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Abstract: CO2 methanation has recently emerged as a process that targets the reduction in anthro-
pogenic CO2 emissions, via the conversion of CO2 captured from point and mobile sources, as well
as H2 produced from renewables into CH4. Ni, among the early transition metals, as well as Ru and
Rh, among the noble metals, have been known to be among the most active methanation catalysts,
with Ni being favoured due to its low cost and high natural abundance. However, insufficient
low-temperature activity, low dispersion and reducibility, as well as nanoparticle sintering are some
of the main drawbacks when using Ni-based catalysts. Such problems can be partly overcome via
the introduction of a second transition metal (e.g., Fe, Co) or a noble metal (e.g., Ru, Rh, Pt, Pd
and Re) in Ni-based catalysts. Through Ni-M alloy formation, or the intricate synergy between two
adjacent metallic phases, new high-performing and low-cost methanation catalysts can be obtained.
This review summarizes and critically discusses recent progress made in the field of bimetallic Ni-M
(M = Fe, Co, Cu, Ru, Rh, Pt, Pd, Re)-based catalyst development for the CO2 methanation reaction.

Keywords: CO2 methanation; bimetallic catalysts; Ni-based catalysts; promoters; alloy nanoparticles;
bimetallic synergy

1. Introduction

During the last hundred years, rapid industrialization and the high energy demands
of our society have disrupted the carbon cycle through ever increasing greenhouse gas
emissions, and the ramp-up of renewable energy production has yet to offset the negative
effects on our planet’s climate and ecosystems [1,2]. However, progress made in hydrogen
production technologies through water electrolysis has raised hopes for the utilization of
this green fuel that produces no CO2 emissions upon its combustion [3], despite the fact
that its storage and transportation remain challenging when compared to other traditional
energy carriers, such as natural gas [4]. In the last decade, research efforts have been
focused on the development of catalysts that can utilize this excess renewable hydrogen
in order to hydrogenate CO2 released from industrial flue gases. This way, H2 can be
transformed into a reliable energy carrier, that is, CH4 or synthetic natural gas (SNG),
with a significantly higher energy density, all the while creating a closed carbon cycle [5].
The complete hydrogenation of CO2 into CH4, or CO2 methanation, is also known as the
Sabatier reaction and is an exothermic reaction with the following equation:

CO2 + 4H2 → CH4 + 2H2O ∆H298 K = −165 kJ/mol (1)

Ni has become a favourite active metal for this reaction, since its high methanation
activity, low cost and natural abundance render it attractive for industrial-scale applica-
tions [6]. Since CH4 yield peaks at a relatively low temperature (300–400 ◦C, depending on
the reaction conditions) [7], structural degradation of Ni-based catalysts, though not
completely avoided, plays a minor role compared to other reactions (e.g., methane dry
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reforming) [8]. The choice of the metal oxide support also appears to be of great importance
in the performance of Ni-based catalysts [9–11]. Ni/CeO2 catalysts, for example, are much
more active compared to Ni/Al2O3 or Ni/SiO2 catalysts. This is mainly attributed to
ceria’s intricate redox and O2−-defect chemistry, with it being able to transport oxygen
species and oxygen ion vacancies throughout its lattice, having higher basicity compared
to other metal oxides that favours CO2 chemisorption and activation, as well as exhibiting
a strong metal–support interaction that favours a higher Ni dispersion (Figure 1) [12].
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The activity of Ni-based catalysts can be further improved via modification of the metal
oxide supports. For example, alkali and alkaline earth metals [13], transition metals [6] and
rare-earth metals [14] can be used as promoters that modify the physicochemical properties
of metal oxide supports. In some cases, these ions can enter the lattice of the metal oxide
supports (e.g., Ca2+ ions in CeO2 and ZrO2 lattices) [15], or form segregated metal oxide
phases supported on the support surface (e.g., La2O3, CeO2 and MnOx in Al2O3) [16].
Such modifications can lead to an increase in support basicity, so that the initial step of
CO2 chemisorption step is accelerated, or to an increase in the active metal dispersion [17].
In most cases, the low-temperature activity and stability of Ni-based catalysts is enhanced
following modification of the metal oxide supports [13,14,16].

Besides Ni, Ru and Rh noble metals have been extensively studied as active metallic
phases in CO2 methanation and they usually achieve a much higher activity at low temper-
atures [18,19]. Since CH4 is thermodynamically favoured over other CO2 hydrogenation
products such as CO, at low temperatures, CH4 selectivity can be significantly higher when
using noble metal catalysts [7]. Among the two noble metals, Ru can achieve higher activity
and its price is considerably lower compared to Rh, while it can also provide significant
methanation activity when supported on cheap supports (e.g., Al2O3 or TiO2) at a metal
loading as low as 1% or even 0.5% [20]. Ru is also preferable to Ni for application in the com-
bined capture and methanation of CO2 derived from industrial flue-gases since the high
reducibility of RuOx oxides allows for isothermal operation at low temperatures [21,22].

A popular method to counter some of the drawbacks of Ni-based catalysts is to use
a second metal (e.g., Fe, Co or Ru) as a dopant, in order to create appropriate bimetallic
CO2 methanation catalysts [6]. Such an approach has been successfully employed in other
reactions. For example, NiFe alloys are active and stable catalysts for dry reforming of
methane, since Fe can promote carbon gasification and significantly reduce coking through
an intricate dealloying and realloying mechanism [23]. The combination of Ni with other
metals can either lead to the formation of Ni-M alloys, or monometallic heterostructures
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with closely located active metallic Ni-M phases [23,24]. There are two types of metals that
are used in such Ni-M bimetallic catalysts, the one an early transition metal such as Fe and
Co and the other a noble metal, namely Ru, Rh, Pt, Pd and Re.

Fe and Co can easily dissolve into the Ni lattice due to the similar crystallographic
properties of the corresponding metallic phases. In the example of Fe, the dissolution of
Fe atoms into the Ni lattice leads to the formation of NiFe alloys, with Ni3Fe being the
most thermodynamically stable [25,26]. The introduction of Fe causes an expansion of
the Ni fcc lattice up to a specific Fe amount and a shift of the (111) Ni reflection in XRD
towards lower 2θ values. At higher Fe contents, the lattice becomes Fe rich and switches to
the more compact bcc structure of pure Fe [27]. The introduction of the dopant metal can
be used to tailor the electronic properties of Ni, so that the new alloy phase can achieve
superior activity compared to monometallic Ni. This can also lead to a higher dispersion,
stability and/or resistance towards deactivation [24]. The application of computational
methods has shown that specific alloys can lower the M-CO binding energy and lead to
higher CO methanation activities [28].

Noble metals Ru, Rh, Pt, Pd and Re can increase the reaction activity by enhancing
the reducibility of the primary Ni phase, by increasing the Ni dispersion, or by changing
the reaction pathway [29]. Ru and Ni mostly form monometallic heterostructures that
rely on the synergistic effect between the two separate metallic phases, while Pt and Pd
mostly lead to the creation of NiPt and NiPd alloys [30–32]. It has been shown that an
addition of only a miniscule amount of noble metal (e.g., 0.5% or 1%) can greatly enhance
the reducibility and low-temperature activity of Ni-based catalysts without the need to use
high loadings of precious metals [33].

In this review, we aim to summarize the most recent progress made in the field of
Ni-based bimetallic catalyst development for the CO2 methanation reaction. Due to the
different nature of the reaction promotion, Ni-based catalysts combined with either early
transition metals (Fe and Co), or noble metals (Ru, Rh, Pt, Pd and Re), will be discussed in
separate chapters.

2. Promotion with Transition Metals

There are many works that use a transition metal additive to enhance the activity of
Ni-based catalysts [24]. These additives may include: V, Cr, Mn, Fe, Co, Y and Zr. Y and Zr,
for example, are mostly used as dopants to modify the lattice of the metal oxide support
and enhance its defect chemistry. Zr is used to stabilize the CeO2 structure and enhance its
oxygen vacancies population (i.e., oxygen storage capacity, OSC) [19], while Y can generate
oxygen vacancies in ZrO2-based supports [34,35]. Mn mostly forms MnOx phases that
increase the catalyst basicity and favour CO2 chemisorption. All these modifications on the
support’s properties can lead to an increase in CO2 activation and, thus, Mn, Ce, Zr and Y
are often regarded as efficient promoters in CO2 methanation [19,34–36].

Fe and Co, when combined with Ni-based catalysts, allow the creation of NiFe and
NiCo alloys [26,37]. The incorporation of these transition metal dopants into the lattice of
the active Ni phase can directly interfere with nickel’s electronic properties and methanation
chemistry [38]. This can either lead to an increase in activity and stability or to a complete
catalyst deactivation, depending on the Ni/dopant ratio, its degree of metal intermixing
and the interaction of both metals with the support [39].

2.1. Promotion with Fe

Among all metals, Fe is by far the most studied element in bimetallic Ni-based catalysts
for CO2 methanation, since it is quite cheap and highly available and it exhibits a high
solubility into the Ni lattice, favouring the formation of NiFe alloys [25]. It has been
suggested, based on computational screening and catalytic experiments, that alumina
supported and Ni-rich NiFe catalysts can improve the rate of CO2 conversion, with the
optimal Ni/(Ni + Fe) ratio being around 0.7–0.9 [40,41]. Many more works have focused on
NiFe alloys prepared with different methods and supported on various metal oxides [42].
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Generally, the Ni/Fe ratio in the alloy and the reducibility of the metal-oxide support
appear to be the most critical parameters that determine whether Fe will promote or
suppress the catalyst’s CO2 methanation activity.

Pandey et al. [43] were among the first to perform a systematic study about the
Fe promotion in Ni-based methanation catalysts. The optimal active metal content of
the catalysts consisted of 75% Ni and 25% Fe. When compared to their monometallic
counterparts (Ni and Fe), the bimetallic NiFe alloy catalysts supported on alumina and
silica were shown to exhibit higher CH4 yields and this enhancement was more apparent
in the alumina supported catalysts. This was attributed to the creation of a suitable alloy
phase and to the increased CO2 chemisorption at unreduced Fe3O4 sites. The authors
then compared the activity of Ni3Fe catalysts supported on different metal oxide supports,
such as Al2O3, SiO2, ZrO2 and TiO2, and noted that Al2O3 supported catalysts yielded
the best results and provided the largest promotion due to Fe alloying [42]. Regarding the
optimal alloy composition, a statistical technique, namely response surface methodology
(RSM), was also used. The model equation predicted that a 32.78% Ni loading and 7.67%
Fe loading would lead to the optimal methane yield, and the obtained experimental results
confirmed this model prediction [44].

Ray et al. [38] from the same group managed to develop a descriptor for the metha-
nation of CO2 over Ni3M bimetallic catalysts, with the second metal (M) being Fe and
Cu. It was shown that the turnover frequency for methane production (TOFCH4) could
be linearly correlated with the number of d-density of states (d-DOS) at the Fermi level
(NEF) based on density functional theory (DFT) calculations, as shown in Figure 2. The
NEF descriptor successfully predicted the enhancement of CO2 methanation performance
over the Ni3Fe catalyst, due to a favourable change in the electronic properties of the active
Ni phase, while Ni3Cu alloy formation was detrimental for the production of CH4. In a
follow-up study, Ray et al. [45] also included Ni3Co catalysts in their calculations and
concluded that Co alloying could also enhance the CO2 methanation performance but by
a smaller degree compared to Fe. They also showed that Co alloying led to the highest
promotion regarding the dry methane reforming (DMR) reaction, with the location of the
Ni d-band centre (εd) being the most appropriate descriptor to assess the catalytic activity
for this reaction.
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Figure 2. Linear correlation between the turnover frequency for CH4 production (TOFCH4) and
the number of d-density of states (d-DOS) at Fermi level (NEF) for Ni, Ni3Fe and Ni3Cu catalysts.
Reproduced with permission from [38]. Copyright: Elsevier, Amsterdam, The Netherlands, 2017.

The Grunwaldt group have been amongst the pioneers in the development of NiFe-
based methanation catalysts and the elucidation of the role of Fe in the overall catalytic
performance. Mutz et al. [26] prepared Ni3Fe catalysts supported on Al2O3 via deposition–
precipitation. The formed alloy nanoparticles exhibited a small size and high dispersion,
and the NiFe-based catalyst proved to be more active and stable at lower temperatures
compared to the monometallic Ni-based catalyst. The alloy catalyst was also proven
to have a quite stable and robust performance after a 45 h time-on-stream operation
under industrially oriented conditions [26]. No carbon deposition could be observed
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under various gas feeds for such catalysts using operando Raman spectroscopy [46].
Farsi et al. [47] investigated the CO2 methanation kinetics on such Ni3Fe methanation
catalysts under technical operation conditions. CO selectivity over CH4 was found to
increase over shorter residence times and higher temperatures, while water concentration
was indicated as the main inhibiting factor.

Furthermore, Serrer et al. [48] focussed specifically on the role of Fe during CO2
methanation, employing advanced operando spectroscopic methods. Fe was shown to act
as a protective or “sacrificial” dopant upon cases of H2-dropout during CO2 methanation.
While Ni-based catalysts are oxidized under such events and then fail to regain their initial
activity upon the restoration of H2 flow, NiFe-based catalysts retain the Ni0 sites in their
reduced state, due to the preferential oxidation of their Fe sites into FeO. Under normal
operation, Fe was shown to increase the reducibility of Ni and result in the formation of
small FeOx clusters at the surface of the alloy nanoparticles, with Fe being found in various
oxidation states [49]. It has been suggested that increased methanation performance of
NiFe alloy catalysts could be due to these small FeOx clusters on top of alloy nanoparticles
that can potentially favour CO2 chemisorption and activation, as shown in Figure 3.
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Mebrahtu et al. [39] used hydrotalcite-precursors with a tailored Fe/Ni ratio in order
to prepare NiFe/(Mg,Al)Ox catalysts with high levels of metal intermixing and disper-
sion. The Fe/Ni ratio played a crucial role in the physicochemical properties and the
catalytic performance of the prepared catalysts. An Fe/(Ni + Fe) ratio of 0.1 was shown
to provide high metal dispersion, small nanoparticle sizes and an optimum amount of
surface basic sites. Consequently, the catalyst with this specific ratio offered the best low-
temperature catalytic performance in terms of CO2 conversion and CH4 selectivity, whereas
catalysts with higher Fe contents experienced a significant drop for these values (Figure 4).
Mebrahtu et al. [50] also indicated a possible deactivation pathway for monometallic Ni
catalysts via the formation of Ni hydroxides caused by the water produced in situ upon
methanation. It was found that the introduction of Fe prevented the formation of Ni-OH
species, thus increasing the catalytic activity of such systems. It was also argued that Fe
formed spinel phases on the alumina nanosheets and did not form alloys with Ni.
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Giorgianni et al. [51] attributed the beneficial role of Fe into such hydrotalcite-derived
catalysts to the presence of Fe(II) species. These species could activate CO2 molecules and
adsorb H2O produced in situ during the reaction, thus preventing the hydroxylation of
nearby Ni0 active sites. However, these Fe(II) species inevitably undergo oxidation into
Fe(III) over time, reducing the catalytic performance.

In a similar fashion, Huynh et al. [52] observed high CO2 methanation activity and
stability for cheap hydrotalcite-derived NiFe/(Mg,Al)Ox catalysts, which could achieve
around 75% CO2 conversion and 95% CH4 selectivity at just 300 ◦C under high gas space
velocities. They also showed that an Fe/(Ni + Fe) ratio of 0.2 (Ni4Fe) could lead to the
highest promotion in CH4 yield at low temperatures, due to a considerable decrease in
the activation energy for CH4 formation [53]. The formate pathway was observed to
be favoured over the direct dissociation of CO2 into CO via in-situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) and density functional theory (DFT) [53].
Furthermore, NiFe-containing layered double hydroxides (LDHs) could be in situ grown
over alumina and silica washcoated cordierite monoliths via an urea hydrolysis preparation
method [54]. Using different washcoat materials and metal concentrations, a structured
NiFe bimetallic catalyst with a thin catalytic layer on the cordierite substrate was prepared.
This structured NiFe monolithic catalyst achieved high CH4 yields under high gas flow
rates, thus making it attractive for industrial-scale applications.

Burger et al. [55] prepared NiAlOx coprecipitated catalysts modified with Fe and
Mn. Both metals improved the performance of the NiAlOx catalysts. Mn formed separate
MnOx phases that enhanced the CO2 adsorption capacity and metal dispersion, while Fe
formed NiFe alloys, promoting the electronic properties of Ni and enhancing the catalyst
stability. The optimal Ni to promoter molar ratio was five. Such catalysts were also proven
to be resistant upon sulphur poisoning, since H2S was preferentially adsorbed at the metal
promoter phases [56], thus preserving the Ni active sites [57].

Burger et al. [58,59] also studied the mechanism of Fe promotion in coprecipitated
Ni/Al2O3 catalysts. In one study [58], Fe was deposited adjacent to Ni nanoparticles via
a surface redox mechanism creating alloyed surface phases. Fe alloying also increased
the activity of Ni/Al2O3 catalysts prepared via deposition–precipitation and the thermal
stability of co-precipitated NiAlOx catalysts. (γFe,Ni) alloy nanoparticles were observed at
co-precipitated NiFeAlOx catalysts and the presence of Fe(II) species upon aging provided
additional CO2 activation sites [59]. The generation of active Fe(II) species appeared to
partially offset the negative effects caused by active metal sintering upon aging.

Other reports about Fe promotion in Ni/Al2O3 catalysts include the work of Li
et al. [60]. It was found that adding 3% Fe on a 12% Ni/Al2O3 catalyst led to a mild
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improvement for CO2 conversion and CH4 selectivity, whereas the increase in the Fe
content to 12% (Fe/Ni ≈ 1) caused a worse methanation performance. Liang et al. [61]
studied the effect of various additives on Ni/Al2O3 catalysts and found the presence of
an increased number of oxygen vacancies over the Fe-modified catalyst, as evidenced by
electron paramagnetic resonance (EPR), that caused favourable changes to the reaction
pathway. Finally, in contrast to other works, Daroughegi et al. [62] found that a 25%
Ni/Al2O3 catalyst modified with 5% Fe exhibited a much worse methanation performance
in terms of CO2 conversion compared to the corresponding monometallic Ni catalyst.

Up until now, the NiFe-based catalysts studied were supported on Al2O3 or Al-based
“inert” supports. The oxide support can, however, also play a major role in the methanation
performance of alloy catalysts [63]. Ren et al. [64] showed that modification of a 30%
Ni/ZrO2 catalyst with 3% Fe enhanced its low temperature methanation performance.
Modification with 5% Fe also yielded better results compared to the monometallic catalyst,
but higher Fe contents led to a decline in methanation activity. The authors suggested that
the majority of Fe in the catalysts was not fully reduced following pretreatment under H2
flow, but remained at an Fe(II) oxidation state. These species could potentially improve
the dispersion and reducibility of the Ni phase and also promote the reduction of ZrO2,
thus facilitating the presence of oxygen vacancies, that together with Fe(II) sites typically
enhance CO2 chemisorption and dissociation.

Yan et al. [65] employed low metal loadings of Ni and Fe (1.5% Ni and 0.5–4.5% Fe)
supported ZrO2 and assigned the various interfacial sites on the catalysts as selective for
different CO2 hydrogenation products. The Ni-ZrO2 interface in the monometallic catalyst
was characterized as active for the methanation reaction. Fe addition up to an equimolar
amount to that of Ni led to a small improvement in CO2 conversion and CH4 selectivity
and probably preserved the methane selective active metal–ZrO2 interface. Only with the
addition of a large amount of Fe (Fe/Ni ratio at 3) does the CO selectivity increase, via the
creation of Ni-FeOx interface that binds intermediate CO weakly and favours the reverse
water gas shift (RWGS) reaction. Their experimental results are summarized in Figure 5.
Furthermore, other studies showed that Fe promotion provided an enhancement of the
methanation performance of Ni-based catalysts supported on Al2O3 and mesoporous clay
modified with ZrO2 [66,67].

It has been previously mentioned that CeO2 support can offer significant advan-
tages regarding the CO2 methanation performance of Ni-based catalysts, when compared
with other metal oxide supports [12]. However, Fe modification of Ni catalysts sup-
ported on CeO2-based supports appears to exert a negative influence on CO2 methanation.
Winter et al. [68] studied CeO2-supported NiFe catalysts with low metal loadings of Ni
and Fe (1.5% Ni and 0.5–1.5% Fe). In contrast to the ZrO2 supported catalysts reported by
Yan et al. [65], Fe modification, even in small amounts, led to a significant drop in CO2 con-
version and rise in CO selectivity. The majority of Fe remained oxidized according to X-ray
absorption near edge structure (XANES) analysis and these oxidized Fe species probably
led to a weakened interaction between metal and intermediate CO, thus facilitating CO
desorption and higher CO selectivity [68].

Pastor-Pérez et al. [69] prepared Fe and Co modified Ni catalysts supported on
CeO2-ZrO2 and observed a negative effect of Fe addition, since the 3% Fe, 15% Ni/CeO2-
ZrO2 catalyst exhibited lower values for CO2 conversion and CH4 selectivity compared
to the monometallic Ni catalyst. Likewise, le Saché et al. [70] observed that Fe addi-
tion on a Ni/CeO2-ZrO2 catalyst led to a drop in CO2 conversion and CH4 selectivity.
Furthermore, Frontera et al. [71] also reported a drop in CO2 methanation activity upon
Fe alloying over Ni catalysts supported on Gd-doped CeO2 (GDC). In contrast to NiFe
catalysts supported on inert supports such as Al2O3 and SiO2 [26,43], Fe addition ap-
peared to suppress the population of surface oxygen vacancies on the already defect-rich
GDC support.
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Carbon is another type of support in heterogeneous catalysis, which has been deemed
as inactive regarding CO2 methanation when using Ni-based catalysts [72].
However, Gonçalves et al. [73] managed to improve the performance of activated car-
bon (AC) supported Ni catalysts by modifying the surface chemistry of carbon and by
introducing Fe as a second metal. They reported that 5% Fe addition on a 15% Ni cata-
lyst supported on activated carbon with increased basicity (AC-R) improved the catalytic
performance for CO2 methanation. More specifically, NiFe alloy formation improved the
low-temperature activity of the supported catalysts, increased the CH4 selectivity and
favoured catalyst stability, as shown in Figure 6.
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The formation of NiFe alloy phase can sometimes take place via the migration of
Fe atoms that are incorporated in the support lattice, towards the surface Ni particles,
upon exposure to a reducing atmosphere. Wang et al. [74] impregnated Ni on an olivine
support and observed the formation of NiFe alloyed phase from the Fe contained in the
support. The good CO2 methanation performance was ascribed to NiFe alloy formation
and its favourable interaction with unreduced FeOx segregated from the olivine support
upon calcination and reduction treatments. Thalinger et al. [75], however, reported that
NiFe alloy formation through Fe exsolution from a reducible La0.6Sr0.4FeO3-δ perovskite
with supported Ni nanoparticles could spoil the methanation chemistry of Ni through an
unfavourable change in nickel’s electronic properties. The suppression of CO2 methanation
was less pronounced on a Ni/SrTi0.7Fe0.3O3-δ catalyst, due to the better structural stability
of this perovskite support [76] and, thus, the lesser extent of Fe exsolution and alloying
with Ni.

Lastly, Pandey et al. [77] performed a study in which they used unsupported NiO
as a catalyst precursor and introduced various Fe amounts. Similarly to many of their
supported counterparts [26,39], Ni catalysts modified with Fe in a stoichiometry of Ni/Fe
> 1 exhibited an increase in catalytic activity for CO2 methanation compared to metallic
Ni catalyst. The catalysts that consisted of Ni-rich NiFe alloys with 10% Fe and 25% Fe
yielded the best results. The one with 10% Fe was shown to be the most active and the
higher activity was ascribed to the absence of unalloyed Fe in this catalyst [77].

By taking into consideration the large number of literature reports regarding Fe
modified Ni catalysts [26,39,65], it can be concluded that, under specific circumstances,
Fe can significantly promote the CO2 methanation performance. The molar ratio between
Ni and Fe appears to be the most important factor that determines whether Fe will promote
or demote the methanation performance. An Fe/Ni ratio between 0.1 and 0.25 mostly
yields the best results, while Fe-rich alloys significantly degrade the catalytic activity [39].
Furthermore, the type of support also influences the degree of promotion. Al2O3, ZrO2,
SiO2 and carbon supported Ni catalysts are typically promoted upon Fe addition at a
specific Fe/Ni ratio, but Ni catalysts supported on defect-rich CeO2-based supports do not
exhibit a similar behaviour [42,68]. Through spectroscopic techniques, it has been reported
that partly reduced Fe(II) species play a major role in the promotion mechanism [49,50].
In general, Fe constitutes an ideal promoter for Ni-based catalysts, since it is also a cheap
and earth-abundant metal and, through the favourable formation of NiFe alloy, it can be
used to explicitly tailor the electronic properties of the catalytically active phase. Some of
the most representative studies that include Ni-M (M = transition metal) bimetallic catalysts
for CO2 methanation are comparatively presented in Table 1.

2.2. Promotion with Co

Co is another transition metal commonly used to prepare bimetallic NiCo catalysts
for CO2 methanation. Co is right adjacent to Ni in the periodic table, it can dissolve into
the lattice of metallic Ni similarly to Fe and its easy transition between the oxidation
states of Co(III), Co(II) and Co0 can induce modifications to the electronic properties of Ni-
based catalysts [24,78]. Among the first works, Guo et al. [79] prepared several bimetallic
NiCo catalysts supported on SiO2 with different Co/Ni ratios. They found that higher
Co loadings improved the activity of the catalysts and that a Co/Ni ratio of 0.4 led to
the best performing catalyst. The formation of a homogeneous NiCo alloy supported on
SiO2 has also been shown to promote CO dissociation and hydrogen spillover during CO
methanation, leading to higher activity [78].

Further works focussed on Al2O3 supported NiCo catalysts, with Xu et al. [80] and
Liu et al. [37] introducing ordered mesoporosity into the catalyst structure via a one-pot
evaporation induced self-assembly (EISA) synthesis method. Xu et al. [80] reported that
a suitable Co/(Ni + Co) ratio of 20% could increase the catalytic activity and stability.
The authors suggested that Ni and Co were supported as adjacent monometallic phases on
the mesoporous Al2O3 structure and that they served as active sites for the chemisorption
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of H2 and CO2, respectively. The synergy between these two metals acted to decrease
the activation energy for CO2 methanation. Liu et al. [37] also prepared similar ordered
mesoporous NiCo/Al2O3 composites. The authors claimed that NiCo alloy formation and
the confinement effect of the mesoporous structure were responsible for the improved
low-temperature activity and stability of the bimetallic catalysts. Their best performing
10N3COMA catalyst (3% Co3O4 and 10% NiO on ordered mesoporous Al2O3) exhibited
78% CO2 conversion and 99% CH4 selectivity at 400 ◦C, as well as great stability upon a
60 h time on stream test, as shown in Figure 7.
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Figure 7. Catalytic properties of the catalysts: (a,d) CO2 conversion, (b,e) CH4 selectivity, and (c,f) CH4 yield.
Reproduced with permission from [37]. Copyright: Elsevier, Amsterdam, The Netherlands, 2018.

Alrafei et al. [81] prepared Ni and NiCo catalysts with various metal loadings sup-
ported on Al2O3 extrudates. According to their findings, 10% Ni and 10% Co were the most
suitable metal loadings for the bimetallic catalysts. The bimetallic catalyst with these metal
loadings outperformed the monometallic 10% Ni catalyst, as Co helped to increase the
reducibility and dispersion of the Ni phase. However, the 20% monometallic Ni catalyst
exhibited better performance in terms of CO2 conversion and CH4 selectivity when com-
pared to the bimetallic catalyst, with a total Ni and Co metal loading of 20%. All catalysts
presented a remarkable stability upon 200 h of operation. In contrast to other works,
Fatah et al. [82] reported that 5% Co addition on a 5% Ni/Al2O3 catalyst caused roughly a
30% drop in CO2 conversion and lower CH4 selectivity compared to the Ni monometallic
catalyst. The deactivation was attributed to the occurrence of larger particles in the NiCo
bimetallic catalyst, while an increased formation of formate intermediate species was also
identified via in situ FTIR.

Besides SiO2 and Al2O3, a lot of works focus on NiCo catalysts supported on ZrO2,
CeO2-ZrO2 and other CeO2-based supports. As discussed before, Ren et al. [64] studied 30%
Ni/ZrO2 catalysts modified with Fe, Co and Cu. The Co-modified catalyst exhibited higher
CO2 conversion, but slightly lower CH4 selectivity, and Fe was shown to be more suitable
as a promoter metal. Razzaq et al. [83], on the other hand, concluded that a Co promoted
Ni/CeO2-ZrO2 catalyst was more suitable compared to other catalysts (modified with Mo
and Fe) for the co-methanation of CO and CO2 in CH4-rich coke oven gas. Following that
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work, Zhu et al. [84] confirmed that 5% Co addition on a 15% Ni/CeO2-ZrO2 catalyst could
promote catalytic activity and stability for CO2 methanation. The optimum CeO2/ZrO2
molar ratio of 1/3 (Ce0.25Zr0.75O2) was shown to also play a major role by providing a
maximum amount of oxygen vacancies close to active metal sites that favour CO2 activation
and dissociation.

As previously discussed, Pastor-Pérez et al. [69] prepared Fe- and Co-modified Ni
catalysts supported on CeO2-ZrO2. While Fe modification impeded the CO2 methanation
activity, the addition of 3% Co on a 15% Ni/CeO2-ZrO2 catalyst enhanced the CO2 con-
version, CH4 selectivity and the long-term stability and it allowed for the use of higher
space velocities. Following that work, Pastor-Pérez et al. [85] also showed that such Co
modified Ni catalyst could prevent coke deposition during the reaction. The catalyst was
quite robust upon long-term operation tests, while the presence of methane in the feed gas
did not appear to impede the catalytic activity, but instead promoted it. In contrast to other
works, the addition of Co in Ni catalysts supported on defect-rich GDC support did not
offer any advantages to the catalytic performance for CO2 methanation, as reported by
Frontera et al. [86].

Apart from the typical catalyst supports, Jia et al. [87] supported the two metals
of Ni and Co on TiO2 coated silica spheres. The electronic effect of the reducible TiO2
layer acted to promote metal dispersion and the adsorption of H2 and CO2, while the
addition of Co second metal enhanced the intrinsic activity and long-term stability of the
NiCo/TiO2@SiO2 catalyst in a fluidized bed reactor. Varun et al. [88] prepared NiO-MgO
nanocomposites, via a sonochemical method, that were active for the CO2 methanation
reaction. The authors further modified the composites by impregnating 2% Co, Fe and Cu.
Among the three dopants, only Co led to significant activity improvement by lowering the
activation energy for the methanation pathway.
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Table 1. Summary of some typical bimetallic Ni-based catalysts promoted with transition metals (Fe, Co and Cu) for the methanation of CO2.

Second Metal Catalyst Composition Preparation Method Conditions Performance Comments Ref.

Fe 10% and 30%
Ni3Fe/Al2O3 and SiO2

Incipient wetness
impregnation

WHSV = 32,000 mL g−1 h−1

H2/CO2 = 24/1

XCO2 = 35%,
SCH4 ≈ 100%

at 250 ◦C
(30% Ni3Fe/Al2O3)

A 25% Fe content in the NiFe bimetallic
catalysts led to the highest methanation

performance. Unreduced Fe3O4 sites may have
contributed by increasing CO2 chemisorption.

[43]

Fe 10% Ni3Fe/Al2O3, SiO2,
ZrO2, TiO2 and Nb2O5

Incipient wetness
impregnation

WHSV = 32,000 mL g−1 h−1

H2/CO2 = 24/1

XCO2 = 22.1%,
at 250 ◦C

(10% Ni3Fe/Al2O3)

All Ni3Fe bimetallic catalysts had a higher
CH4 yield compared to the monometallic ones.
The largest activity enhancement was observed

for the Al2O3-supported catalyst.

[42]

Fe, Co, Cu 15% Ni3Fe, Ni3Co and
Ni3Cu/Al2O3

Incipient wetness
impregnation

WHSV = 60,000 mL g−1 h−1

H2/CO2 = 24/1

TOFCH4 × 103

= 32.8 ± 2.3 s−1

at 250 ◦C
(15% Ni3Fe/Al2O3)

Ni3Fe provided the highest TOFCH4 out of all
bimetallic catalysts and the monometallic Ni

one. Linear correlation was observed between
the d-density of states at the Fermi level (NEF)

and TOFCH4 based on DFT calculations.

[45]

Fe 17% Ni3Fe/Al2O3
Urea deposition–

precipitation

WHSV = 60,000 mlCO2 g−1

h−1

H2/CO2 = 4/1

XCO2 = 78%,
SCH4 = 99.5%

at 350 ◦C
(17% Ni3Fe/Al2O3)

Ni3Fe bimetallic catalyst with small (4 nm) and
highly dispersed NiFe alloy nanoparticles
provided high activity and stability. Great

stability upon 45 h experiments under
industrially oriented conditions.

[26]

Fe 17% Ni3Fe/Al2O3
Urea deposition–

precipitation

H2/CO2 = 4/1
(Operando synchrotron

studies)

XCO2 = 61%,
SCH4 = 96%
at 350 ◦C

(17% Ni3Fe/Al2O3)

FeOx nanoclusters were formed at the surface
of NiFe alloy nanoparticles, due to oxidation of
Fe0 in the alloy to Fe2+. A redox cycle between

Fe0, Fe2+ and Fe3+ at the interface between
FeOx clusters and alloy nanoparticles

promoted CO2 activation.

[49]

Fe 12% Ni and 1.2–18%
Fe/MgO-Al2O3

Co-precipitation
(Hydrotalcite-derived

catalysts)

GHSV = 12,020 h−1

H2/CO2 = 4/1

Rate of CO2 conversion = 6.96
mmolCO2/molFe+Ni/s

SCH4 = 99.3%
at 335 ◦C

(12% Ni and 1.2% Fe/MgO-Al2O3)

An Fe/(Ni + Fe) ratio of 0.1 (Ni9Fe1) provided
the highest metal dispersion, the smallest size
of nanoparticles and an optimum amount of

surface basic sites. The corresponding catalyst
had the best performance at 335 ◦C with the
highest CH4 selectivity. Larger Fe loadings

deactivated the catalyst for the CO2
methanation reaction.

[39]

Fe 20% Ni and 2–10%
Fe/MgO-Al2O3

Co-precipitation
(Hydrotalcite-derived

catalysts)

WHSV = 43,200 mlCO2 g−1

h−1

H2/CO2 = 4/1

XCO2 = 53%,
SCH4 ≈ 98%

at 270 ◦C
(20% Ni and 5% Fe/MgO-Al2O3)

An Fe/(Ni + Fe) ratio of 0.25 (Ni4Fe1)
provided the highest CH4 yield at low

temperatures by lowering the energy barrier
for CH4 formation. CO2 hydrogenation via

*HCOO (formate) intermediate was favoured
over its direct dissociation to *CO

[53]
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Table 1. Cont.

Fe ≈50% Ni and 8.5%
Fe/Al2O3

Co-precipitation
WHSV = 600,000 mL g−1

h−1

H2/CO2 = 4/1

Weight time yield of CH4 = 30 mol h−1

kgcat
−1

at 230 ◦C
after 70 h aging time

Fe promoted the electronic properties of Ni
through the formation of (γFe,Ni)

nanoparticles. Increase in catalytic activity
upon exposure to aging conditions. Fe2+ sites
on disordered FeOx were formed in-situ and

promoted CO2 activation.

[59]

Fe, Co, Cu 30% Ni and 3% Fe, Co,
Cu/ZrO2

Wet impregnation
GHSV = 10,000 h−1

H2/CO2 = 4/1
p = 0.5 MPa

XCO2 = 82%,
SCH4 = 90%
at 230 ◦C

(30% Ni and 3% Fe/ZrO2)

Addition of 3% Fe and Co enhanced the
low-temperature CO2 conversion. In addition,
3% Fe increased CH4 selectivity, but higher Fe

loadings negatively influenced the
methanation performance. Partly reduced Fe2+

sites potentially increased the dispersion of Ni
and the reducibility of ZrO2, thus contributing

to the formation of oxygen vacancies in the
support.

[64]

Fe 1.51% Ni and 0.48–4.3%
Fe/ZrO2

Incipient wetness
impregnation

WHSV = 30,000 mL g−1 h−1

H2/CO2 = 2/1

XCO2 = 39.3%,
SCH4 = 88.5%

at 400 ◦C
(1.51% Ni and 0.96% Fe

(Ni3Fe2)/ZrO2)

Ni-ZrO2 interface was considered active for
the CO2 methanation reaction. Fe addition up

to a small amount could increase the
methanation performance. Via high Fe/Ni
ratios, the formed Ni-FeOx interface was

selective for CO, due to the weak binding of
intermediate *CO species.

[65]

Fe
15% Ni and 5%

Fe/surface modified
activated carbon (AC)

Incipient wetness
impregnation

WHSV = 60,000 mL g−1 h−1

H2/CO2 = 4/1

XCO2 = 77%,
SCH4 = 98%
at 400 ◦C

(15% Ni and 3% Fe/AC-R)

Increase in activity by enhancing the surface
chemistry of AC and introducing Fe. NiFe

alloy formation improved the low-temperature
activity, CH4 selectivity and stability due to the

optimal CO dissociation energy.

[73]

Co

10% Ni and 3%
Co/ordered

mesoporous alumina
(OMA)

Evaporaton-induced
self-assembly (EISA)

WHSV = 10,000 mL g−1 h−1

H2/CO2 = 4/1

XCO2 = 78%,
SCH4 = 99%
at 400 ◦C

(7.8% Ni and 2.2% Co/OMA)

NiCo bimetallic catalyst showed increased
CO2 conversion and CH4 selectivity compared
to the monometallic Ni one. Co increased H2

uptake. Catalysts stable at 500 ◦C for 60 h.
NiCo alloy formation and the confinement

effect of the ordered mesostructure contributed
to the high stability.

[37]

Co, Fe 15% Ni and 3% Co,
Fe/CeO2-ZrO2

Wet impregnation WHSV = 12,500 mL g−1 h−1

H2/CO2 = 4/1

XCO2 = 83%,
SCH4 = 94%
at 300 ◦C

(15% Ni and 3% Co/CeO2-ZrO2)

Co improved the catalytic performance for
CO2 methanation above 250 ◦C. NiCo

modified catalyst had great stability after
many hours and could retain high activity
under increased gas space velocities. Co

increased Ni dispersion and could decrease
coke deposition due to its redox properties.

[69]
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Table 1. Cont.

Co, Fe, Cu
2% Co, Fe and

Cu/NiO-MgO (≈35%
Ni)

Sonochemical synthesis
and Wet impregnation

GHSV = 47,760 h−1

H2/CO2 = 4/1

XCO2 = 90%,
SCH4 = 99%
at 400 ◦C

(2% Co/NiO-MgO)

NiO-MgO nanocomposites prepared via the
sonochemical method and promoted with 2%
Co were highly active for CO2 methanation.
The activation energy for CO2 methanation
was lower for the Co impregnated catalysts,

due to the reducing nature of Co.

[88]

Co
LaNi1-xCoxO3/MCF, x
= 0–0.2 (≈13–16% Ni

and 0–3% Co)

Citrate-assisted
impregnation

WHSV = 60,000 mL g−1 h−1

H2/CO2 = 4/1

XCO2 = 75%,
SCH4 = 98%
at 450 ◦C

(LaNi0.95Co0.05O3/MCF)

NiCo alloy nanoparticles adjacent to La2O3
and supported on mesostructured cellular

foam silica (MCF) were formed after reduction.
The catalyst was active and stable and 5% Co

substitution in the perovskite B-site was
optimal for the promotion of CO2

methanation.

[89]

Cu 1% Cu and 9–10%
Ni/SiO2

Wet impregnation WHSV = 60,000 mL g−1 h−1

H2/CO2 = 4/1

XCO2 = 39.5%,
SCH4 = 44.4%

at 400 ◦C
(1% Cu and 10% Ni/SiO2)

Cu addition improved Ni dispersion and
reducibility and NiCu alloys were formed. Cu
introduction also decreased CO2 conversion
and CH4 selectivity, favouring instead the

production of CO via the reverse water–gas
shift (RWGS) reaction.

[90]
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Lastly, Zhang et al. [89] attempted to increase the metal intermixing between Ni
and Co by incorporating Co into the lattice of LaNiO3 perovskite and supporting the
perovskite on a mesostructured cellular foam (MCF) silica support. Following reduction,
NiCo alloy nanoparticles and adjacent La2O3 phase, highly dispersed on the MCF support,
were generated. The promoting effect of Co alloying, the increased basicity and dispersion
induced by the La2O3 phase and the confinement effect of the mesoporous support acted
to yield a catalyst with increased activity and great stability. A low Co/(Ni + Co) ratio of
5% at a perovskite with nominal composition LaNi0.95Co0.05O3 was found to be optimal by
leading to NiCo alloy particles with the smallest size (Figure 8).
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Overall, it can be concluded that Co mostly acts to promote the performance of CO2
methanation catalysts. However, based on the reported literature, it appears that the type
of support, either inert or reducible, does not affect the promotion mechanism [37,69].
The effect of the Co/(Ni + Co) ratio is also not as apparent when compared to similar
NiFe bimetallic catalysts. However, it appears that Ni-rich NiCo catalysts lead to a more
favourable activity [89].

2.3. Promotion with Cu

In all of the works discussed until now, whenever Cu is added in Ni-based catalysts,
the CO2 methanation reaction is hindered and the antagonistic reverse water–gas shift
(RWGS) reaction is instead promoted. Thus, the Cu-containing bimetallic catalysts turned
out to be inferior to monometallic Ni ones for CO2 methanation [38,45,64,88]. Dias et al. [90]
also showed that even 1% Cu addition on 10% Ni/SiO2 could drastically decrease CO2
conversion and increase the selectivity for CO. Although Cu enhanced the dispersion and
reducibility of Ni, similarly to other transition metals (Fe and Co), it deactivated the catalyst
for the CO2 methanation reaction. This was probably a result of NiCu alloy formation
and the inability of pure Cu and NiCu alloy to adsorb hydrogen. Despite that, the Cu-
containing catalysts could be suitable for CO production, due to their high stability and
CO selectivity. Table 1 below summarises typical bimetallic Ni-based catalysts promoted
with transition metals (Fe, Co and Cu) for the methanation of CO2.

3. Promotion with Noble Metals

Although noble metals are significantly pricier than transition metals, they can pro-
vide significant advantages regarding the CO2 methanation reaction, due to their ex-
cellent low-temperature activity, as well as their high reducibility and stability once
oxidized [18,19,91–93]. The combination of Ni with a noble metal aims to transfer some of
these properties into Ni-based catalysts, without the need for the use of a high noble metal
loading [33]. Combined Ni and Ru catalysts exist mostly in the form of heterostructures,
rather than alloys, and Ru can provide additional methanation sites, as well as spillover
hydrogen into nearby Ni sites [94]. On the other hand, Pt and Pd mostly modify the
electronic properties of Ni via alloy formation [31,32].
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3.1. Promotion with Ru

Ru is the cheapest among the discussed noble metals and, at the same time, the most
active metallic phase in CO2 methanation. The combination of the metals Ru and Ni has
been described as “privileged” due to the great benefits that can arise from the NiRu
bimetallic synergy [94]. Ru can drastically improve the reducibility of Ni catalysts, as well
as improve the Ni metallic dispersion and provide additional methanation sites.

In an early work, Zhen et al. [30] impregnated Ni and Ru on γ-Al2O3. Ru was found
to be segregated at the outer surface and not forming an alloy with the dominant Ni
metallic phase. The catalyst with 1% Ru and 10% Ni presented high activity, CH4 selectivity
and stable performance upon 100 h of operation. It was suggested that CO2 molecules
dissociated on Ru particles and H2 molecules on Ni ones, followed by hydrogen spillover
to hydrogenate the adsorbed carbon species (Figure 9). Lange et al. [95] also found that part
of Ru noble metal could be substituted by Ni in Ru/ZrO2 catalysts without compromising
the catalytic activity. They claimed that low metal loadings led to the formation of alloys,
but higher loadings led to the separation of the two metallic phases.
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Hwang et al. [96] modified the Ru content on a 35% Ni and 5% Fe/Al2O3 xerogel.
A volcano-shaped trend was observed regarding the Ru content, with the small loading
of 0.6% yielding the best results. Liu et al. [97] synthesized Ni and Ru-doped ordered
mesoporous CaO-Al2O3 nanocomposites. The confinement of the active nanoparticles due
to the ordered mesoporous structure of the catalyst prevented their sintering, while the
CaO component increased the basicity and favoured CO2 chemisorption. The addition of a
small quantity of Ru as a second metal enhanced the activation of H2 and CO2, due to its
synergy with the Ni primary phase, leading to a final nanocomposite catalyst with superior
catalytic activity and stability. In a more recent study, Chein et al. [98] also reported that a
1% Ru and 10% Ni/Al2O3 catalyst had a better low-temperature activity compared to the
respective monometallic catalysts, also agreeing with the fact that a small amount of added
Ru can induce significant changes to the catalytic activity of Ni-based catalysts.

NiRu bimetallic catalysts are also viable candidates to be studied under more industrial-
like conditions. Bustinza et al. [99] prepared bimetallic NiRu structured monolithic catalysts
with low Ru contents by homogeneously dispersing Ni and Ru precursors over alumina
washcoated monoliths. Through an appropriate preparation method, Ni was supported
in the form of small nanoparticles (2–4 nm), while Ru was atomically dispersed over the
structured support. The bimetallic catalyst with these characteristics provided stable CO2
methanation performance for many hours under high space velocities. Navarro et al. [100]
structured a catalyst consisting of MgAl2O4 supported 0.5% Ru and 15% Ni washcoated
on metal micromonoliths. The structured catalyst was stable upon 100 h of continuous
operation. The effect of CH4 presence in the initial gas stream (simulated biogas) was also
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addressed by Stangeland et al. [101]. CO2 conversion was increased upon promotion of a
20% Ni/Al2O3 catalyst with 0.5% Ru and the catalyst was not greatly affected by the CH4
presence in the gas stream, exhibiting a stable methanation activity.

Another practical implementation of the NiRu bimetallic combination is in dual-
function materials (DFMs), used for the integrated capture and methanation of CO2 [102].
Having Ni active methanation phase in DFMs presents a major problem, since Ni is
deactivated during the CO2 capture step from flue gases and cannot be reactivated under
H2 flow at the usual operation temperature of 320 ◦C [21,103]. Adding just 1% Ru in a DFM
consisting of 10% Ni increased the reducibility of the Ni phase by 70% and thus enabled
CH4 production under isothermal cyclic operation [104]. Employing in-situ DRIFTS, it was
shown that both Ru and Ni are active sites for the methanation reaction, with bicarbonate
and bidentate carbonate intermediate species spilling over to both metals before being
hydrogenated into CH4 [105].

Besides Al2O3-based supports, ZrO2, CeO2-ZrO2 and other CeO2-based defect-rich
supports are also commonly used in NiRu-based catalysts and will be discussed thereafter.
Ocampo et al. [106] modified 5% Ni catalysts supported on CeO2-ZrO2 by changing
the CeO2/ZrO2 ratio and by adding a noble metal phase (Ru and Rh). A mass ratio
between CeO2 and ZrO2 of 1.5 in the support led to the best results and 0.5% noble metal
addition increased the catalytic activity and stability by enhancing Ni dispersion. In a
later study, Shang et al. [107] prepared Ru-doped 30% Ni catalysts supported on CeO2-
ZrO2 via an one-pot hydrolysis method. They found that Ru addition could enhance Ni
dispersion and promote the basicity of the catalysts, thereby achieving a quite increased
low-temperature activity. They reported that their best performing catalyst 3% Ru, 30%
Ni/Ce0.9Zr0.1O2 could achieve 98.2% CO2 conversion and 100% CH4 selectivity under the
reaction conditions tested.

Renda et al. [33] performed an extensive study on the effect of noble metal loading on
the catalytic activity of 10% Ni catalysts supported on CeO2. At first, CeO2 was identified as
the most suitable catalyst support over CeZrO4 and CeO2/SiO2, which is in agreement with
other studies [12]. In the case of Ru, a volcano-shaped trend could be observed between
the Ru loading and the yield for methane at low-temperatures, with 1% Ru leading to the
best performance, as shown in Figure 10. The yield for CH4 at 300 oC was almost double
for the 1% Ru promoted 10% Ni/CeO2 catalyst since Ru offered additional active sites
for CO2 methanation in synergy with Ni. The worse performance at higher Ru loadings
was attributed to the worsening of active metal dispersion. Renda et al. [108] also showed
that using ruthenium acetylacetonate instead of ruthenium chloride as the Ru precursor
salt could improve the dispersion of the active metals, due to the templating effect of the
precursor salt, leading to an enhanced methanation performance.
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In another interesting study, le Saché et al. [70] reported that Ru addition on a Ni/CeO2-
ZrO2 catalyst could improve the dispersion of Ni and increase the overall intrinsic activity
for the reduction of CO2. The bimetallic NiRu catalyst exhibited enhanced CO2 methana-
tion performance in terms of CO2 conversion and CH4 selectivity at lower temperatures
compared to the monometallic Ni catalyst. Furthermore, the NiRu-based catalyst was also
active for CO production via the reverse water–gas shift (RWGS) reaction upon temperature
increase. It was shown that the catalyst could be stable and high-performing over long time
for both reactions (CO2 methanation and RWGS) at the respective reaction temperatures
(350 and 700 ◦C). Their experimental results are summarized in Figure 11. It should also
be noted that Fe addition on the Ni/CeO2-ZrO2 catalyst led to inferior CO2 methanation
performance, as discussed previously.
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Figure 11. (a) CO2 conversion, (b) CH4 selectivity and (c) CO selectivity for all catalysts as a function of temperature.
(d) Stability test for the RuNi/CeZr catalyst, varying the temperature between 350 and 700 ◦C and starting with the
methanation cycle. Product selectivity is represented as columns, black for CO and red for CH4. Reproduced with
permission from [70]. Copyright: American Society of Chemistry, Washington, DC, USA, 2020.

Through a novel preparation method, Polanski et al. [109] prepared Ru nanoparticles
supported on metallic Ni grains via first preparing Ru nanoparticles supported on an
intermediate silica carrier. Ru and Ni were then deposited on the carrier and the silica
was etched upon suspension in a strong basic solution to yield a 1.5% Ru/Ni catalyst
with an oxide passivation layer. The prepared catalyst exhibited a greatly enhanced low-
temperature activity with about 100% CO2 conversion being achieved at a temperature
as low as 200 ◦C. Carbon deposition was shown to deactivate the catalyst over time,
with the initial activity being regained upon treatment under H2 atmosphere. In a follow-
up work, Siudyga et al. [110] synthesized 1.5% Ru catalysts supported on Ni nanowires
via a similar preparation method. The higher surface area of the 1D nanostructure of
the Ni support provided an additional advantage, with around 100% CO2 conversion
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being reached at 179 ◦C and the onset temperature for the reaction being observed at
just 130 ◦C. Siudyga et al. [111] also observed that Ru/Ni catalysts are highly active for
CO methanation from syngas, with 100% CO conversion being reached at 178 ◦C and
observable CO conversion being detected even at −7 ◦C.

The choice of Ru as a promoter for the CO2 methanation reaction in Ni-based catalysts
is a sensible option, since the combination of these two metals appears to yield favourable
results, as reported by numerous works [30,33,70]. The synergistic effect through the
presence of Ru and Ni adjacent phases can be observed via the increased metal dispersion,
the higher reducibility, the improved low-temperature activity and the superior stability.
Ni and Ru are both very active CO2 methanation sites on their own and their combination
can lead to an enhancement of the intrinsic catalytic activity, and to a decrease in the
activation energy, through the favourable activation of H2 and CO2 reactant molecules [33,
94]. The only drawback for the use of Ru is its higher price compared to transition metals
like Ni, Fe and Co, even though it is significantly cheaper when compared to other noble
metals such as Rh or Pt. On rare occasions, Ru addition does lead to a drop in CO2
methanation activity, like in the work of Wei et al. [112] regarding Ni catalysts supported
on zeolites. Some of the most representative studies that include Ni-M (M = noble metal)
bimetallic catalysts for CO2 methanation are comparatively presented in Table 2.

3.2. Promotion with Rh

Rhodium (Rh) is one of the most expensive noble metals and it is known to be highly
active for CO2 methanation at low temperatures, even when used under very low load-
ings [19,113]. However, its presence in bimetallic Ni-Rh catalysts does not always lead to a
desirable activity increase, especially when taking into consideration the increased cost of
the catalytically active material. One of the earlier works that does report a promoting effect
of Rh in Ni-based catalysts was conducted by Ocampo et al. [106]. The addition of just 0.5%
Rh on a 5% Ni/CeO2-ZrO2 catalyst greatly increased the catalytic activity of the catalyst,
and also by a larger degree compared to the modification with 0.5% Ru. Higher stability
for the noble metal modified catalysts was also observed and the better performance was
attributed to the enhancement of the dispersion of nickel nanoparticles. Swalus et al. [114]
followed a different path by mechanically mixing 1% Rh/Al2O3 and 1% Ni/activated
carbon catalysts. The combined catalyst presented increased methane production through
a synergistic collaboration between Ni and Rh metallic sites. More specifically, Ni sites were
active for H2 adsorption and Rh sites for CO2 adsorption, respectively. Active hydrogen
species could then spill over to Rh sites to facilitate the hydrogenation of chemisorbed CO2
molecules.

Via a complex material architecture, Arandiyan et al. [115] prepared highly active NiRh
CO2 methanation catalysts. They first synthesized a 3-dimensionally ordered macroporous
(3DOM) perovskite with nominal stoichiometry LaAl0.92Ni0.08O3 via a poly(methyl methacry-
late) (PMMA) colloidal crystal-templating preparation method. Rh was then introduced
via wet impregnation of a Rh precursor salt. Upon a high-temperature reduction treatment,
exsolution of Ni nanoparticles occurred, followed by NiRh alloy formation with the surface
Rh atoms. The Ni exsolution procedure facilitated a high dispersion of Ni on the entire
perovskite surface and a strong metal–support interaction that could otherwise not be
achieved by traditional impregnation techniques [116]. The Rh-Ni/3DOM LAO catalyst
with highly dispersed NiRh alloy nanoparticles on a macroporous perovskite support
exhibited a significantly enhanced CO2 methanation activity, when compared to similar
monometallic Ni and Rh catalysts [115].

The architecture of bimetallic NiRh catalysts supported on Al2O3 was also modified
by Wang et al. [117]. On the one hand, the method of galvanic replacement (GR) led to the
formation of a Ni@Rh core-shell catalyst, where Ni nanoparticles were encapsulated by an
atomically thin RhOx shell. On the other hand, the method of chemical reduction (CR) led
to a higher degree of intermixing between Ni and Rh. The catalyst prepared by galvanic
replacement presented a superior CO2 methanation performance, leading to the conclusion



Nanomaterials 2021, 11, 28 20 of 34

that Rh atoms highly dispersed as a thin shell over Ni nanoparticles were more active
compared to large Rh nanoparticles or NiRh alloys (Figure 12). Dissociative adsorption
of CO2 over Rh was observed as the key intermediate step. Reducing the loading of Rh
could also further enhance the specific activity per noble metal atom. Thus, the galvanic
replacement method, which rests on the reduction potential difference between the various
redox metal pairs, was shown to be an effective strategy for the preparation of bimetallic
catalysts [118].
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Figure 12. Catalytic activity of Ni/Al2O3, Rh/Al2O3, RhNi/Al2O3 (CR), and RhNi/Al2O3 (GR) for CO2 methanation:
(a) CO2 conversion versus reaction temperature; (b) Rh normalised CH4 productivity at 250 ◦C. (c) Possible structures of
as-prepared bimetallic RhNi/Al2O3 catalysts synthesised by galvanic replacement. Reproduced with permission from [117].
Copyright: Elsevier, Amsterdam, The Netherlands, 2020.

Contrasting the results discussed until now [115,117], there are a number of works that
observe a deactivating effect of Rh presence in Ni-based catalysts. Mutz et al. [46] reported
that a NiRh0.1 catalyst supported on Al2O3 showed inferior CO2 conversion to a similar
monometallic Ni catalyst over the entire temperature range tested. Moreover, Mihet et al. [119]
and Renda et al. [33] both showed that 0.5% Rh addition on a 10% Ni catalyst supported
on Al2O3 and CeO2, respectively, led to a drop in the CO2 conversion and the overall CH4
yield. A NiRh combined catalyst supported on Al2O3 and prepared Heyl et al. [120] was
also less active for CO2 methanation compared to a monometallic Rh catalyst.

Therefore, Rh insertion in Ni-based catalysts does not always lead to an activity
enhancement and it appears that certain requirements need to be followed, such as the
existence of highly dispersed NiRh alloys with strong metal–support interaction, or the
fine dispersion of Rh on top of Ni particles [115,117]. In any case, the very high cost
of Rh renders it unattractive for use as promoter in Ni-based catalysts, especially when
comparable activity promotion can be achieved via the use of cheaper metals, like Ru.

3.3. Promotion with Pt

Monometallic Pt catalysts used in the reduction of CO2 favour the formation of
CO rather than CH4 and are attractive catalysts for the reverse water–gas shift reac-
tion (RWGS) [121]. However, NiPt alloys can have a different performance compared
to monometallic Ni and Pt. Mihet et al. [119] observed a promoting effect for CO2 metha-
nation by 0.5% Pt addition on 10% Ni/Al2O3, through the enhancement of Ni dispersion
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and NiO reducibility. Renda et al. [33] observed a similar behaviour when 0.5% Pt was
added on a 10% Ni/CeO2 catalyst. Interestingly, as shown in Figure 13, the increase in
Pt loading above 0.5% decreased the quantity of produced CH4. This behaviour was
attributed to the fact that Pt sites could easily dissociate CO2 into CO, but the further
conversion of intermediate CO species took place at the nearby Ni sites. When Pt was finely
dispersed, CH4 production was high, whereas higher Pt loadings could lead to increased
CO production that blocked the active Ni methanation sites.

Nanomaterials 2021, 11, x FOR PEER REVIEW 21 of 35 

 

 

similar monometallic Ni catalyst over the entire temperature range tested. Moreover, Mi-

het et al. [119] and Renda et al. [33] both showed that 0.5% Rh addition on a 10% Ni cata-

lyst supported on Al2O3 and CeO2, respectively, led to a drop in the CO2 conversion and 

the overall CH4 yield. A NiRh combined catalyst supported on Al2O3 and prepared Heyl 

et al. [120] was also less active for CO2 methanation compared to a monometallic Rh cata-

lyst. 

Therefore, Rh insertion in Ni-based catalysts does not always lead to an activity en-

hancement and it appears that certain requirements need to be followed, such as the ex-

istence of highly dispersed NiRh alloys with strong metal–support interaction, or the fine 

dispersion of Rh on top of Ni particles [115,117]. In any case, the very high cost of Rh 

renders it unattractive for use as promoter in Ni-based catalysts, especially when compa-

rable activity promotion can be achieved via the use of cheaper metals, like Ru. 

3.3. Promotion with Pt 

Monometallic Pt catalysts used in the reduction of CO2 favour the formation of CO 

rather than CH4 and are attractive catalysts for the reverse water–gas shift reaction 

(RWGS) [121]. However, NiPt alloys can have a different performance compared to mon-

ometallic Ni and Pt. Mihet et al. [119] observed a promoting effect for CO2 methanation 

by 0.5% Pt addition on 10% Ni/Al2O3, through the enhancement of Ni dispersion and NiO 

reducibility. Renda et al. [33] observed a similar behaviour when 0.5% Pt was added on a 

10% Ni/CeO2 catalyst. Interestingly, as shown in Figure 13, the increase in Pt loading 

above 0.5% decreased the quantity of produced CH4. This behaviour was attributed to the 

fact that Pt sites could easily dissociate CO2 into CO, but the further conversion of inter-

mediate CO species took place at the nearby Ni sites. When Pt was finely dispersed, CH4 

production was high, whereas higher Pt loadings could lead to increased CO production 

that blocked the active Ni methanation sites. 

  

Figure 13. CO2 conversion and CH4 yield trends for the samples doped with 0.5%, 1% and 3% of platinum (H2:Ar:CO2 = 4:5:1; 

WHSV = 60 L/(h·gcat)). Reproduced with permission from [33]. Copyright: Elsevier, Amsterdam, The Netherlands, 2020. 

Kikkawa et al. [31] elucidated the promoting role of isolated Pt atoms that are finely 

dispersed in Ni-rich NiPt alloy nanoparticles supported on Al2O3 for the CO2 methanation 

reaction. Through Ni and Pt precursor salt impregnation and reduction, Pt atoms could 

dissolve into the lattice of Ni nanoparticles and were slightly negatively charged as Ptδ-, 

surrounded by Niδ+ atoms. It was shown that isolated Ptδ- enhanced the adsorption of in-

termediate CO species, while also weakening the C-O bond energy. These chemisorbed 

CO species on Ptδ- could then be easily hydrogenated into CH4. As a result, Ni95Pt5 sup-

ported on Al2O3 with 5% Pt atoms in the NiPt alloy led to a higher CH4 formation rate and 

CH4 yield compared to the monometallic Ni catalyst and other NiPt alloys with a higher 

Figure 13. CO2 conversion and CH4 yield trends for the samples doped with 0.5%, 1% and 3% of platinum (H2:Ar:CO2 = 4:5:1;
WHSV = 60 L/(h·gcat)). Reproduced with permission from [33]. Copyright: Elsevier, Amsterdam, The Netherlands, 2020.

Kikkawa et al. [31] elucidated the promoting role of isolated Pt atoms that are finely
dispersed in Ni-rich NiPt alloy nanoparticles supported on Al2O3 for the CO2 methanation
reaction. Through Ni and Pt precursor salt impregnation and reduction, Pt atoms could
dissolve into the lattice of Ni nanoparticles and were slightly negatively charged as Ptδ-,
surrounded by Niδ+ atoms. It was shown that isolated Ptδ- enhanced the adsorption of
intermediate CO species, while also weakening the C-O bond energy. These chemisorbed
CO species on Ptδ- could then be easily hydrogenated into CH4. As a result, Ni95Pt5 sup-
ported on Al2O3 with 5% Pt atoms in the NiPt alloy led to a higher CH4 formation rate and
CH4 yield compared to the monometallic Ni catalyst and other NiPt alloys with a higher
Pt content. Overall, the promoting role of isolated Pt atoms on Ni95Pt5/Al2O3 rested on
them acting both as CO adsorption sites, as well as H2 dissociation sites.

In a later work [122], it was shown, based on in-situ FTIR observations, that, on such
NiPt alloy catalysts (iso-Pt), the adsorbed intermediate CO species that form CH4 were rather
bridging CO between isolated Pt atoms and nearby Ni atoms. On the monometallic Pt catalyst,
strongly anchored CO species were mainly found as on-top CO (terminal mode, Pt-C≡O),
which were difficult to be hydrogenated into CH4. These on-top CO species were then pref-
erentially desorbed as CO rather than being converted into CH4 and, hence, the monometal-
lic Pt catalyst exhibited a high CO selectivity and reverse water–gas shift (RWGS) reactivity.
However, the initially formed on-top CO species over isolated Pt atoms in NiPt alloys
were quickly transformed into bridging CO between these isolated Pt atoms and their
neighbouring Ni atoms (µ2-bridging mode, Pt-(C=O)-Ni). These bridging intermediate
CO species were also similar to those found in the monometallic Ni catalyst between
Ni-Ni neighbours and were easily further converted into CH4. Therefore, it was concluded
that CH4 (and CO) selectivity could be determined by the type of adsorbed intermediate
CO species. High CH4 selectivity for the monometallic Ni catalyst and the NiPt alloy
catalyst (iso-Pt) that contained isolated Pt atoms was due to the occurrence of bridging CO,
while CO selectivity was drastically increased in the monometallic Pt catalyst where CO
was adsorbed as on-top CO.

Furthermore, the rate determining step (RDS) for CO2 methanation over such NiPt
alloy catalysts with isolated Pt atoms was suggested to be the chemisorption of H2, based on
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kinetic studies [122]. That could be explained by the fact that although Pt sites favoured
the dissociation of H2 at low temperatures, isolated surface Pt atoms were preferentially
covered by CO rather than H2, due to the enhanced Pt-CO bonding. As a result, this limited
availability of H2 dissociation sites on isolated Pt atoms became the factor that restricted
the formation of CH4 over NiPt alloys. Therefore, the RDS for CO2 methanation over
NiPt alloys was suggested to be H2 dissociation rather than H-assisted CO dissociation
or hydrogenation of surface carbon species, which are commonly indicated as the RDS
over monometallic Ni methanation catalysts [7,122]. The experimental results and reaction
mechanism for these two works are summarized in Figure 14 [31,122].
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Figure 14. Yields of (a) CH4 and (b) CO following hydrogenation of CO2 over Ni−Pt/Al2O3, as well as (c) CH4 yield
and selectivity as a function of molar Pt percentage in the NiPt alloys; mcat = 100 mg, 10% CO2, and 40% H2 in He (total
flow rate = 50 mL min−1). (d) Illustration of the adsorbed species and the reactions taking place over Ni/Al2O3, the iso-Pt
catalyst, and Pt/Al2O3 during the hydrogenation of CO2. Reproduced with permission from [31,122]. Copyright: American
Chemical Society, Washington, DC, USA, 2019, 2020.

As discussed previously with regard to Ru doping, adding Pt in Ni-based DFMs could
also increase the low-temperature reducibility of NiO. The addition of 1% Pt increased
the NiO reducibility by 50%, compared to the 70% increase caused by the addition of 1%
Ru [104]. Employing in-situ DRIFTS, it was shown that Pt acted to further promote CO2
chemisorption and dissociation by forming Pt-CO species [105]. However, since Pt is not
active for CH4 formation, these chemisorbed carbonyl intermediates were found to spill
over towards Ni sites upon H2 inflow, where they were further hydrogenated into CH4.
Overall, the NiRu bimetallic DFMs yielded more CH4 compared to the NiPt ones, since Ru
sites could also participate in the CO2 methanation reaction [104].

In short, despite monometallic Pt catalysts being very active for the RWGS reaction,
Ni-rich NiPt alloys appear to promote CH4 formation [31,33]. The dilution of Pt atoms over
Ni metallic nanoparticles changes the CO2 methanation pathway, since Pt sites accommo-
date adsorbed CO intermediates due to their high affinity with carbonyl [31]. In general,
it seems that a very low amount of Pt added in Ni catalysts, even compared to other
noble metals, can lead to a significant promotion for CO2 methanation [33]. It should,



Nanomaterials 2021, 11, 28 23 of 34

however, be argued whether the extent of such promotion can be achieved via less expen-
sive metals, like Ru.

3.4. Promotion with Pd

Pd is another noble metal with a high number of applications in heterogeneous catal-
ysis [123,124]. Stand-alone Pd catalysts are not commonly used for CO2 methanation,
but NiPd combinations can sometimes have a superior activity for this reaction. An ex-
ample of such promotion is given by the work of Mihet et al. [119]. The addition of 0.5%
Pd on 10% Ni/Al2O3 catalysts remarkably increased the low-temperature activity and
the NiPd bimetallic catalyst was quite stable, outperforming other bimetallic Ni-based
catalysts promoted with Pt and Rh. The addition of Pd, as well as that of other noble
metals, increased the reducibility of NiO and favoured higher metal dispersion and H2
chemisorption. Arellano-Treviño et al. [104] also showed that Pd addition could increase
NiO reducibility in DFMs, though its effectiveness for CH4 production is not so high
compared to Ru and Pt addition.

Li et al. [32] synthesized an effective CO2 methanation catalyst composed of NiPd al-
loys supported on an SBA-15 mesoporous siliceous support. There was a strong synergetic
effect between the two metals, as evidenced by H2-TPR, and this synergy led to the bimetal-
lic NiPd catalysts exhibiting enhanced CO2 conversion compared to the monometallic Pd
and Ni catalysts. The content of Ni and Pd in the alloy was also varied and it was shown
that the Ni0.75Pd0.25 alloy with a Ni/Pd molar ratio of three led to the best results.

Furthermore, Yan et al. [125] prepared a composite hierarchically structured bimetallic
nanocatalyst that consisted of metallic Pd nanoclusters adjacent to NiO with local tetra-
hedral symmetry. The support consisted of acid-treated carbon nanotubes (CNTs) and
the catalysts were further decorated with a thin tetramethyl orthosilicate (TMOS) layer.
This composite NiPd bimetallic catalyst produced a maximum amount of CH4 and CO at
300 ◦C, compared to the monometallic Pd catalyst and other active catalysts with similar
metal loadings that are reported in the literature. As shown in Figure 15, the higher perfor-
mance of NiOTPd-T catalyst was attributed to the local synergy at the interface between the
Ni phase and the adjacent Pd phase, with H and CO being, respectively, chemisorbed over
Ni and Pd interfacial sites. Adsorbed H atoms then helped reduce nearby NiO sites and
thus increase the number of metallic Ni sites that are available for the methanation reaction.
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3.5. Promotion with Re

Rhenium (Re) is not a very common element in heterogeneous catalysis, and it is only
sometimes considered to be a noble metal. An example of its application in heterogeneous
catalysis is the deoxydehydration (DODH) of biomass-derived polyols to produce adipic
acid over ReOx supported on ZrO2 [126]. There has, however, recently been a handful of
reports where Re is studied as a promoter in Ni-based catalysts for methanation.

Initially, Han et al. [127] screened 63 different elements as potential promoters in
Ni/Al2O3 catalysts for the methanation of CO, with the help of data mining technology.
Their model predicted that promoting a Ni/Al2O3 catalyst with Re could potentially lead
to the largest drop in the temperature for 50% conversion (T50) by 78 ◦C, compared to the
unpromoted Ni/Al2O3. In another computational study, Yuan et al. [128] showed that
the high oxygen affinity of Re can render it a favourable element to facilitate C-O bond
scission during CO2 methanation. Their calculations indicated that isolated Re atoms on
top of Ni(111) facets can accommodate O adatoms cleaved from COOH*/HCOO* and
CHO*/CO* intermediates, whereas CO* and H* can be found adsorbed on the Ni(111)
surface. The synergistic collaboration between the Ni surface and Re dopant atoms could
promote the scission of C-O bonds, increasing CH4 selectivity and favouring the overall
catalytic activity for CO2 methanation.

Dong et al. [129] experimentally tested the promoting effect of Re on Ni catalysts
supported on H2O2-modified manganese sand for CO methanation coupled with water–
gas shift. Re was reported to decrease the activation energy for CO methanation and lead
to a faster CH4 formation rate. Subsequently, Dong et al. [130] studied Re-promoted Ni
catalysts supported on coal combustion fly ash (CCFA) derived from industrial wastes
for the CO2 methanation reaction. The bimetallic Ni-Re/CCFA catalyst exhibited higher
CO2 conversion and CH4 selectivity (99.5% and 70.3%, respectively), compared to the
monometallic Ni/CCFA catalyst (Figure 16). The promoting effect of Re was attributed to
the increase in Ni dispersion, as well as to the resistance of the bimetallic catalyst towards
sintering and coke formation. Bicarbonate, bidentate formate and methoxyl species were
detected as the reaction intermediates via in-situ DRIFTS. Table 2, below, summarises
typical bimetallic Ni-based catalysts promoted with noble metals (Ru, Rh, Pt, Pd and Re)
for the methanation of CO2.
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Table 2. Summary of some typical bimetallic Ni-based catalysts promoted with noble metals (Ru, Rh, Pt, Pd and Re) for the methanation of CO2.

Second Metal Catalyst Composition Preparation Method Conditions Performance Comments Ref.

Ru 10% Ni and 0.5–5%
Ru/Al2O3

Wet impregnation
(sequential and

co-impregnation)

GHSV = 9000 h−1

H2/CO2 = 4/1

XCO2 = 82.7%,
SCH4 = 100%

at 400 ◦C
(10% Ni and 1% Ru/Al2O3)

Co-impregnation of Ni and Ru precursor salts could
provide more active sites in the catalyst. The best

results were achieved using 1% Ru loading. Ru and
Ni were found to form separate phases and it was

suggested that CO2 and H2 activation took place at
Ru and Ni sites, respectively.

[30]

Ru

10% Ni and 1% Ru/2%
CaO—ordered

mesoporous alumina
(OMA)

Evaporaton-induced
self-assembly (EISA)

WHSV = 30,000 mL g−1

h−1

H2/CO2 = 4/1

XCO2 = 83.8%,
SCH4 = 100%

at 380 ◦C
(10% Ni and 1% Ru/2%

CaO—OMA)

A step increase in the CO2 conversion and CH4
selectivity was observed after the addition of the

CaO basic promoter and the Ru second metal.
Catalysts stable at 550 ◦C for 109 h due to the

confinement effect. Ni and Ru synergy could reduce
the activation energy for CO2 methanation.

[97]

Ru

11.1–12.7% Ni and
0.9–4.8%

Ru/Al2O3-washcoated
cordierite

Equilibrium adsorption
(Ni) and wet

impregnation (Ru)

GHSV = 104,000 h−1

H2/CO2 = 4/1

XCO2 = 55%,
SCH4 ≈ 100%

at 350 ◦C
(12.7% Ni and 0.9%

Ru/Al2O3-washcoated cordierite)

Ni was homogeneously dispersed over the
structured support as small nanoparticles (2–4 nm)

via equilibrium adsorption, while Ru was atomically
dispersed via wet impregnation. The structured

catalyst on Al2O3-washcoated monolith provided
stable performance with low pressure drop under

high space velocities.

[99]

Ru 30% Ni and 0–5%
Ru/CeO2-ZrO2

One-pot hydrolysis of
metal nitrates with

(NH4)2CO3

GHSV = 2400 h−1

H2/CO2 = 4/1

XCO2 = 98.2%,
SCH4 = 100%

at 230 ◦C
(30% Ni and 3% Ru/Ce0.9Zr0.1O2)

Ru addition on Ni/CeO2-ZrO2 could increase
surface basicity and promote Ni dispersion. Thus,

the formation of a NiRu bimetallic catalyst enhanced
the low-temperature catalytic activity for CO2

methanation.

[107]

Ru 10% Ni 0.5–3%
Ru/CeO2-ZrO2

Wet impregnation with
different Ru precursor

salts

WHSV = 60,000 mL g−1

h−1

H2/CO2 = 4/1

XCO2 ≈ 80%,
SCH4 ≈ 100%

at 350 ◦C
(10% Ni and 0.5% Ru/CeO2-ZrO2)

Adding Ru in 10% Ni/CeO2-ZrO2 increased the CO2
methanation performance. When ruthenium

acetylacetonate was used instead of ruthenium
chloride as the precursor salt, the metal dispersion

and catalytic activity were enhanced due to the
templating effect of the precursor salt molecule.

[108]

Ru 15% Ni and 1%
Ru/CeO2-ZrO2

Wet impregnation
WHSV = 24,000 mL g−1

h−1

H2/CO2 = 4/1

XCO2 = 53%,
SCH4 = 93%
at 350 ◦C

(10% Ni and 0.5% Ru/CeO2-ZrO2)

The introduction of 1% Ru in 15% Ni/CeO2-ZrO2
improved the dispersion of Ni and the intrinsic

activity for CO2 reduction. The catalyst was active
for both CO2 methanation at 350 ◦C and reverse

water–gas shift (RWGS) at 700 ◦C.

[70]
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Table 2. em Cont.

Ru 1.5% Ru/Ni
Ni deposition on Ru/SiO2

intermediate and then
silica etching

Flow rate = 3000 mL h−1

H2/CO2 = 4/1

XCO2 ≈ 100%,
SCH4 ≈ 100%

at 200 ◦C
(1.5% Ru/Ni)

This novel synthesis method, using an
intermediate silica carrier to disperse Ru, yielded

fine Ru nanoparticles supported on Ni grains.
The 1.5% Ru/Ni catalyst had an oxide

passivation layer and a very high
low-temperature catalytic activity.

[109]

Ru 1.5% Ru/Ni nanowires
(NWs)

Ni NW deposition on
Ru/SiO2 intermediate
and then silica etching

Flow rate = 3000 mL h−1

H2/CO2 = 4/1

XCO2 ≈ 100%,
SCH4 ≈ 100%

at 179 ◦C
(1.5% Ru/Ni NWs)

When Ni nanowires were used instead of Ni
powder, the higher surface area of the 1D

nanostructure led to a higher CO2 methanation
catalytic activity, with 100% CO2 conversion

being reached at just 179 ◦C.

[110]

Rh, Ru 5% Ni and 0.5% Rh,
Ru/CeO2-ZrO2

Pseudo sol-gel in
propionic acid

GHSV = 43,000 h−1

H2/CO2 = 4/1

XCO2 = 77.8%,
SCH4 = 99.2%

at 350 ◦C
(0.5% Rh and 5% Ni/Ce0.72Zr0.28O2)

Noble metal addition (Rh and Ru) increased the
dispersion of Ni and the catalytic activity for
CO2 methanation. Rh addition led to slightly

better results compared to Ru.

[106]

Rh Rh-Ni/3DOM-LaAlO3
(≈2% Ni and 1% Rh)

Rh wet impregnation and
Ni exsolution from

LaAl0.92Ni0.08O3

WHSV = 48,000 mL g−1

h−1

H2/CO2 = 4/1

XCO2 ≈ 93%,
SCH4 high
at 308 ◦C

(Rh-Ni/3DOM-LaAlO3)

Rh-Ni/3DOM-LaAlO3 with bimetallic NiRh
alloy nanoparticles was highly efficient for CO2
methanation. 3DOM LaAl0.92Ni0.08O3 perovskite

was prepared via PMMA colloidal crystal
templating and Rh was added via wet

impregnation. Ni exsolution and NiRh alloy
formation followed after reduction treatment.

[115]

Rh 1.56–1.9% Ni 0.69–1.18%
Rh/Al2O3

Galvanic replacement
(GR) and chemical

reduction (CR)

WHSV = 48,000 mL g−1

h−1

H2/CO2 = 4/1

XCO2 ≈ 97%,
SCH4 ≈ 100%,

at 300 ◦C
(1.56% Ni and 1.08% Rh/Al2O3

(GR))

RhNi/Al2O3 catalysts prepared by galvanic
replacement exhibited superior CO2

methanation performance at low temperatures.
Galvanic replacement led to Ni nanoparticles

encapsulated by an atomically thin RhOx shell,
while chemical reduction led to a higher degree

of Ni and Rh intermixing.

[117]

Pt, Ru, Rh 10% Ni and 0.5–3% Pt,
Ru and Rh/CeO2

Wet impregnation
(sequential)

WHSV = 60,000 mL g−1

h−1

H2/CO2 = 4/1

XCO2 = 82%,
SCH4 ≈ 100%,

at 325 ◦C
(10% Ni and 0.5% Pt/CeO2)

Promotion of 10% Ni/CeO2 with Pt and Ru
further increased the catalytic activity, while Rh

led to the worst performance. The optimal Pt
loading was 0.5%, while for Ru it was 1%. Pt

enhanced the dissociation of CO2 into
intermediate CO, while Ru provided additional

methanation sites.

[33]

Pt
Ni100-xPtx/Al2O3, (1
mmol Ni + Pt metal

gcat
−1)

Wet impregnation
WHSV = 30,000 mL g−1

h−1

H2/CO2 = 4/1

XCO2 = 70%,
SCH4 = 97%,

at 427 ◦C
(Ni95Pt5/Al2O3)

Single atom alloy catalysts (SAAC) with Pt atoms
dissolved into the lattice of Ni nanoparticles

supported on Al2O3 were highly active for CO2
methanation. A Pt/(Ni + Pt) molar ratio of 5%
was optimal. Isolated Pt atoms adjacent to Ni
enhanced the adsorption of intermediate CO,

while weakening the C-O bond energy and thus
favoured the further conversion to CH4.

[31]
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Pd, Pt and Rh 10% Ni and 0.5% Pd, Pt
and Rh/Al2O3

Incipient wetness
impregnation

GHSV = 5700 h−1

H2/CO2 = 4/1

XCO2 = 90.6%,
SCH4 = 97%,

at 300 ◦C
(10% Ni and 0.5% Pd/Al2O3)

Pd and Pt addition improved the catalytic
activity of 10% Ni/Al2O3, while Rh addition led
to worse performance. Pd and Pt increased the

dispersion and reducibility of NiO and provided
active sites for H2 chemisorption and activation.

The Pd-promoted catalyst was slightly better
than the Pt-promoted one.

[119]

Pd Ni1-xPdx/SBA-15

NiPd nanoparticle
synthesis in oil amine and
impregnation on SBA-15

with hexane

WHSV = 6000 mL g−1 h−1

H2/CO2 = 4/1

XCO2 = 96.1%,
SCH4 = 97.5%,

at 430 ◦C
(Ni0.75Pd0.25/SBA-15)

The synergy between Ni and Pd metals led to
active NiPd alloy catalysts for CO2 methanation
supported on mesoporous SBA-15 support. All

bimetallic catalysts were better than the
monometallic ones. A Ni/(Ni + Pd) ratio of 3

(Ni0.75Pd0.25) led to the best performing catalyst.

[32]

Pd

30% NiOTPd-
TMOS/acid-treated
CNTs (Pd/Ni molar

ratio = 1.5)

Ni wet impregnation on
acid-treated CNTs, Pd

addition with NaBH4 and
TMOS decoration

WHSV = 100,000 mL g−1

h−1

H2/CO2 = 3/1

Methane yield:
YCH4 = 1905.1 µmol CH4 gcat

−1, at
300 ◦C

(NiOTPd-TMOS/acid-treated CNTs)

The catalyst consisted of Pd nanoclusters
adjacent to NiO with tetrahedral symmetry,

supported on acid-treated CNTs and decorated
with a layer of tetramethyl orthosilicate (TMOS).

The maximum amount of CH4 was produced
due to the Ni-Pd synergy at their interface, with

H and CO being adsorbed over interfacial Ni
and Pd sites, respectively.

[125]

Re
15% Ni and 1%
Re/CCFA (coal

combustion fly ash)

Wet impregnation
(co-impregnation)

GHSV = 2000 h−1

H2/CO2 = 4/1

XCO2 = 99.6%,
SCH4 = 70.3%,

at 400 ◦C
(NiRe/CCFA)

NiRe bimetallic catalysts were supported on coal
combustion fly ash (CCFA) from industrial waste.

Re addition improved Ni dispersion and the
catalyst resistance towards sintering and coking,

leading to better performance for CO2
methanation.

[130]
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Figure 16. The effect of reaction temperature (a,b) on the CO2 conversion and CH4 selectivity. The conditions of reac-
tion temperature test are H2:CO2:N2 = 4:1:0.5, GHSV = 2000 h−1 and 1 atm. (c) Proposed reaction mechanism of CO2

adsorption and methanation over reduced Ni-Re/CCFA. Reproduced with permission from [130]. Copyright: Elsevier,
Amsterdam, The Netherlands, 2020.

4. Conclusions

The race for the development of low-cost and high-performing CO2 methanation
catalysts stems from the need to efficiently convert excess electricity and H2 generated from
renewables, as well as CO2 captured from flue gases, into a reliable energy carrier. Ni is the
standard option to be used in CO2 methanation catalysts, due to its high activity and low
cost. However, insufficient low-temperature activity and the degradation of Ni catalysts
over time due to oxidation and sintering creates the need for the employment of specific
metal additives to counter such drawbacks. These additives can fall in two generalized
categories: other transition metals (including Fe and Co) and noble metals (including Ru,
Rh, Pt, Pd and Re).

The transition metals Fe and Co offer the obvious advantage of being cheap like Ni
and their similar size and electronic properties allow for their intricate interaction with the
Ni primary phase and their easy dissolution into the Ni lattice, forming NiFe and NiCo
alloys, respectively. The composition of the formed alloy is of great importance, since only
specific bimetallic combinations can lead to an optimal CO2 methanation performance,
especially in the case of NiFe alloys. The combined bimetallic catalysts can also offer
additional advantages, such as higher stability, as well as resistance towards oxidation and
sulphur poisoning.

Noble metals generally increase the reducibility and dispersion of the Ni primary
phase and they can also participate in the reaction as active CO2 methanation phases.
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Stand-alone Ru catalysts are highly active for low-temperature CO2 methanation and the
presence of Ru in bimetallic Ni catalysts as a separate monometallic phase also boosts
catalytic activity. Additionally, the cost-effectiveness of Ru compared to other noble metals
renders the bimetallic NiRu combinations quite popular in the field of heterogeneous
catalysis. Rh and Pt can also greatly enhance the catalytic activity for CO2 methanation
when dissolved or deposited upon Ni in small quantities. Lastly, Pd and Re have been also
tested as potential promoters in Ni-based catalysts.

The assumed trade-off between cost and catalytic activity for CO2 methanation cata-
lysts can be potentially overcome via the development of bimetallic Ni-containing catalysts
with an optimised Ni–dopant metal synergy. Recent advances in operando spectroscopic
techniques can shed light on how the reaction mechanism differs between Ni-based alloys
or Ni–dopant metal interfaces and monometallic Ni, allowing for the development of
catalysts with the lowest possible cost and highest possible performance.
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1. Mardani, A.; Štreimikienė, D.; Cavallaro, F.; Loganathan, N.; Khoshnoudi, M. Carbon dioxide (CO2) emissions and economic

growth: A systematic review of two decades of research from 1995 to 2017. Sci. Total. Environ. 2019, 649, 31–49. [CrossRef]
2. Gielen, D.; Boshell, F.; Saygin, D.; Bazilian, M.D.; Wagner, N.; Gorini, R. The role of renewable energy in the global energy

transformation. Energy Strategy Rev. 2019, 24, 38–50. [CrossRef]
3. Yentekakis, I.V.; Dong, F. Grand Challenges for Catalytic Remediation in Environmental and Energy Applications toward a

Cleaner and Sustainable Future. Front. Environ. Chem. 2020, 1, 5. [CrossRef]
4. Ren, J.; Musyoka, N.M.; Langmi, H.W.; Mathe, M.; Liao, S. Current research trends and perspectives on materials-based hydrogen

storage solutions: A critical review. Int. J. Hydrogen Energy 2017, 42, 289–311. [CrossRef]
5. Thema, M.; Bauer, F.; Sterner, M. Power-to-Gas: Electrolysis and methanation status review. Renew. Sustain. Energy Rev. 2019,

112, 775–787. [CrossRef]
6. Lv, C.; Xu, L.; Chen, M.; Cui, Y.; Wen, X.; Li, Y.; Wu, C.E.; Yang, B.; Miao, Z.; Hu, X.; et al. Recent Progresses in Constructing the

Highly Efficient Ni Based Catalysts with Advanced Low-Temperature Activity Toward CO2 Methanation. Front. Chem. 2020,
8, 269. [CrossRef]

7. Lee, W.J.; Li, C.; Prajitno, H.; Yoo, J.; Patel, J.; Yang, Y.; Lim, S. Recent trend in thermal catalytic low temperature CO2 methanation:
A critical review. Catal. Today 2020. [CrossRef]

8. Charisiou, N.D.; Siakavelas, G.; Tzounis, L.; Sebastian, V.; Monzon, A.; Baker, M.A.; Hinder, S.J.; Polychronopoulou, K.; Yentekakis,
I.V.; Goula, M.A. An in depth investigation of deactivation through carbon formation during the biogas dry reforming reaction
for Ni supported on modified with CeO2 and La2O3 zirconia catalysts. Int. J. Hydrogen Energy 2018, 43, 18955–18976. [CrossRef]

9. Charisiou, N.D.; Papageridis, K.N.; Tzounis, L.; Sebastian, V.; Hinder, S.J.; Baker, M.A.; AlKetbi, M.; Polychronopoulou, K.;
Goula, M.A. Ni supported on CaO-MgO-Al2O3 as a highly selective and stable catalyst for H2 production via the glycerol steam
reforming reaction. Int. J. Hydrogen Energy 2019, 44, 256–273. [CrossRef]

10. Charisiou, N.D.; Tzounis, L.; Sebastian, V.; Hinder, S.J.; Baker, M.A.; Polychronopoulou, K.; Goula, M.A. Investigating the
correlation between deactivation and the carbon deposited on the surface of Ni/Al2O3 and Ni/La2O3 -Al2O3 catalysts during
the biogas reforming reaction. Appl. Surf. Sci. 2019, 474, 42–56. [CrossRef]

http://dx.doi.org/10.1016/j.scitotenv.2018.08.229
http://dx.doi.org/10.1016/j.esr.2019.01.006
http://dx.doi.org/10.3389/fenvc.2020.00005
http://dx.doi.org/10.1016/j.ijhydene.2016.11.195
http://dx.doi.org/10.1016/j.rser.2019.06.030
http://dx.doi.org/10.3389/fchem.2020.00269
http://dx.doi.org/10.1016/j.cattod.2020.02.017
http://dx.doi.org/10.1016/j.ijhydene.2018.08.074
http://dx.doi.org/10.1016/j.ijhydene.2018.02.165
http://dx.doi.org/10.1016/j.apsusc.2018.05.177


Nanomaterials 2021, 11, 28 30 of 34

11. Papageridis, K.N.; Charisiou, N.D.; Douvartzides, S.; Sebastian, V.; Hinder, S.J.; Baker, M.A.; AlKhoori, S.; Polychronopoulou, K.;
Goula, M.A. Promoting effect of CaO-MgO mixed oxide on Ni/γ-Al2O3 catalyst for selective catalytic deoxygenation of palm oil.
Renew. Energy 2020, 162, 1793–1810. [CrossRef]

12. Cárdenas-Arenas, A.; Quindimil, A.; Davó-Quiñonero, A.; Bailón-García, E.; Lozano-Castelló, D.; De-La-Torre, U.; Pereda-Ayo, B.;
González-Marcos, J.A.; González-Velasco, J.R.; Bueno-López, A. Isotopic and in situ DRIFTS study of the CO2 methanation
mechanism using Ni/CeO2 and Ni/Al2O3 catalysts. Appl. Catal. B Environ. 2020, 265, 118538. [CrossRef]

13. Tsiotsias, A.I.; Charisiou, N.D.; Yentekakis, I.V.; Goula, M.A. The Role of Alkali and Alkaline Earth Metals in the CO2 Methanation
Reaction and the Combined Capture and Methanation of CO2. Catalysts 2020, 10, 812. [CrossRef]

14. Siakavelas, G.I.; Charisiou, N.D.; AlKhoori, S.; AlKhoori, A.A.; Sebastian, V.; Hinder, S.J.; Baker, M.A.; Yentekakis, I.V.;
Polychronopoulou, K.; Goula, M.A. Highly selective and stable nickel catalysts supported on ceria promoted with Sm2O3,
Pr2O3 and MgO for the CO2 methanation reaction. Appl. Catal. B Environ. 2021, 282, 119562. [CrossRef]

15. Everett, O.E.; Zonetti, P.C.; Alves, O.C.; de Avillez, R.R.; Appel, L.G. The role of oxygen vacancies in the CO2 methanation
employing Ni/ZrO2 doped with Ca. Int. J. Hydrogen Energy 2020, 45, 6352–6359. [CrossRef]

16. Garbarino, G.; Wang, C.; Cavattoni, T.; Finocchio, E.; Riani, P.; Flytzani-Stephanopoulos, M.; Busca, G. A study of Ni/La-Al2O3
catalysts: A competitive system for CO2 methanation. Appl. Catal. B Environ. 2019, 248, 286–297. [CrossRef]

17. Liu, K.; Xu, X.; Xu, J.; Fang, X.; Liu, L.; Wang, X. The distributions of alkaline earth metal oxides and their promotional effects on
Ni/CeO2 for CO2 methanation. J. CO2 Util. 2020, 38, 113–124. [CrossRef]

18. Garbarino, G.; Bellotti, D.; Finocchio, E.; Magistri, L.; Busca, G. Methanation of carbon dioxide on Ru/Al2O3: Catalytic activity
and infrared study. Catal. Today 2016, 277, 21–28. [CrossRef]

19. Botzolaki, G.; Goula, G.; Rontogianni, A.; Nikolaraki, E.; Chalmpes, N.; Zygouri, P.; Karakassides, M.; Gournis, D.; Charisiou, N.D.;
Goula, M.A.; et al. CO2 Methanation on Supported Rh Nanoparticles: The combined Effect of Support Oxygen Storage Capacity
and Rh Particle Size. Catalysts 2020, 10, 944. [CrossRef]

20. Falbo, L.; Visconti, C.G.; Lietti, L.; Szanyi, J. The effect of CO on CO2 methanation over Ru/Al2O3 catalysts: A combined
steady-state reactivity and transient DRIFT spectroscopy study. Appl. Catal. B Environ. 2019, 256, 117791. [CrossRef]

21. Arellano-Treviño, M.A.; He, Z.; Libby, M.C.; Farrauto, R.J. Catalysts and adsorbents for CO2 capture and conversion with dual
function materials: Limitations of Ni-containing DFMs for flue gas applications. J. CO2 Util. 2019, 31, 143–151. [CrossRef]

22. Porta, A.; Visconti, C.G.; Castoldi, L.; Matarrese, R.; Jeong-Potter, C.; Farrauto, R.; Lietti, L. Ru-Ba synergistic effect in dual
functioning materials for cyclic CO2 capture and methanation. Appl. Catal. B Environ. 2021, 283, 119654. [CrossRef]

23. Bian, Z.; Das, S.; Wai, M.H.; Hongmanorom, P.; Kawi, S. A Review on Bimetallic Nickel-Based Catalysts for CO2 Reforming of
Methane. ChemPhysChem 2017, 18, 3117–3134. [CrossRef] [PubMed]

24. De, S.; Zhang, J.; Luque, R.; Yan, N. Ni-based bimetallic heterogeneous catalysts for energy and environmental applications.
Energy Environ. Sci. 2016, 9, 3314–3347. [CrossRef]

25. Mangla, A.; Deo, G.; Apte, P.A. NiFe local ordering in segregated Ni3Fe alloys: A simulation study using angular dependent
potential. Comput. Mater. Sci. 2018, 153, 449–460. [CrossRef]

26. Mutz, B.; Belimov, M.; Wang, W.; Sprenger, P.; Serrer, M.A.; Wang, D.; Pfeifer, P.; Kleist, W.; Grunwaldt, J.D. Potential of an
alumina-supported Ni3Fe catalyst in the methanation of CO2: Impact of alloy formation on activity and stability. ACS Catal. 2017,
7, 6802–6814. [CrossRef]

27. Bieniek, B.; Pohl, D.; Schultz, L.; Rellinghaus, B. The effect of oxidation on the surface-near lattice relaxation in FeNi nanoparticles.
J. Nanoparticle Res. 2011, 13, 5935–5946. [CrossRef]

28. Andersson, M.P.; Bligaard, T.; Kustov, A.; Larsen, K.E.; Greeley, J.; Johannessen, T.; Christensen, C.H.; Nørskov, J.K. Toward com-
putational screening in heterogeneous catalysis: Pareto-optimal methanation catalysts. J. Catal. 2006, 239, 501–506. [CrossRef]

29. Álvarez, A.M.; Bobadilla, L.F.; Garcilaso, V.; Centeno, M.A.; Odriozola, J.A. CO2 reforming of methane over Ni-Ru supported
catalysts: On the nature of active sites by operando DRIFTS study. J. CO2 Util. 2018, 24, 509–515.

30. Zhen, W.; Li, B.; Lu, G.; Ma, J. Enhancing catalytic activity and stability for CO2 methanation on Ni-Ru/γ-Al2O3 via modulating
impregnation sequence and controlling surface active species. RSC Adv. 2014, 4, 16472–16479. [CrossRef]

31. Kikkawa, S.; Teramura, K.; Asakura, H.; Hosokawa, S.; Tanaka, T. Isolated Platinum Atoms in Ni/γ-Al2O3 for Selective
Hydrogenation of CO2 toward CH4. J. Phys. Chem. C 2019, 123, 23446–23454. [CrossRef]

32. Li, Y.; Zhang, H.; Zhang, L.; Zhang, H. Bimetallic Ni-Pd/SBA-15 alloy as an effective catalyst for selective hydrogenation of CO2
to methane. Int. J. Hydrogen Energy 2019, 44, 13354–13363. [CrossRef]

33. Renda, S.; Ricca, A.; Palma, V. Study of the effect of noble metal promotion in Ni-based catalyst for the Sabatier reaction.
Int. J. Hydrogen Energy 2020, in press. [CrossRef]

34. Ashok, J.; Ang, M.L.; Kawi, S. Enhanced activity of CO2 methanation over Ni/CeO2-ZrO2 catalysts: Influence of preparation
methods. Catal. Today 2017, 281, 304–311. [CrossRef]

35. Kesavan, J.K.; Luisetto, I.; Tuti, S.; Meneghini, C.; Iucci, G.; Battocchio, C.; Mobilio, S.; Casciardi, S.; Sisto, R. Nickel supported on
YSZ: The effect of Ni particle size on the catalytic activity for CO2 methanation. J. CO2 Util. 2018, 23, 200–211. [CrossRef]

36. Vrijburg, W.L.; Garbarino, G.; Chen, W.; Parastaev, A.; Longo, A.; Pidko, E.A.; Hensen, E.J.M. Ni-Mn catalysts on silica-modified
alumina for CO2 methanation. J. Catal. 2020, 382, 358–371. [CrossRef]

37. Liu, Q.; Bian, B.; Fan, J.; Yang, J. Cobalt doped Ni based ordered mesoporous catalysts for CO2 methanation with enhanced
catalytic performance. Int. J. Hydrogen Energy 2018, 43, 4893–4901. [CrossRef]

http://dx.doi.org/10.1016/j.renene.2020.09.133
http://dx.doi.org/10.1016/j.apcatb.2019.118538
http://dx.doi.org/10.3390/catal10070812
http://dx.doi.org/10.1016/j.apcatb.2020.119562
http://dx.doi.org/10.1016/j.ijhydene.2019.12.140
http://dx.doi.org/10.1016/j.apcatb.2018.12.063
http://dx.doi.org/10.1016/j.jcou.2020.01.016
http://dx.doi.org/10.1016/j.cattod.2015.12.010
http://dx.doi.org/10.3390/catal10080944
http://dx.doi.org/10.1016/j.apcatb.2019.117791
http://dx.doi.org/10.1016/j.jcou.2019.03.009
http://dx.doi.org/10.1016/j.apcatb.2020.119654
http://dx.doi.org/10.1002/cphc.201700529
http://www.ncbi.nlm.nih.gov/pubmed/28710875
http://dx.doi.org/10.1039/C6EE02002J
http://dx.doi.org/10.1016/j.commatsci.2018.07.022
http://dx.doi.org/10.1021/acscatal.7b01896
http://dx.doi.org/10.1007/s11051-011-0405-0
http://dx.doi.org/10.1016/j.jcat.2006.02.016
http://dx.doi.org/10.1039/C3RA47982J
http://dx.doi.org/10.1021/acs.jpcc.9b03432
http://dx.doi.org/10.1016/j.ijhydene.2019.03.276
http://dx.doi.org/10.1016/j.ijhydene.2020.05.093
http://dx.doi.org/10.1016/j.cattod.2016.07.020
http://dx.doi.org/10.1016/j.jcou.2017.11.015
http://dx.doi.org/10.1016/j.jcat.2019.12.026
http://dx.doi.org/10.1016/j.ijhydene.2018.01.132


Nanomaterials 2021, 11, 28 31 of 34

38. Ray, K.; Deo, G. A potential descriptor for the CO2 hydrogenation to CH4 over Al2O3 supported Ni and Ni-based alloy catalysts.
Appl. Catal. B Environ. 2017, 218, 525–537. [CrossRef]

39. Mebrahtu, C.; Krebs, F.; Perathoner, S.; Abate, S.; Centi, G.; Palkovits, R. Hydrotalcite based Ni-Fe/(Mg,Al)OX catalysts for CO2
methanation-tailoring Fe content for improved CO dissociation, basicity, and particle size. Catal. Sci. Technol. 2018, 8, 1016–1027.
[CrossRef]

40. Sehested, J.; Larsen, K.E.; Kustov, A.L.; Frey, A.M.; Johannessen, T.; Bligaard, T.; Andersson, M.P.; Nørskov, J.K.; Christensen, C.H.
Discovery of technical methanation catalysts based on computational screening. Top. Catal. 2007, 45, 9–13. [CrossRef]

41. Kang, S.H.; Ryu, J.H.; Kim, J.H.; Seo, S.J.; Yoo, Y.D.; Sai Prasad, P.S.; Lim, H.J.; Byun, C.D. Co-methanation of CO and CO2 on the
NiX-Fe1-X/Al2O3 catalysts; effect of Fe contents. Korean J. Chem. Eng. 2011, 28, 2282–2286. [CrossRef]

42. Pandey, D.; Deo, G. Effect of support on the catalytic activity of supported Ni-Fe catalysts for the CO2 methanation reaction.
J. Ind. Eng. Chem. 2016, 33, 99–107. [CrossRef]

43. Pandey, D.; Deo, G. Promotional effects in alumina and silica supported bimetallic Ni-Fe catalysts during CO2 hydrogenation.
J. Mol. Catal. A Chem. 2014, 382, 23–30. [CrossRef]

44. Pandey, D.; Deo, G. Determining the Best Composition of a Ni–Fe/Al2O3 Catalyst used for the CO2 Hydrogenation Reaction by
Applying Response Surface Methodology. Chem. Eng. Commun. 2016, 203, 372–380. [CrossRef]

45. Ray, K.; Bhardwaj, R.; Singh, B.; Deo, G. Developing descriptors for CO2 methanation and CO2 reforming of CH4 over Al2O3
supported Ni and low-cost Ni based alloy catalysts. Phys. Chem. Chem. Phys. 2018, 20, 15939–15950. [CrossRef]

46. Mutz, B.; Sprenger, P.; Wang, W.; Wang, D.; Kleist, W.; Grunwaldt, J.D. Operando Raman spectroscopy on CO2 methanation over
alumina-supported Ni, Ni3Fe and NiRh0.1 catalysts: Role of carbon formation as possible deactivation pathway. Appl. Catal. A Gen.
2018, 556, 160–171. [CrossRef]

47. Farsi, S.; Olbrich, W.; Pfeifer, P.; Dittmeyer, R. A consecutive methanation scheme for conversion of CO2—A study on Ni3Fe
catalyst in a short-contact time micro packed bed reactor. Chem. Eng. J. 2020, 388, 124233. [CrossRef]

48. Serrer, M.A.; Kalz, K.F.; Saraci, E.; Lichtenberg, H.; Grunwaldt, J.D. Role of Iron on the Structure and Stability of Ni3.2Fe/Al2O3
during Dynamic CO2 Methanation for P2X Applications. ChemCatChem 2019, 11, 5018–5021. [CrossRef]

49. Serrer, M.-A.; Gaur, A.; Jelic, J.; Weber, S.; Fritsch, C.; Clark, A.H.; Saraçi, E.; Studt, F.; Grunwaldt, J.-D. Structural dynamics in
Ni–Fe catalysts during CO2 methanation—Role of iron oxide clusters. Catal. Sci. Technol. 2020, 10, 7542–7554. [CrossRef]

50. Mebrahtu, C.; Perathoner, S.; Giorgianni, G.; Chen, S.; Centi, G.; Krebs, F.; Palkovits, R.; Abate, S. Deactivation mechanism of
hydrotalcite-derived Ni-AlOX catalysts during low-temperature CO2 methanation via Ni-hydroxide formation and the role of Fe
in limiting this effect. Catal. Sci. Technol. 2019, 9, 4023–4035. [CrossRef]

51. Giorgianni, G.; Mebrahtu, C.; Schuster, M.E.; Large, A.I.; Held, G.; Ferrer, P.; Venturini, F.; Grinter, D.; Palkovits, R.; Perathoner, S.;
et al. Elucidating the mechanism of the CO2 methanation reaction over Ni-Fe hydrotalcite-derived catalysts via surface-sensitive
in situ XPS and NEXAFS. Phys. Chem. Chem. Phys. 2020, 22, 18788–18797. [CrossRef] [PubMed]

52. Huynh, H.L.; Tucho, W.M.; Yu, X.; Yu, Z. Synthetic natural gas production from CO2 and renewable H2: Towards large-scale
production of Ni–Fe alloy catalysts for commercialization. J. Clean. Prod. 2020, 264, 121720. [CrossRef]

53. Huynh, H.L.; Zhu, J.; Zhang, G.; Shen, Y.; Tucho, W.M.; Ding, Y.; Yu, Z. Promoting effect of Fe on supported Ni catalysts in CO2
methanation by in situ DRIFTS and DFT study. J. Catal. 2020, 392, 266–277. [CrossRef]

54. Huynh, H.L.; Tucho, W.M.; Yu, Z. Structured NiFe catalysts derived from in-situ grown layered double hydroxides on ceramic
monolith for CO2 methanation. Green Energy Environ. 2020, in press. [CrossRef]

55. Burger, T.; Koschany, F.; Thomys, O.; Köhler, K.; Hinrichsen, O. CO2 methanation over Fe- and Mn-promoted co-precipitated
Ni-Al catalysts: Synthesis, characterization and catalysis study. Appl. Catal. A Gen. 2018, 558, 44–54. [CrossRef]

56. Georgiadis, A.G.; Charisiou, N.D.; Goula, M.A. Removal of hydrogen sulfide from various industrial gases: A review of the most
promising adsorbing materials. Catalysts 2020, 10, 521. [CrossRef]

57. Wolf, M.; Wong, L.H.; Schüler, C.; Hinrichsen, O. CO2 methanation on transition-metal-promoted Ni-Al catalysts: Sulfur poisoning
and the role of CO2 adsorption capacity for catalyst activity. J. CO2 Util. 2020, 36, 276–287. [CrossRef]

58. Burger, T.; Augenstein, H.M.S.; Hnyk, F.; Döblinger, M.; Köhler, K.; Hinrichsen, O. Targeted Fe-Doping of Ni−Al Catalysts via the
Surface Redox Reaction Technique for Unravelling its Promoter Effect in the CO2 Methanation Reaction. ChemCatChem 2020,
12, 649–662. [CrossRef]

59. Burger, T.; Ewald, S.; Niederdränk, A.; Wagner, F.E.; Köhler, K.; Hinrichsen, O. Enhanced activity of co-precipitated NiFeAlOx in
CO2 methanation by segregation and oxidation of Fe. Appl. Catal. A Gen. 2020, 604, 117778. [CrossRef]

60. Li, Z.; Zhao, T.; Zhang, L. Promotion effect of additive Fe on Al2O3 supported Ni catalyst for CO2 methanation. Appl. Organomet. Chem.
2018, 32, 1–7. [CrossRef]

61. Liang, C.; Ye, Z.; Dong, D.; Zhang, S.; Liu, Q.; Chen, G.; Li, C.; Wang, Y.; Hu, X. Methanation of CO2: Impacts of modifying nickel
catalysts with variable-valence additives on reaction mechanism. Fuel 2019, 254, 115654. [CrossRef]

62. Daroughegi, R.; Meshkani, F.; Rezaei, M. Characterization and evaluation of mesoporous high surface area promoted Ni-Al2O3
catalysts in CO2 methanation. J. Energy Inst. 2020, 93, 482–495. [CrossRef]

63. Aziz, M.A.A.; Jalil, A.A.; Triwahyono, S.; Ahmad, A. CO2 methanation over heterogeneous catalysts: Recent progress and future
prospects. Green Chem. 2015, 17, 2647–2663. [CrossRef]

64. Ren, J.; Qin, X.; Yang, J.Z.; Qin, Z.F.; Guo, H.L.; Lin, J.Y.; Li, Z. Methanation of carbon dioxide over Ni-M/ZrO2 (M = Fe, Co, Cu)
catalysts: Effect of addition of a second metal. Fuel Process. Technol. 2015, 137, 204–211. [CrossRef]

http://dx.doi.org/10.1016/j.apcatb.2017.07.009
http://dx.doi.org/10.1039/C7CY02099F
http://dx.doi.org/10.1007/s11244-007-0232-9
http://dx.doi.org/10.1007/s11814-011-0125-2
http://dx.doi.org/10.1016/j.jiec.2015.09.019
http://dx.doi.org/10.1016/j.molcata.2013.10.022
http://dx.doi.org/10.1080/00986445.2014.1001889
http://dx.doi.org/10.1039/C8CP01859F
http://dx.doi.org/10.1016/j.apcata.2018.01.026
http://dx.doi.org/10.1016/j.cej.2020.124233
http://dx.doi.org/10.1002/cctc.201901425
http://dx.doi.org/10.1039/D0CY01396J
http://dx.doi.org/10.1039/C9CY00744J
http://dx.doi.org/10.1039/D0CP00622J
http://www.ncbi.nlm.nih.gov/pubmed/32329490
http://dx.doi.org/10.1016/j.jclepro.2020.121720
http://dx.doi.org/10.1016/j.jcat.2020.10.018
http://dx.doi.org/10.1016/j.gee.2020.09.004
http://dx.doi.org/10.1016/j.apcata.2018.03.021
http://dx.doi.org/10.3390/catal10050521
http://dx.doi.org/10.1016/j.jcou.2019.10.014
http://dx.doi.org/10.1002/cctc.201901331
http://dx.doi.org/10.1016/j.apcata.2020.117778
http://dx.doi.org/10.1002/aoc.4328
http://dx.doi.org/10.1016/j.fuel.2019.115654
http://dx.doi.org/10.1016/j.joei.2019.07.003
http://dx.doi.org/10.1039/C5GC00119F
http://dx.doi.org/10.1016/j.fuproc.2015.04.022


Nanomaterials 2021, 11, 28 32 of 34

65. Yan, B.; Zhao, B.; Kattel, S.; Wu, Q.; Yao, S.; Su, D.; Chen, J.G. Tuning CO2 hydrogenation selectivity via metal-oxide interfacial
sites. J. Catal. 2019, 374, 60–71. [CrossRef]

66. Lu, H.; Yang, X.; Gao, G.; Wang, J.; Han, C.; Liang, X.; Li, C.; Li, Y.; Zhang, W.; Chen, X. Metal (Fe, Co, Ce or La) doped nickel
catalyst supported on ZrO2 modified mesoporous clays for CO and CO2 methanation. Fuel 2016, 183, 335–344. [CrossRef]

67. Wu, Y.; Lin, J.; Xu, Y.; Ma, G.; Wang, J.; Ding, M. Transition metals modified Ni-M (M = Fe, Co, Cr and Mn) catalysts supported on
Al2O3-ZrO2 for low-temperature CO2 methanation. ChemCatChem 2020, 12, 3553–3559. [CrossRef]

68. Winter, L.R.; Gomez, E.; Yan, B.; Yao, S.; Chen, J.G. Tuning Ni-catalyzed CO2 hydrogenation selectivity via Ni-ceria support
interactions and Ni-Fe bimetallic formation. Appl. Catal. B Environ. 2018, 224, 442–450. [CrossRef]

69. Pastor-Pérez, L.; Le Saché, E.; Jones, C.; Gu, S.; Arellano-Garcia, H.; Reina, T.R. Synthetic natural gas production from CO2 over
Ni-x/CeO2-ZrO2 (x = Fe, Co) catalysts: Influence of promoters and space velocity. Catal. Today 2018, 317, 108–113. [CrossRef]

70. Le Saché, E.; Pastor-Pérez, L.; Haycock, B.J.; Villora-Picó, J.J.; Sepúlveda-Escribano, A.; Reina, T.R. Switchable Catalysts for
Chemical CO2 Recycling: A Step Forward in the Methanation and Reverse Water-Gas Shift Reactions. ACS Sustain. Chem. Eng.
2020, 8, 4614–4622. [CrossRef]

71. Frontera, P.; Macario, A.; Monforte, G.; Bonura, G.; Ferraro, M.; Dispenza, G.; Antonucci, V.; Aricò, A.S.; Antonucci, P.L. The role
of Gadolinia Doped Ceria support on the promotion of CO2 methanation over Ni and Ni–Fe catalysts. Int. J. Hydrogen Energy
2017, 42, 26828–26842. [CrossRef]

72. Liu, J.; Bing, W.; Xue, X.; Wang, F.; Wang, B.; He, S.; Zhang, Y.; Wei, M. Alkaline-assisted Ni nanocatalysts with largely enhanced
low-temperature activity toward CO2 methanation. Catal. Sci. Technol. 2016, 6, 3976–3983. [CrossRef]

73. Gonçalves, L.P.L.; Sousa, J.P.S.; Soares, O.S.G.P.; Bondarchuk, O.; Lebedev, O.I.; Kolen’ko, Y.V.; Pereira, M.F.R. The role of surface
properties in CO2 methanation over carbon-supported Ni catalysts and their promotion by Fe. Catal. Sci. Technol. 2020, 10, 7217–7225.
[CrossRef]

74. Wang, G.; Xu, S.; Jiang, L.; Wang, C. Nickel supported on iron-bearing olivine for CO2 methanation. Int. J. Hydrogen Energy 2016,
41, 12910–12919. [CrossRef]

75. Thalinger, R.; Gocyla, M.; Heggen, M.; Dunin-Borkowski, R.; Grünbacher, M.; Stöger-Pollach, M.; Schmidmair, D.; Klötzer, B.;
Penner, S. Ni-perovskite interaction and its structural and catalytic consequences in methane steam reforming and methanation
reactions. J. Catal. 2016, 337, 26–35. [CrossRef]

76. Kayaalp, B.; Lee, S.; Klauke, K.; Seo, J.; Nodari, L.; Kornowski, A.; Jung, W.; Mascotto, S. Template-free mesoporous
La0.3Sr0.7Ti1-xFexO3±δ for CH4 and CO oxidation catalysis. Appl. Catal. B Environ. 2019, 245, 536–545. [CrossRef]

77. Pandey, D.; Ray, K.; Bhardwaj, R.; Bojja, S.; Chary, K.V.R.; Deo, G. Promotion of unsupported nickel catalyst using iron for CO2
methanation. Int. J. Hydrogen Energy 2018, 43, 4987–5000. [CrossRef]

78. Zhao, B.; Liu, P.; Li, S.; Shi, H.; Jia, X.; Wang, Q.; Yang, F.; Song, Z.; Guo, C.; Hu, J.; et al. Bimetallic Ni-Co nanoparticles on SiO2 as
robust catalyst for CO methanation: Effect of homogeneity of Ni-Co alloy. Appl. Catal. B Environ. 2020, 278, 119307. [CrossRef]

79. Guo, M.; Lu, G. The regulating effects of cobalt addition on the catalytic properties of silica-supported Ni–Co bimetallic catalysts
for CO2 methanation. React. Kinet. Mech. Catal. 2014, 113, 101–113. [CrossRef]

80. Xu, L.; Lian, X.; Chen, M.; Cui, Y.; Wang, F.; Li, W.; Huang, B. CO2 methanation over Co–Ni bimetal-doped ordered mesoporous
Al2O3 catalysts with enhanced low-temperature activities. Int. J. Hydrogen Energy 2018, 43, 17172–17184. [CrossRef]

81. Alrafei, B.; Polaert, I.; Ledoux, A.; Azzolina-Jury, F. Remarkably stable and efficient Ni and Ni-Co catalysts for CO2 methanation.
Catal. Today 2020, 346, 23–33. [CrossRef]

82. Fatah, N.A.A.; Jalil, A.A.; Salleh, N.F.M.; Hamid, M.Y.S.; Hassan, Z.H.; Nawawi, M.G.M. Elucidation of cobalt disturbance on
Ni/Al2O3 in dissociating hydrogen towards improved CO2 methanation and optimization by response surface methodology
(RSM). Int. J. Hydrogen Energy 2020, 45, 18562–18573. [CrossRef]

83. Razzaq, R.; Zhu, H.; Jiang, L.; Muhammad, U.; Li, C.; Zhang, S. Catalytic methanation of CO and CO2 in coke oven gas over
Ni-Co/ZrO2-CeO2. Ind. Eng. Chem. Res. 2013, 52, 2247–2256. [CrossRef]

84. Zhu, H. Catalytic Methanation of Carbon Dioxide by Active Oxygen Material CexZr1-xO2 Supported Ni-Co Bimetallic Nanocata-
lysts. AIChE J. 2012, 59, 215–228.

85. Pastor-Pérez, L.; Patel, V.; Le Saché, E.; Reina, T.R. CO2 methanation in the presence of methane: Catalysts design and effect of
methane concentration in the reaction mixture. J. Energy Inst. 2020, 93, 415–424. [CrossRef]

86. Frontera, P.; Malara, A.; Modafferi, V.; Antonucci, V.; Antonucci, P.; Macario, A. Catalytic activity of Ni–Co supported metals in
carbon dioxides methanation. Can. J. Chem. Eng. 2020, 98, 1924–1934. [CrossRef]

87. Jia, C.; Dai, Y.; Yang, Y.; Chew, J.W. Nickel–cobalt catalyst supported on TiO2-coated SiO2 spheres for CO2 methanation in a
fluidized bed. Int. J. Hydrogen Energy 2019, 44, 13443–13455. [CrossRef]

88. Varun, Y.; Sreedhar, I.; Singh, S.A. Highly stable M/NiO–MgO (M = Co, Cu and Fe) catalysts towards CO2 methanation.
Int. J. Hydrogen Energy 2020, 45, 28716–28731. [CrossRef]

89. Zhang, T.; Liu, Q. Mesostructured cellular foam silica supported bimetallic LaNi1-xCoxO3 catalyst for CO2 methanation.
Int. J. Hydrogen Energy 2020, 45, 4417–4426. [CrossRef]

90. Dias, Y.R.; Perez-Lopez, O.W. Carbon dioxide methanation over Ni-Cu/SiO2 catalysts. Energy Convers. Manag. 2020, 203, 112214.
[CrossRef]

91. Goula, G.; Botzolaki, G.; Osatiashtiani, A.; Parlett, C.M.A.; Kyriakou, G.; Lambert, R.M.; Yentekakis, I.V. Oxidative thermal
sintering and redispersion of Rh nanoparticles on supports with high oxygen ion lability. Catalysts 2019, 9, 541. [CrossRef]

http://dx.doi.org/10.1016/j.jcat.2019.04.036
http://dx.doi.org/10.1016/j.fuel.2016.06.084
http://dx.doi.org/10.1002/cctc.202000399
http://dx.doi.org/10.1016/j.apcatb.2017.10.036
http://dx.doi.org/10.1016/j.cattod.2017.11.035
http://dx.doi.org/10.1021/acssuschemeng.0c00551
http://dx.doi.org/10.1016/j.ijhydene.2017.09.025
http://dx.doi.org/10.1039/C5CY02026C
http://dx.doi.org/10.1039/D0CY01254H
http://dx.doi.org/10.1016/j.ijhydene.2016.06.066
http://dx.doi.org/10.1016/j.jcat.2016.01.020
http://dx.doi.org/10.1016/j.apcatb.2018.12.077
http://dx.doi.org/10.1016/j.ijhydene.2018.01.144
http://dx.doi.org/10.1016/j.apcatb.2020.119307
http://dx.doi.org/10.1007/s11144-014-0732-0
http://dx.doi.org/10.1016/j.ijhydene.2018.07.106
http://dx.doi.org/10.1016/j.cattod.2019.03.026
http://dx.doi.org/10.1016/j.ijhydene.2019.04.119
http://dx.doi.org/10.1021/ie301399z
http://dx.doi.org/10.1016/j.joei.2019.01.015
http://dx.doi.org/10.1002/cjce.23780
http://dx.doi.org/10.1016/j.ijhydene.2019.04.009
http://dx.doi.org/10.1016/j.ijhydene.2020.07.212
http://dx.doi.org/10.1016/j.ijhydene.2019.12.006
http://dx.doi.org/10.1016/j.enconman.2019.112214
http://dx.doi.org/10.3390/catal9060541


Nanomaterials 2021, 11, 28 33 of 34

92. Yentekakis, I.V.; Goula, G.; Panagiotopoulou, P.; Katsoni, A.; Diamadopoulos, E.; Mantzavinos, D.; Delimitis, A. Dry reforming
of methane: Catalytic performance and stability of Ir catalysts supported on γ-Al2O3, Zr0.92Y0.08O2-δ (YSZ) or Ce0.9Gd0.1O2-δ
(GDC) supports. Top. Catal. 2015, 58, 1228–1241. [CrossRef]

93. Yentekakis, I.V.; Goula, G.; Panagiotopoulou, P.; Kampouri, S.; Taylor, M.J.; Kyriakou, G.; Lambert, R.M. Stabilization of catalyst
particles against sintering on oxide supports with high oxygen ion lability exemplified by Ir-catalysed decomposition of N2O.
Appl. Catal. B 2016, 192, 357–364. [CrossRef]

94. Polanski, J.; Lach, D.; Kapkowski, M.; Bartczak, P.; Siudyga, T.; Smolinski, A. Ru and Ni—Privileged Metal Combination for
Environmental Nanocatalysis. Catalysts 2020, 10, 992. [CrossRef]

95. Lange, F.; Armbruster, U.; Martin, A. Heterogeneously-Catalyzed Hydrogenation of Carbon Dioxide to Methane using RuNi
Bimetallic Catalysts. Energy Technol. 2015, 3, 55–62. [CrossRef]

96. Hwang, S.; Lee, J.; Hong, U.G.; Baik, J.H.; Koh, D.J.; Lim, H.; Song, I.K. Methanation of carbon dioxide over mesoporous
Ni-Fe-Ru-Al2O3 xerogel catalysts: Effect of ruthenium content. J. Ind. Eng. Chem. 2013, 19, 698–703. [CrossRef]

97. Liu, Q.; Wang, S.; Zhao, G.; Yang, H.; Yuan, M.; An, X.; Zhou, H.; Qiao, Y.; Tian, Y. CO2 methanation over ordered mesoporous
NiRu-doped CaO-Al2O3 nanocomposites with enhanced catalytic performance. Int. J. Hydrogen Energy 2018, 43, 239–250.
[CrossRef]

98. Chein, R.-Y.; Wang, C.-C. Experimental Study on CO2 Methanation over Ni/Al2O3, Ru/Al2O3, and Ru-Ni/Al2O3 Catalysts.
Catalysts 2020, 10, 1112. [CrossRef]

99. Bustinza, A.; Frías, M.; Liu, Y.; García-Bordejé, E. Mono- and bimetallic metal catalysts based on Ni and Ru supported on
alumina-coated monoliths for CO2 methanation. Catal. Sci. Technol. 2020, 10, 4061–4071. [CrossRef]

100. Navarro, J.C.; Centeno, M.A.; Laguna, O.H.; Odriozola, J.A. Ru–Ni/MgAl2O4 structured catalyst for CO2 methanation.
Renew. Energy 2020, 161, 120–132. [CrossRef]

101. Stangeland, K.; Kalai, D.Y.; Li, H.; Yu, Z. Active and stable Ni based catalysts and processes for biogas upgrading: The effect of
temperature and initial methane concentration on CO2 methanation. Appl. Energy 2018, 227, 206–212. [CrossRef]

102. Duyar, M.S.; Treviño, M.A.A.; Farrauto, R.J. Dual function materials for CO2 capture and conversion using renewable H2.
Appl. Catal. B Environ. 2015, 168–169, 370–376. [CrossRef]

103. Wang, S.; Schrunk, E.T.; Mahajan, H.; Farrauto, R.J. The role of ruthenium in CO2 capture and catalytic conversion to fuel by dual
function materials (DFM). Catalysts 2017, 7, 88. [CrossRef]

104. Arellano-Treviño, M.A.; Kanani, N.; Jeong-Potter, C.W.; Farrauto, R.J. Bimetallic catalysts for CO2 capture and hydrogenation at
simulated flue gas conditions. Chem. Eng. J. 2019, 375, 121953. [CrossRef]

105. Proaño, L.; Arellano-Treviño, M.A.; Farrauto, R.J.; Figueredo, M.; Jeong-Potter, C.; Cobo, M. Mechanistic assessment of dual
function materials, composed of Ru-Ni, Na2O/Al2O3 and Pt-Ni, Na2O/Al2O3, for CO2 capture and methanation by in-situ
DRIFTS. Appl. Surf. Sci. 2020, 533, 147469. [CrossRef]

106. Ocampo, F.; Louis, B.; Kiwi-Minsker, L.; Roger, A.C. Effect of Ce/Zr composition and noble metal promotion on nickel based
CexZr1-xO2 catalysts for carbon dioxide methanation. Appl. Catal. A Gen. 2011, 392, 36–44. [CrossRef]

107. Shang, X.; Deng, D.; Wang, X.; Xuan, W.; Zou, X.; Ding, W.; Lu, X. Enhanced low-temperature activity for CO2 methanation over
Ru doped the Ni/CexZr(1−x)O2 catalysts prepared by one-pot hydrolysis method. Int. J. Hydrogen Energy 2018, 43, 7179–7189.
[CrossRef]

108. Renda, S.; Ricca, A.; Palma, V. Precursor salts influence in Ruthenium catalysts for CO2 hydrogenation to methane. Appl. Energy
2020, 279, 115767. [CrossRef]

109. Polanski, J.; Siudyga, T.; Bartczak, P.; Kapkowski, M.; Ambrozkiewicz, W.; Nobis, A.; Sitko, R.; Klimontko, J.; Szade, J.; Lelątko,
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