability for Ni-

based catalyst, weakening the metal-support interaction is

desired for low temperature methanation. Meng, Zhong [61]

investigated methanation at low temperatures using a NieFe/

Al2O3 catalyst, and their findings discovered that the adding of

Fe improved the catalytic capabilities of the catalyst at low

temperatures, but that the addition of Fe decreased the

interactivity between nickel and support. A boost in iron

content significantly increased CO conversion, with the

maximum conversion achievedwith a catalyst having 4% iron

content, which had remarkable CO conversion and CH4 yield,

with 97.2% conversion and 84.9%, correspondingly [61].

In the case of molybdenum promoter, several reports

conveyed that Mo can either weaken or boost the interactivity

between the first metal and the support. Chen, Tian [133]

stated that the Mo promoter's addition decreases the NiO and

the support interaction but improved the dispersion of NiO.

MoO3 can be utilized to reduce the NiO species and the SiO2

support interaction, hence enhancing the reducibility of the

NieSiO2 catalyst [58]. Then, Zhang, Xin [134] impregnated Mo

onto Ni/MCM-41 and find out that the incorporation of MoO3

enhanced the interactivity between the nickel and the MCM-

41 support, making the catalyst hard to sinter. Two different

phenomena happen with different support, which is SiO2 and

MCM-41. By adding MoO3, both supports displayed different

results in their Ni-support interaction and also their reduc-

ibility. Hence, further investigation was needed onto Mo as

second metal to further describe its role in metal-support

interactivity.
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In general, the strength of the electronic metal-support

contact is directly associated to the stability of the catalyst,

but it is inversely proportional to the reducibility of the cata-

lyst. The stability of the catalyst is improved by increasing the

criticalmetal-support interaction, sominimizing the sintering

of themetal while decreasing the likelihood of themetal being

reduced in the process. As a result, depending on the final

qualities that the catalyst is intended to achieve, the metal-

support interaction might be weakened or strengthened. In

accordance with the explanations provided above, a second

metal can both improve andweaken the interactivity between

the metal and the support. Increased reducibility of the cata-

lyst is favored by weakening the interaction, whereas

increased catalytic stability is favored by strengthening the

interactions.

Metal-metal interaction
In the earlier section on the dispersion discussion, we dis-

cussed that metal-metal interaction correlates directly with

dispersiondthe highermetal-metal interaction consequences

in better dispersion of the active metal. Depending on the

specific relations between metal species in bimetallic cata-

lysts, the adsorption characteristics of CO and hydrogen can

be vastly different. Increased activity and improved anti-

sintering ability may be facilitated by the interaction be-

tween the two metals, according to some researchers. One

possible explanation for the synergistic interaction between

the two metals is that one of the metals provides physical

promotion to the other metal. The other type of transfer in-

volves electron transmission from one of the metal active

sites to the other metal active site [135]. The Ru addition to Ni/

SiO2 catalysts for the CO2 reforming of methane reaction was

investigated by Crisafulli, Scire [119], and they found out that a

strong Ni and Ru interaction increased the metallic Ni

dispersion, which then favored the development of additional

reactive transitional carbonaceous species, thereby over-

powering the inactivation of the catalyst. Yu, Jin [57] con-

ducted a comparison of their monometallic Ni and bimetallic

NieCo catalysts and found that the interactivity between Ni

and Co may enhance the CO adsorption and its activation,

hence increasing the bimetallic methanation catalysts activ-

ity. Strong metal-metal interaction adds to the stagnant

reduction rate of metal oxide as well as increased Co reloca-

tion to Ni, resulting in the development of homogeneous

NieCo alloy when the reduction of metal oxide is completed

[67,98].

When using bimetallic catalysts, the interactions between

metal species frequently result in profoundly distinct CO and

H2 adsorption characteristics. It was discovered that the

bimetallic NieFe or CoeFe catalysts reduction frequently oc-

curs at substantially lower temperatures than the reduction of

monometallic Fe catalysts [136]. By increasing the Fe amount

(3e10 wt%), the methanation activity enhanced noticeably at

lower temperatures, particularly for the 7 wt% Fe content

catalyst, which also demonstrated outstanding stability and

constancy. This enhancement can be attributed to the coop-

erative effect amongst two metals as well as the ability to

reduce materials with ease [137].
The basicity and oxygen vacancies
A clear association between basicity and catalyst activity has

been demonstrated in the literature, establishing a direct rela-

tionship between CO adsorption on basic sites and the CO

methanation catalyst activity in the existence of basic sites.

Basicityplaysacentral role intheCOmethanationbasedonTeh,

Triwahyono [138] study. It is reported that advanced catalytic

capability ofCO2methanation results froma largeproportionof

basic sites and the occurrence of defects sites or oxygen va-

cancies [139]. In another study, basic sites were documented as

necessary for refining the reactivity of CO2 methanation [140].

The generation of surface defects, especially oxygen vacancies,

acts as a vital active site for the absorption of CO and H2 mole-

cules, and many other catalytic reactions are essential to influ-

ence the activity of catalyst [140].

One of the efficacious ways to boost catalytic activity is to

tailor the surface morphology of the catalyst. He, Li [141] re-

ported the formation of Ni nanoparticles on a hierarchical

Al2O3 matrix in the shape of a flower. During CO2 methana-

tion, surface defect-promoted Ni nanocatalyst proved to show

excellent performance and stability, and this is due to the

existence of the abundant surface vacancy. The surface va-

cancy serves as active sites, and the combination produced an

anchoring effect that leads to sintering and accumulation

resistance of active species during long-standing use. The

presence of oxygen vacancy on the support is essential in

multiple studies to improve methanation's catalytic activity.

Zhu, Razzaq [142] studied CO methanation in coke oven gas

using Co3O4 catalysts at low temperature and found that

Co3O4 catalysts with smaller particles have higher methana-

tion activity than the larger particles due to higher CO

adsorption capacity. Creating an oxygen vacancy will lead to

unpaired electrons residual and pulled in the catalyst in a very

strong Lewis base. In theory, it is possible to increase the

reactivity if there is an increase in the basicity [143].

Several works of literature reported that adding second

metal enhanced catalyst basicity. Branco, Brito [60] studied

the effects of adding lanthanides (La, Ce, Pr, Sm, Dy, and Yb) to

the formulation of Ni-supported SiO2 catalysts, and they

found out that the catalyst increases in basicity, which then

increases the methanation activity. The lanthanides were

responsible for significantly improving the catalytic perfor-

mance due to enhancing nickel reducibility and dispersion

and increasing basic properties. Pr has been described as the

most excellent promoter of all. Liang, Hu [144] studied the

impact of adding alkaline earth metal to Ni/Al2O3 for CO2

methanation. They discovered that the Sr species-modified

catalyst displayed more basicity, which generating a Lewis

basic site capable of sturdily adsorbing and activating gaseous

CO2. Lanthanides, such as Ce, provide a catalyst with inter-

mediate strength basic sites (Lewis acid-base pairs), which can

increase CO adsorption and stimulate the hydrogenation of

the CO by the catalyst. Hamid, Jalil [145] arranged NieV2O5/

KCC-1 for CO2 methanation and revealed that the adding of

V2O5 boosted the catalyst's basicity. Qin, Wang [135] added 2%

of Y into Co/TiO2, and it improves the basicity from

65 mmol g�1 to 98 mmol g�1. Moreover, the total basicity of TiO2

amplified from 32 to 65 mmol g�1 after adding Co,
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demonstrating that the Co also enlarged the surface basicity

of the TiO2.

Increased basicity, as previously noted, is associated with

oxygen vacancies, which further promote CO adsorption and

activation. Numerous researches have demonstrated that

active oxygen sites, known as oxygen vacancies, can operate

as active spots for CO and hydrogen molecule adsorption and

can also cooperate with active metals to enhance the cata-

lyst's performance [140,146]. Oxygen vacancies serve as an

activated phase and activator for the CO and H2 activation,

initiating the process that consequences in the formation of

C* or CO* species. In the existence of H2, an upsurge in oxygen

vacancy may promote these C* or CO* molecules to hydro-

genates. Jia, Zhang [147] explained how the development or

fulfill of oxygen vacancies with an electron would have a

noteworthy impact on these active sites' electronic density.

Through the release of adsorbed CO2, active CO2 can furnish

the adsorbed O2
� species by filling oxygen vacancies created by

the adsorbed CO. The same was valid for activated CO in the

case of CO methanation. In a nutshell, the development of

strongly basic adsorbed O2 as an outcome of the rise in oxygen

vacancies is amongst the features that promote the greatly

increased reactivity of the catalyst in methanation.

A recent study by Hussain, Jalil [148] examined the ther-

modynamics and mechanistic of methanation of CO using

FSZSM-5 catalysts and discovered that the generation of an

oxygen vacancy activated two unpaired electrons on the

exterior of the catalyst. This enables catalysts to function as a

robust Lewis base, allowing them to cooperate with the gas

molecules of CO in an active manner. So, the capability of the

basic exterior to donate electrons in the presence of CO mol-

ecules will intensify the capabilities and activity of the cata-

lyst. As a result, it has been discovered that there is a very

close association concerning basicity and the oxygen va-

cancies in catalysts; the greater the number of oxygen va-

cancies present on the catalyst, the sturdier the basicity of the

catalyst, which might increase the catalytic capabilities of the

catalyst. Ashok, Ang [149] investigated the methanation of

nickel supported on CeZrO2 in their research. They hypothe-

sized that nickel ions (Ni2þ) are integrated into the mixed

oxide lattice, causing oxygen vacancies to form and so

increasing the adsorption of oxygenating species.

Several reports confirmed that adding the second metal

improves the amount of oxygen vacancies. Liang, Hu [144]

investigate adding Sr onto Ni/Al2O3 and found out that the

oxygen vacancies generated by the catalyst modified with Sr

species prohibit electrons from being coupled, resulting in the

formation of a Lewis basic state in the reaction. Afterward, it

was discovered that by including V2O3 as a second metal to a

Ni-based catalyst, the oxidation-reduction cycle of V2O3 could

boost the oxygen vacancies, which improved the CO2 by-

product dissociation and created surface oxygen, thereby

restricting carbon accumulation on the Ni particles [150].

Furthermore, Tian, Liu [151] observed that the addition of 3%

VOx consequences in a significant upsurge in the amount of

lattice oxygen atoms in the Ni/MCF catalyst. Y, as a catalytic

promoter, has been extensively used with TiO2 support

[152,153] for the reason that the atomic radius of Y3þ (90 p.m.)

and Ti4þ (60.5 p.m.) are somewhat dissimilar, Y3þ possibly

might be doped into the crystal lattice of TiO2, and extra
oxygen vacancies on the TiO2 external are produced [135],

which will boosted the catalytic capabilities of CO methana-

tion. The existence of oxygen vacancies may cause gaseous

CO to be strongly adsorbed and activated, hence increasing

the catalytic activity for the methanation of CO.

Reducibility
It is widely established that the reducibility of metal oxides

is critical for any catalyst to function as an active site.

Kustov, Frey [59] reported that the methanation activity

enhanced with increasing metal concentrations, and these

results could be accredited to higher reducibility. As dis-

cussed before, robust metal-support interaction is directly

proportional to the catalyst's stability but inversely propor-

tional to the catalyst's reducibility. Weakening the interac-

tion favors higher reducibility of the catalyst, while

strengthening the interaction favors robust catalyst stabil-

ity. Hence, it can be concluded that high reducibility favors

lower reaction temperature while low reducibility with

excellent stability favors high-temperature reaction. As de-

mand for the low-temperature catalyst is increasing since it

can significantly cut costs, reducibility at low-temperature

catalysts is needed.

Literature suggests that the incorporation of second metal

could improve the first metal's reducibility. Ni-based catalyst

is themost extensively researched catalyst in this aspect since

Ni's reducibility is crucial for enhancement in catalytic activ-

ity. Rahmani,Meshkani [115] confirmed that the incorporation

of second metals (Ce, La, Fe, and Co) to Ni/y-Al2O3 increased

the reducibility of a nickel catalyst. Additionally, the adding of

10 wt% La to the 20 wt% Ni/g-Al2O3 amplified the CO2 con-

version from 42% to 80.3% [115]. Lu, Yang [120] investigated

the same metal and found that adding trace amounts of the

same metal to a Ni catalyst supported on ZrO2 improved the

NiO particles dispersion, improved the amount of reduced

active Ni in the catalyst, and amplified the thermal steadiness

for CO and CO2 methanation. The surface enrichment of Co

and the great dispersion ofmetals on the catalyst 7Ni3Co/LaAl

may help to promote the reducibility of nickel species and the

creation of surface's active sites on the catalyst, both of which

are beneficial [154].

Ren, Qin [53] described that the Fe addition enhanced the

dispersion and reduction degree of Ni while Meng, Zhong [61]

results displayed that the introduction of Fe decreased the

reduction temperature. As illustrated in Fig. 6 that the peaks of

reduction of 16NixFe/Al2O3 were shifted to lower tempera-

tures after the iron addition. The overall area of reduction

peak improved progressively with the upsurge in iron quan-

tity, demonstrating that the iron addition enabled and

simplified the catalysts reduction. Catalyst 16Ni4Fe/Al2O3

with the 4% Fe content displayed the greatest catalytic capa-

bilities, which the CO conversion and the CH4 yield reached

97.2% and 84.9%, correspondingly. The iron addition, it is hy-

pothesized in this study, interrupted the interactivity between

nickel and the support, altered the chemical characteristics of

iron and nickel species on the catalyst surface, and so

increased the quantity of reduction species produced. Results

showed that incorporating the metal (Fe, La, Cu, Co, and Zr)

into the catalyst led to improved reducibility and reduced NiO

species at lower temperatures [137].
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Fig. 6 e H2-TPR profiles of catalysts 16NiFe/Al2O3. Adapted

from Meng, Zhong [61].
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Mechanism of CO methanation over bimetallic
catalysts

Among the most widely used catalytic processes are hydro-

genations, which can be found in a variety of applications

extending from simple steps in organic chemical synthesis to

batch procedures in medical drugs manufacture, stabilization

of edible oils, and petroleum progression. Considering that

hydrogenation processes are often exothermic in nature, it is

preferable to carry out these processes at relatively low tem-

peratures. Despite this, the mechanism of hydrogenation,

particularly CO methanation, is still up for debate among

scientists today.

CO methanation is thoroughly associated with Fischer-

Tropsch Synthesis (FTS), which converts a mixture of CO

andH2 into heavier hydrocarbons in the form of liquid. The CO

methanation mechanism can therefore be demonstrated

under the FTS mechanism. When it comes to the first and

rate-determining step of these two reactions, which is the

cleavage of the CeO bond, the basic mechanism of both re-

actions is the same. The following phase takes place in two

separate ways: CeH bond creation occurs during the metha-

nation process, and CeC bond formation occurs during the

FTS reaction, which is used to lengthen the carbon chain.

In the late 1970s, two dissimilar types of methanation

methods were proposed, as shown in Fig. 7. One mechanism

suggests that CO dissociation is directly followed by hydro-

genation to produce the CHx species, which involves the direct
dissociation of the adsorbed COads and the formation of Cads

as the intermediate.

The other mechanism suggests that the CO dissociation

proceeds through the hydrogen-assisted intermediates

(shown in Fig. 8), which involves the combination of Hads with

COads to form the COHads, CHOads, or CHOHads intermediates.

In general, the rate-limiting step is the initial hydrogenation

step, with the O1 and C4 atoms (terminal atoms) being

preferred kinetically in a Markovnikov fashion. In spite of the

higher adsorption of the C]C bond, the decrease of the C]O

link is associated with lower energy barriers in the vast ma-

jority of situations.

As claimed by studies, the barrier to dissociation of CO and

the stability of the major intermediates on the metal surface

are the primary aspects affecting the methanation catalyst's
activity [155]. The surface's active sites could be built by

combining two metals in order to obtain the optimum CO

dissociative adsorption energy on the surface of themetal [59].

The bimetallic catalyst reaction pathway is the same as the

mono-metallic catalyst pathway. However, it changes the

value of energy and rate in the mechanism. Examples incor-

porate the work of Qiu, Tao [156], who investigated the

methanation of CO mechanism over CoeCu and Cu surfaces

and discovered that the best reaction route for methane for-

mation from CO on CoeCu surfaces is identical to that on the

surface of Cu. On the other hand, the rate-limiting phase and

its related energy barrier are distinct. When employed in

combinationwith the Co dopant, it is possible to alter the rate-

limiting step and lower the activation barrier. It is noteworthy

to mention that the barrier for the H2COH breakdown was

reduced from 100.96 kJ/mol to 61.26 kJ/mol, a significant

reduction. As a result, as compared to the Cu surface, the

CoeCu exterior can increase the efficiency and selectivity to-

ward methane. Xu, Lian [157] conducted a kinetic investiga-

tion on the impact of CoeNi bimetallic synergy in enhancing

the low-temperature catalytic activity of OMA-2Co8Ni, and

their Arrhenius plots are shown in Fig. 9.

The slope of the reaction rate of OMA-2Co8Ni catalyst is

significantly less than that over the OMA-10Ni aswell as OMA-

10Co, indicating that OMA-2Co8Ni with activation energy of

64.7 kJ/mol has significantly lower apparent activation energy

than the monometallic catalysts OMA-10Ni with activation

energy of 75.2 kJ/mol and OMA-10Co with activation energy of

79.0 kJ/mol. These consequences showed that the synergetic

effect of Ni and Co can effectively reduce the apparent acti-

vation energy of methanation processes.

Wang, Su [158] investigated the CO methanation mecha-

nism on both monometallic Ni and bimetallic NieFe sup-

ported on Al2O3 catalysts and discovered that CO directly

dissociation is not preferred on either of the two catalysts

under investigation. They also pointed out that the uppermost

barrier for converting CO to CH4 for the Ni/Al2O3 catalyst is

2.54 eV, but the highest barrier for the Ni3Fe/Al2O3 catalyst is

2.14 eV, which is lower, resulting in increased efficiency and

selectivity of CH4 for CO methanation. The NieCo catalyst

follows a conventional reaction path: first, the CeO link of

CHO is broken, and next, hydrogenation of CeH occurred to

create CH4. Nevertheless, in the case of monometallic Ni/SiO2,

initially, the CHO interacts with *H to create CHOH, after

which the CeO bond breaks and methane is generated [159].
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Fig. 7 e Mechanism of CO methanation. Modified from Miao, Ma [20].

Fig. 8 e Two routes of associative mechanism. Modified from Miao, Ma [20].

Fig. 9 e Arrhenius plots for the CO2 reaction rate over OMA-CoNi catalyst. Adapted from Xu, Lian [157].
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Tian, Liu [151] then shown that VOx (vanadium oxide) can

upsurge the electron density of Ni, ensuing in higher CeO

bond dissociation and enhanced catalytic capability of the

catalysts. The V3þ, V4þ, and V5þ coexist on the NieV/MCF
catalyst, allowing for a rise in the Ni electron density via redox

of V5þ/V4þ/V3þ. The oxidation-reduction cycle of V2O3 has also

been shown to produce oxygen vacancies, which enhances

CO2 dissociation and generates surface oxygen, hence
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avoiding carbon deposition on the Ni atoms during CO

methanation [145,150]. Guo, Gao [160] investigated the in situ

DRIFTS measurements and DFT calculations for the NiMgAl

catalyst and discovered that the MgO and additional Ni(111)

activated sites in the NiMgAl catalyst might encourage CO2

activation and the formation of active intermediates, which

contributed significantly to the improvement of the low-

temperature activity. Enhancing CO2 activation is also crit-

ical because it prevents the accumulation of CO2 byproducts,

which promotes CH4 selectivity.

Based on the results of CO methanation mechanism

studies for bimetallic catalysts, we suggest that the key to

reducing activation energy and therefore increasing CO

methanation performance is to add additional metals to up-

surge the quantity of active metals. A considerable range of

bimetallic catalysts developed exhibited vigorous CO metha-

nation activity, thereby confirming the premise.
Conclusion and future prospects

In conclusion, we highlighted current advances in the area of

bimetallic carbon monoxide catalysts for SNG production, as

well as their synthesis procedure and physicochemical char-

acteristics. Due to the significant exothermic features of

methanation, it is critical to discover methanation catalysts

with extraordinary activity at low temperatures and excep-

tional stability at high temperatures. The results of the

bimetallic catalyst synthesis investigation suggested that

different varieties of catalysts required unique synthesis ap-

proaches to optimize their methanation characteristics and

capabilities.

An additional metal has little effect on the morphology of

the catalyst, indicating that it is distributed evenly inside its

channels. An appropriate amount of extrametal increased the

surface area, porosity, dispersion, and particle size of the

catalyst. According to our findings, it is critical to determine

an adequate amount of second metal loading to minimize

metallic particle aggregation and accumulation on the cata-

lyst's exterior, which would degrade the catalyst's physical

capabilities. Additionally, the bimetallic catalyst has the

ability to strengthen or diminish the metal-support interac-

tion. As previously stated, strong metal-support interaction is

directly proportional to the catalyst's stability but inversely

proportional to the catalyst's reducibility. Thus, it may be

determined that high reducibility favors lower reaction tem-

peratures, whereas low reducibility combined with strong

stability favours higher reaction temperatures. Thus, selecting

the appropriate second metal and its quantity is critical for

managing the catalyst's metal-support interaction and maxi-

mizing methanation effectiveness at the stipulated tempera-

ture. Basicity and oxygen defects are associated with

enhanced CO adsorption and activation, and it should be

highlighted that by adding a secondmetal with high basicity, a

greater concentration of Lewis's basic state can be generated,

resulting in increased reaction effectiveness.

Bimetallic catalysts remain a mystery despite a variety of

methodologies and promises, and further research is needed

to discover whether or if their properties can be further

improved. The scalability of renewable energy production
necessitates catalysts with high capacity, selectivity, and

durability. In the case of CO methanation catalysts, the

anticipated trade-off between cost and performance can be

resolved by developing bimetallic catalysts with optimal sec-

ond metal synergy.

As far as we are aware, research into bimetallic cata-

lysts for CO methanation is currently limited and inade-

quate. There are so many different effects that can be

induced by bimetallic system creation that each system

must be thoroughly examined, and fundamental studies

are required to better understand the promoter's effects

and its interaction with the main metal. The synergy

exhibited between bimetallic catalysts' components is still

poorly understood. A better understanding will only be

possible with additional in situ spectroscopic studies and

advanced characterization of the bimetallic catalysts.

Better catalysts can be developed using this information,

current catalyst drawbacks can be overcome, and deacti-

vation during catalytic processes which the most pressing

issue can be understood.

Apart from bimetallic catalysts, additional metals such as

trimetallic catalysts should be investigated. Alkali, alkaline-

earth and the majority of rare earth elements have not yet

been discovered as CO methanation promoters. Additionally,

it is critical to have a detailed understanding of the underlying

reaction process in order to foresee the optimal metal for a

particular metal-based catalyst, as different metals have

varying synergistic effects with one another. Recent im-

provements in this catalystmay shed light on how the efficacy

of bimetallic and monometallic catalysts differs, enabling the

development of catalysts with the best possible future

performance.
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