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ARTICLE INFO ABSTRACT

Keywords: Carbon-based materials have attracted significant attention in various catalytic applications. However, they are
CO, methanation rarely reported for high-temperature catalytic reactions, owing to their limited thermal stability compared to
Carbon-supported catalysts other common materials such as silica and alumina, especially in oxidation reactions. CO, methanation became a
g{;f}?:rne pivotal research hotspot due to its ability to contribute to greenhouse gas mitigation. In addition, CO3 metha-

nation reactions can be carried out below 400 °C in a hydrogen atmosphere, which suits the thermal stability of
many modified carbon materials. However, the number of reviews on CO, methanation does not match the huge
number of the experimental publications on CO, methanation particularly reviews on carbon-supported cata-
lysts. Motivated by the paucity of literature, including reviews on carbon-supported catalysts for CO, metha-
nation, this review is focused on the catalytic performance of the carbon-supported catalysts of CO5 methanation.
It offers significant comparisons among all reported carbon-supported catalysts, providing a comprehensive
study on the effect of the carbonaceous supports, such as graphene, biochar, and carbon nanotubes on the
catalytic activity. In addition, it investigates the impact of promoters on the catalytic performance of the carbon-
supported catalysts in CO, methanation and highlights the preparation methods and their optimized metal
compositions that lead to the highest activity and selectivity. We conclude with a brief synopsis on the current
challenges and perspectives on the future directions. This study paves the way for broader usage of carbon-
supported catalysts for different thermal catalytic applications, not limited to CO2 methanation.

Carbon nanotubes

1. Introduction attracted researchers in the last decade to explore it intensively, which is
evidenced by the significant increase in the number of publications on
Excessive usage of fossil fuels as main energy resources resulted in CO2 methanation in the last ten years (Fig. 1).

detrimental carbon dioxide (CO3) emissions, which are the main reason K I K i
for global warming. Therefore, the frontlines in science and engineering CO2 + 4H; — CHy + 2H,0 AHzogx = - 165 kJ/mol; AG =-141.9 kJ/mo
are persuaded to solve this issue using different strategies such as COy )

capture and utilization [1]. One of the most promising reactions of CO, CO, + 3H, = CH30H + H0 AHaggk = - 49.5 kJ/mol; AG = 3.5 kJ/mol

utilization is COy hydrogenation to methane (Eq. (1)) or to methanol @

(Eq. (2)) [2]. However, the path of CO5 hydrogenation to methanol

necessitates harsh operating parameters such as high reaction temper- Both noble and transition metals such as Ru and Ni were reported as
atures and high applied pressures [3]. On the other hand, CO; hydro- catalysts for CO, methanation, with different supports such as silica [4]
genation to methane does not require hlgh operatjng temperatures and and alumina [5]. In contrast, carbon based catalysts are not favored in
can be operated at at_[nospheric pressure. Thus, CO, methanation has the thermal catalytic reactions due to their thermal instability, partic-

ularly in the high-temperature regime and oxidation reactions [6].
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However, CO, methanation reactions can be operated below 400 °C in
hydrogen atmosphere, which meets with the thermal stability of
different modified carbon materials.

Recently, researchers have become more interested in investigating
carbon-supported catalysts for CO, methanation to achieve a sustainable
catalyst for the environmentally friendly reaction (CO5 methanation),
which is indicated by the increasing number of publications in the last
five years (Fig. 1a). However, there is still a big gap between the number
of reported articles on CO; methanation and the reported carbon-
supported catalysts used for CO, methanation. This is despite the in-
terest of carbon catalysts or carbon supports, as discussed by Figueiredo
et al. [7]. The authors reported an interest in carbon as materials with
controlled porous structure and active oxygen surface sites, introduced
by e.g. surface oxidation. On ceramics, oxygen sites can bridge the CO
intermediate before the formation of bidentate formate, and methane
[8]. Oxygen vacancies could be created due to the reducing effect of
hydrogen during the process, and are known as active sites to host COy
[8]. Carbon materials such as carbon nanotubes could be partially
oxidized, but activated carbon and biochar have the advantage of con-
taining nitrogen sites that are not borne by ceramics. Such nitrogen sites
could play a major role in carbon dioxide methanation. They arise from
the biomass (biomass protein, chitin, chitosan, ...) or could be intro-
duced by doping carbon, therefore resulting in basic nitrogen sites (for
example pyridinic nitrogen sites) [9]. It is thus clear that carbon has
other features to offer compared to ceramics and this is what motivated
the growing number of investigations of CO, methanation over carbon
supports.

As shown in Table 1, various reviews were published on the COy
methanation discussing its proposed mechanisms [10,11], the catalytic
performance of the reported catalysts [ 12-14], the effect of supports and
promoters [15], the preparation methods and reaction conditions [16],
mechanisms and thermodynamics [17]. However, reported reviews on
CO2 methanation remain scarce compared to the increasing number of
publications on that topic. In addition, only one review is reported on
the carbon-supported catalysts [17], which mainly focused on the COy
hydrogenation to methanol in addition to the thermodynamics and
mechanisms. Thus, we provide a vital review on the state-of-the-art of
carbon-supported catalysts reported for the thermal catalytic CO5
methanation. This review focuses on the catalytic performance of the
carbon-supported catalysts, providing significant comparisons among
all reported catalysts. It provides insight into how carbonaceous support
influences catalysts and identifies which type of carbon is more advan-
tageous. It also examines the influence of promoters on the catalytic
efficiency of carbon-supported catalysts in CO5 methanation. Further-
more, it discusses various preparation techniques and their optimized
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Table 1
Summary of the most relevant reviews on CO, methanation.

Title Focus Ref

Progress in reaction mechanisms perspectives on understanding the [10]
and catalyst development of active sites and intermediates’
ceria-based catalysts for low- evolution on Ceria-based catalysts
temperature CO, methanation

Catalysis mechanisms of CO, and Only on the fundamentals of reaction [11]
CO methanation mechanisms of CO5 and CO

methanation

Recent advances in thermal hydrotalcite-derived systems and [12]
catalytic CO, methanation on their catalytic performance in CO,
hydrotalcite-derived catalysts methanation

Research Progress and Reaction Nature of active sites, supports, [13]
Mechanism of CO, Methanation promoters, and preparation methods
over Ni-Based Catalysts at Low of Ni-based catalysts, reported for the
Temperature: A Review CO, methanation

Recent trend in thermal catalytic Reaction kinetics, catalyst’s [14]
low temperature CO, supports, promoters, and reactor
methanation: A critical review technologies

Supported catalysts for CO, Focusing on the catalyst deactivation ~ [15]
methanation: A review and catalyst promoters

Recent Progresses in Constructing Catalytic supports, catalytic dopants, [16]
the Highly Efficient Ni Based preparation methods, and reaction
Catalysts With Advanced Low- conditions
Temperature Activity Toward
CO, Methanation

Bimetallic Ni-based catalysts for Evaluation of catalytic performance [18]
CO, methanation: A review of other transition and noble metals

attached to Ni as bimetallic catalysts
such as Fe, Co, Cu, Ru, Rh, Pt, and Pd

The role of alkali and alkaline earth ~ Catalytic performance of alkali and [19]
metals in the CO, methanation alkaline earth metals and the
reaction and the combined developments of dual-function
capture and methanation of CO» materials (DFMs)

Recent Advancements, Discussing the reaction mechanism, [20]
Fundamental Challenges, and catalytic materials, and novel
Opportunities in Catalytic combination of metal active phase
Methanation of CO, and its synergy.

CO,, Hydrogenation to Methanol Thermodynamics and mechanisms of  [17]
and Methane over Carbon- CO hydrogenation over ceramic and
Supported Catalysts carbon supports.

Carbon Dioxide Methanation Focusing on the biochar as a support [21]

Enabled by Biochar-Nanocatalyst
Composite Materials: A Mini-
Review

for the metal-based catalysts
reported for the CO, methanation.

metal compositions, as well as delving into the resulting catalytic ac-
tivity of these carbon-supported catalysts. We will finish by stressing the
up-to-date challenges and perspectives in the field. This review paves
the way for wider utilization of carbon-supported catalysts in CO,
methanation, and more generally in thermo-catalytic processes.

(b)
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Number of Publications

CNTs Graphene Biochar

AC CNFs

Fig. 1. (a) Publications number of CO, methanation in the last decade, and (b) Publications number of the reported carbon supports for the CO, methanation. Data

obtained from Web of Science, until December 2023.
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2. Carbon supports

Various types of carbon were studied as supports for the catalysts of
CO2 methanation such as graphene, carbon nanotubes (CNTs), and
biochar. In addition, few articles were reported on the activated carbon
(AC) and carbon nanofibers (CNFs) as supports, as shown in Fig. 1b,
which shows the number of publications of the different reported carbon
types as supports for the catalysts of CO, methanation, according to Web
of Science. Moreover, effect of reported promoters and N-doped carbo-
naceous supports are studied as well.

3. Carbon nanotube supports (CNTs)

In the last decades, carbon nanotubes (CNTs) triggered increased
research interest owing to their exceptional properties, such as large
specific surface area, high electrical and thermal conductivities, and
enhanced mechanical properties [22]. The unique tubular structure of
CNT can enhance the dispersion of the active components via confine-
ment effect that can restrict their particle size down to the nanometer
scale and prevent their migration and agglomeration [23]. In addition,
the unique structure and good electrical conductivity of CNT can boost
the interaction with reactant molecules and favor the electron transfer
between the active sites and the reactants [24]. Suslova et al. [25].
studied the hydrogenation of CO; on cobalt-based catalysts supported on
different types of synthesized carbon supports, i.e. carbon nanotubes
(CNTs), carbon nanofibers, few-layer graphite fragments compared to
alumina support.

Carbon nanotubes (CNTs) were prepared by hexane pyrolysis at 750
°C in the presence of MgO under a flow of Ny as a carrier gas, carbon
nanofibers (CNFs) were synthesized by the pyrolysis of benzene con-
taining Fe(acac)3, while few-layer graphite (FLG) fragments were pre-
pared via pyrolysis of butylamine in the presence of MgO at 900 °C [25].
CNTs-Al,03 composites were prepared via methane pyrolysis at 650 °C
for 5 h in the presence of Al;03. The CNTs surface was functionalized by
treating with concentrated nitric acid. CNTs and FLG fragments were
thermally stable up to 570-650 °C, while CNFs is distructed above 300
°C [25]. The reaction product was CO, CH4 or a mixture of them
depending on the nature of support material, the cobalt size, cobalt
loading and the cobalt phase. The results showed that the Co/CNTs
catalysts containing less than 5 wt% Co are inactive owing to the
amorphism of the metal. It was also found that the functionalization of
the surface of CNTs with carboxy groups or the introduction of nitrogen
atoms into FLG enhances the stability of the cobalt-containing catalysts.
Ni-supported Ce-promoted CNTs was synthesized by ultrasonic-assisted
impregnation and investigated as catalyst for CO, methanation

(a)

100

(b)
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compared to non-promoted and alumina-supported catalysts [26]. The
results showed that the insertion of cerium improved the dispersion of
Ni, enhanced the reducibility of NiO and boosted the CO; activation. In
addition, the confinement effect of CNTs prevented the migration and
sintering of Ni and retarded the carbon deposition. The CO, conversion
increased with increasing the cerium loading till 4.5 wt%, owing to the
change in the interactions between the active species with the CNTs
support and modifying the electronic structure of the active species [26]
(see Fig. 2a-b).

At higher Ce contents, no obvious change in CO» conversion was
observed, due to the coverage of active sites on the surface of the catalyst
and the limited capacity of cerium surface to donate electrons to the
metallic nickel and adsorbed reactants on the surface of the catalyst
[26]. The 12Ni4.5Ce/CNT revealed higher CO5 conversion (82.5 %),
better stability and higher CH4 selectivity (almost 100 %) after
100 hours compared to 12Ni/CNT catalyst (Fig. 2c). In addition, the
Ce-promoted catalyst depicted lower apparent activation energy
(13.1kJmol™") compared to the non-promoted catalyst
(84.8 kJ mol™1), which might be attributed to the electronic effect as the
promoted catalyst could alter the electronic structure of the reactants,
making them more reactive [26].

Ni-ZrO5 catalyst supported on carbon nanotubes was investigated
towards CO, methanation reaction [27]. The catalyst was synthesized
via two different approaches, i.e., sequential impregnation
(Ni/Zr/CNT-SEQ) and co-impregnation (Ni/Zr/CNT-COI). The Ho-TPR
profile (Fig. 3a) shows that Ni/Zr/CNT-SEQ and Ni/CNT have similar
profiles with a strong signal at about 350-400 °C, assigned to weakly
interacting NiO with the support, and a weak signal at 500-550 °C,
attributed to NiO with intimate contact with the CNTs walls [27]. On the
other hand, Ni/Zr/CNT-COI showed a very weak signal at about 326 °C
and an intense signal at higher temperatures than Ni/CNT and
Ni/Zr/CNT—SEQ. This is an indication that in Ni/Zr/CNT-COI Ni was
not easily accessible, as it is mostly covered/blocked by zirconia.
Ni/CNT-COI and Ni/Zr/CNT-SEQ revealed similar CO5 desorption pro-
files, however, Ni/Zr/CNT-SEQ depicted greater CO, adsorption ca-
pacity than Ni/Zr/CNT-COI (Fig. 3b). Ni/Zr/CNT-SEQ exhibited higher
CO4 conversion than Ni/Zr/CNT-COL For example, T10 and T50 values
for Ni/Zr/CNT-SEQ were 254 and 369 °C, respectively; however, their
values in case of Ni/Zr/CNT-COI were 310 and 500 °C, respectively.

In terms of CH4 selectivity, Ni/CNT afforded 25-30 % at all tem-
peratures. Meanwhile, Ni/Zr/CNT-COI presented CHy4 selectivity 100 %
at 225 °C, which decreased to 16 % at 500 °C. Ni/Zr/CNT-SEQ showed
CHy4 selectivity of 100 % up to 450 °C, and then decreased to 79 % at 500
°C (Fig. 3c-d) [27]. The enhanced catalytic activity of Ni/Zr/CNT-SEQ
can be attributed to that the Ni-ZrO, interface is more accessible to
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Fig. 2. (a) CO, conversion, (b) CH, selectivity as a function of temperature for different catalysts, and (c) The stability and CH,4 selectivity of 12Ni/CNT compared to

12Ni4.5Ce/CNT. Reproduced from [26] with permission of Elsevier.
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of Elsevier.

the reaction gases, which facilitate combination of hydrogen atoms with
activated CO;. On the other hand, the Ni/ZrO; interface in
Ni/Zr/CNT-COI is not accessible to the reagents, which limits the

Table 2
CO, conversion, product selectivity, and TOF at 340 °C [28].

dissociation of hydrogen and the rate of CO; methanation, as shown in Catalyst CO, Conversion  CH, Selectivity ~ CO Selectivity TOIi
Scheme 1 (%) (%) (%) (Gl
Ni/N-doped CNT was synthesized via a three-step approach and 10Ni/ 28.5 81.4 18.5 0.30
studied as a catalyst for CO, methanation [28]. Firstly, a multiwalled 201:3\” 354 004 o5 0.28
. qs . L X . . .
carbon nanotube (MWCNT) was oxidized, using HNO3. Then N-CNT was NCNT
synthesized by annealing the oxidized CNT at 400 °C under ammonia. 30Ni/ 50.9 95.8 4.9 0.28
Ni/N-CNT was prepared by impregnation and calcination in air at 280 NCNT
°C. The metal content was changed from 10 to 50 wt%. The optimum 40Ni/ 51.4 95.6 4.4 0.32
S o N . . . NCNT
metal content was 30-40 wt% Ni, where it afforded the highest Ni 50N/ 46.9 037 63 0.32

surface area, the highest degree of CO, conversion, and the highest NCNT
selectivity to methane (Table 2). The calculated apparent activation
energy of different loadings ranged between 56 and 68 kJ mol ™!, while
a constant TOF of 0.3 s~ was recorded.

Dyachenko et al. studied the catalytic performance of CogoNigy/

H, H,

Zr-O-Ni

Scheme 1. The NiO, ZrO, and interface Ni-O-Zr in the surface of CNT for Ni-Zr-CNT-COI (A) and Ni-Zr-CNT-SEQ catalysts (B). Reproduced from [27] with
permission of Elsevier.
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CNTs, NiggFeyo/CNTs, and CogsFep;/CNT towards CO, methanation
[29]. The results showed that NiggFeyo/CNTs afforded the highest CHy4
yield (88 %) at 350 °C, whereas CogsFey;/CNT and CogoNizg/CNTs
provided CH,4 yield of 64 % and 72 %, respectively. In addition, N-doped
CNT (CNT-N) was synthesized by ball milling of CNT with melamine and
annealing the product under Nj at 600 °C [30]. Afterwards, Ni/CNT-N
was synthesized by incipient wetness impregnation and investigated
as a catalyst for CO methanation compared to Ni/CNT. No significant
change was observed in the textural properties of pristine CNT and
N-CNT. Ni/CNT-N afforded a maximum CO, conversion of 81.2 % and
99.2 % CHy4 selectivity at 400 °C, while the pristine Ni/CNT revealed a
maximum CO; conversion of 78.5 % and 98.5 % methane selectivity at a
higher temperature (430 °C). In addition, Ni/CNT-N exhibited excellent
durability over 48 h time-on-stream.

Jing Li et al. investigated the catalytic activity of Mn-promoted Ni/
oxygen functionalized CNT towards CO, methanation [31]. The
as-synthesized catalyst was calcined under N at three different tem-
peratures; 350, 450 and 550 °C. In addition, the introduction of Mn into
the structure made the Ni reduction more difficult, as it shifted the
reduction temperature to higher temperatures. It was observed that
elevating the calcination temperature increased the porosity of the CNTs
and increased the particle size of Ni. However, the addition of Mn had no
significant effect on the average particle size. The results also exhibited
that the higher the calcination temperature, the weaker the metal sup-
port interaction (MSI)[31], which is opposite to the M-MyOy system.
This was explained based on a mechanism emphasizing both the elec-
tronic and geometric effects (Scheme 2). Electrons are transferred from
the Ni to CNT owing to the high electronegative electron-withdrawing
nature of ~-COOH groups (electronic effect).

Furthermore, upon heating at temperatures > 400 °C, the surface
oxygenated groups (SOGs) that anchor the Ni NPs, are decomposed [31].
These SOGs have higher binding force to Ni than the defect sites.
Therefore, tiny Ni nanoparticles are agglomerated to large spherical NPs
(geometric effect). The catalytic performance of Ni/CNT and
Mn-promoted Ni/CNT catalysts revealed that COy conversion, CHy
selectivity, and CHy yield decreased with decreasing the calcination
temperature (Fig. 4a—c). In addition, the presence of Mn remarkably
enhanced the catalytic performance[31]. This was assigned that Mn
facilitates the activation of reactants at low temperatures and increases
the prevalence of Ni particles composed of several smaller domains, as
well as introducing more defects in the Ni NPs.

The catalytic activity of Ni/N-doped CNT (Ni/CNT) was studied as a
catalyst for CO, methanation [32]. N-CNT was first synthesized by

Rohust Ni-CNT interaction
Electronic effect

SOGs grafted sites

sjf(,

- Elevating temperature
Ni350 C,
SOGs decomposition & NP aggregation

\\’e:{!(_cfncd Ni-CNT interaction
Geometric effect S

' Defect sites &
! perfect sites

Ni550

Scheme 2. The proposed mechanism accounting for the interaction between Ni
and CNT. Reproduced from [31] with permission of ACS.

Journal of CO2 Utilization 85 (2024) 102881

chemical vapor deposition (CVD), using a CoHg/NH3/Hy mixture in a
molar ratio of 2/2/1. Afterwards, Ni was deposited on N-CNT using
incipient wetness impregnation. The CO, conversion increased with
increasing the temperature to 200-360 °C, whereas the CH4 selectivity
was almost 99 % at the whole temperature range [32]. The calculated
activation energy was found to be (38 kJ mol1). The impact of the gas
hourly space velocity (GHSV) and CO3: Hj ratio were studied. The re-
sults showed that increasing the GHSV from 60,000 to 120,
000 mL min ! led to a decrease in the CO5 conversion from 80 % to
73 % with a slight decrease in CHy selectivity from 99 % to 94 %
(Fig. 5a-b) [32]. Increasing the ratio of CO5:Hjy from 4:1-6:1 increased
the CO conversion from 75 % to 92 % and the methane selectivity from
94 % to 98 % (Fig. 5c-d). The enhancement provided by N-doping is
attributed to providing preferential binding sites for the stabilization of
Ni NPs, generation of CO, concentration gradients at the catalyst active
phase, and suppression of coke formation [32].

Briefly, the Ni catalyst, promoted by Ce and supported on multiwall
carbon nanotubes (Ni-Ce/MWCNT) [28] showed an interesting perfor-
mance, achieving the highest CH, selectivity (100 %) and 83.8 % of CO»
conversion at 350 °C (Table 3). Besides, the Ni catalyst, promoted by Fe
and supported on carbon nanotubes (Ni-Fe/CNTs) [29] presented 100 %
carbon dioxide conversion and 88 % methane yield at 350 °C as well
(Table 3). These two catalysts can be considered as the best reported
catalysts for the CO, methanation, not only among the CNTs-supported
catalysts, but also among the reported carbon-supported catalysts re-
ported for the CO; methanation.

4. Graphene support

Graphene is characterized by several structural merits, such as high
surface area, excellent thermal conductivity, high mechanical strength,
environmental compatibility, low cost, and high adsorption capacity for
a wide range of molecules [33,34]. The reduced oxide graphene (RGO)
contains several functional groups, such as hydroxyls, epoxides, and
carboxyl groups, which can act as centers for anchoring different types
of catalyst nanoparticles [33]. This can significantly improve the
dispersion of these nanoparticles on the support [34]. Ni/rGO was
studied for CO, methanation by many authors, for example, graphene
intercalated Ni-SiO2/GO-Ni-foam was synthesized by deposition of
graphene oxide (GO) on Ni-foam followed by the formation of nickel
silicates [35]. Furthermore, the physicochemical properties of the
catalyst were studied compared to Ni-SiOy/Ni-foam, GO-Ni-foam,
Ni-foam, and Ni-SiO, [36].

Ni-SiOy/Ni-foam showed higher specific surface area and higher
porosity than its counterparts [36]. The Hy-TPR revealed a stronger
metal-support interaction on Ni-SiO3/GO-Ni-foam compared to
Ni-SiOy/Ni-foam (Fig. 6a). The catalytic activity of the catalysts was
investigated towards COs methanation in the temperature range of
230-470 °C [36]. The results showed that the activity in terms of CO5
conversion and methane yield follows the order: Ni-SiO,/GO-Ni-foam >
Ni-SiOy/Ni-foam > Ni-SiO2 > GO-Ni-foam ~ Ni-foam (Fig. 6b-c). DFT
calculations showed that the addition of intercalating graphene
decreased the reaction barriers and energies of H, and CO, dissociation,
decreased the electronic density at the surface of nickel d band center,
decreased the adsorption energy of Hy and increased the CO, adsorption
energy [36].

Nickel encapsulated in microporous graphene-like carbon
(Ni@MGC) was synthesized via a multistep approach and studied for
CO, methanation[37]. Firstly, furfuryl alcohol (FA) was impregnated
into NaY zeolite and polymerized by heating at 150 °C to form PFA-NaY.
Afterwards, the product was heated under N, then, under 2 % propy-
lene/Ny mixture to form carbon/NaY zeolite complex (NaY-C), which
was treated with HF/HCI mixture to remove the NaY template and form
MGC. Finally, Ni was deposited into MGC by incipient wetness
impregnation [37]. The Ni loading was changed from 5 % to 20 %,
where 15 % Ni@MGC afforded the best catalytic performance. It
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Table 3
A comparison among the catalytic activity of the reported CNT-based catalysts.
Catalyst Promoter  Metal Loading Preparation method Optimal GHSVmL/ Max. COy Max. Max. Ref.
(wWt%) (wWt%) Temp. (8cat-h) Conv. (%) CH4-S CH4-Y
(9] (%) (%)
5Co/CNTs - 5 Wet Impregnation 300 2000 0 0 / [25]
5Co/CNTs (activated) 5 14 25
45Co/CNTs 45 89 100
5Co/CNFs 5 26 80
0.56Co/FLG 0.56 0 0
5Co/FLG 5 22 37
15Co/FLG 15 35 20
15Co/CNTs-Al,03 15 60 100
25Co/CNTs-Al;03 25 72 100
12Ni4.5Ce/CNT Ultrasonic-assisted 400 30,000 82.5 100 / [26]
impregnation
Ni/Zr/CNT-SEQ - 5 Sequential impregnation 350 75,000 ~ 54 95 ~ 53 [27]
Ni/Zr/CNT-COI 5 Co-impregnation 350 75,000 ~ 47 40 ~13 [27]
Ni/MWCNT - 12 Ultrasonic-assisted Co- 350 30,000 61.1 96.6 [28]
NiCe/MWCNT Ce 12 impregnation 83.8 % 100
(4.5 %)
CogoNiz0/CNTs NiggFeso/ - 20 Wet impregnation 350 50,000 100 - 72 [29]
CNTs CogsFeqy/CNTs 350 100 88
350 100 64
Ni/N-CNT - 10.7 Incipient impregnation 360 60,000 75 929 [30]
10Ni/NCNT - 9.9 Wet impregnation 340 50,000 28.5 81.4 [30]
20Ni/NCNT 19.7 35.4 90.4
30Ni/NCNT 28.9 50.9 95.8
40Ni/NCNT 34.7 51.4 95.6
50Ni/NCNT 46.0 46.9 93.7
NiMn350/ CNT Mn (4 %) 15 Ultrasonic co- 300 30,000 71.6 100 ~71 [31]
Ni350/CNT 15 impregnation 8.0 ~ 56 ~5
Ni/N-CNT - 15 Incipient impregnation 400 60,000 81.2 99.2 [32]
Ni/CNT 430 78.5 98.5

provided a space-time yield of 2066 gcus kge h™? at 400 °C, a turnover
frequency (TOF) for CO, conversion is 7.4 x 1072 s™% and apparent
activation energy (E,) of 75.32 kJ mol ™. In addition, the same sample
showed enhanced stability for 30 h time-on-stream at 400 °C compared
to Ni/commercial carbon supports, owing to the isolation and confine-
ment of Ni nanoparticles.

Feiyang Hu et al. investigated COy methanation over NiCe supported
on reduced graphene oxide (Ni-Ce/RGO) [38]. Compared to AC and
v-AlyOs-supported catalysts, Ni-Ce/RGO presented the highest catalytic
activity with a maximum CO2 conversion of 84.5 % at 350 °C, while
Ni-Ce/AC and Ni-Ce/y-Al,03 exhibited a maximum conversion of
75.2 % at 350 °C and 78.7 % at 400 °C, respectively. In addition, the
stability test for 100 h at 450 °C showed the following order of activity
Ni-Ce/RGO > Ni-Ce/y-Al,03 > Ni/RGO > Ni/y-Al,03 > Ni-Ce/AC >
Ni/AC [38]. The catalytic activity of Ni-Ce/RGO was confirmed by DFT
calculations, which showed that Ce»O3 is much stronger interacting with
RGO than Cez04. In addition, the adsorption of CO is much stronger
than Hj on all catalysts. Furthermore, ceria remarkably promoted the
activation of COs. In addition, CO, methanation was studied using
Ni/rGO catalyst [39]. The Ni loading was varied between 10 and 20 wt
%. Among the rGO-supported Ni catalysts, Ni15/rGO offered the highest
specific surface area. Moreover, it exhibited the highest reduction tem-
perature and the strongest basic sites compared to the other samples.
The catalytic performance of different Ni/rGO samples was investigated
towards CO, methanation in the three-phase slurry reactor at 240 °C and
10 bar [39]. Notably, Ni15/rGO showed the highest COy conversion
(55.3 %) and methane productivity of 24.9 g/kgc,c h compared to
Nil0/rGO (44.3 %, 19.9 g/kgcar h) and (40.5 %, 18.2 g/kges h) for
Nil0/rGO and Ni20/rGO, respectively. The superior catalytic perfor-
mance of Nil5/rGO was assigned to the high surface area, strong basic
sites, and enhanced MSI compared to its counterparts.

Ni/graphene aerogel (Ni/GA) was prepared by hydrothermal treat-
ment of GO and nickel nitrate mixture in the presence of ammonia for
cross-linking and investigated as a catalyst for CO, methanation
compared to Ni/GO [40]. Ni/GA showed higher dispersion (0.095) with

Ni particle distributions 5-15 nm compared to Ni/GO (0.065 and
5-30 nm). In addition, Ni/GA has enhanced reducibility, more
adsorption active sites, and stronger MSI than Ni/GO. In-situ DRIFTS
spectroscopy affirmed that formate is the main reaction intermediate.
Ni/GA depicted higher CO, conversion (80.4 %) compared to Ni/GO
(68.3 %) at 350 °C. Furthermore, higher methane yield was obtained
over the Ni/GA (76.2 %) compared to Ni/GO (63.9 %).

Mohanty et al. studied the CO5 methanation under induction heating
mode (IH) using Ni-supported on a hybrid support, i.e., carbon nano-
fibers/few layer graphene (CNFs/FLG) [41]. The synthesis of the cata-
lyst was carried out by the CVD at operating temperatures 700, 800 or
900 °C, and the Ni loading was changed; 10, 20, and 40 %. FC-800
showed the highest edge-to-surface, owing to the small diameter of
CNF (18-23nm) compared to FC-700 (33-45nm) and FC-900
(85-95 nm) [41]. All samples revealed the presence of basic sites with
moderate basicity with absence of weak basic sites, and FC-800 samples
desorb at lower temperatures than FC-700 and FC-900 samples, which
make them better candidates for CO; methanation. FC-800-10Ni
exhibited the best catalytic performance with maximum CO, conversion
of 85 % and 99.6 % methane selectivity at 360 °C. Increasing the Hy:CO4
ratio from 4:1-6:1 increased the CO5 conversion to 96.8 % and the CH4
selectivity to 99.8 % (Fig. 6d). In addition, the increase of GHSV to 60,
000 and 120,000 decreased the maximum CO» conversion by 3 and 8 %,
respectively, with little effect on CHy4 selectivity (Fig. 6e).

Effect of (d) feed mixture ratio and temperature and (e) GHSV on the
CO4, conversion and CHy selectivity for FC-800-10Ni. Reproduced from
[41] with permission of Elsevier.

Graphene-supported Ni catalysts were studied and their catalytic
behavior towards CO; methanation was compared to Ni supported
alumina[42]. The studied graphene supports were commercial reduced
graphene oxide (rGO), graphene oxide reduced with methylamine
borane (BGO), aminated graphene oxide (AGO) and three types of
oleylamine aminated graphene oxide prepared using different proced-
ures (01/GO), (01-GO) and Ol-GO (Met). Among them only 13Ni/rGO
catalyst retains functional oxygen groups in an accessible way. The
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introduction of lanthanum as promoter increased the catalyst resistance between 3.7 and 7.6 nm were deposited on graphene nanoplatelets
to H,S poisoning and enhanced the catalytic activity of 13Ni/Al,O3 but (GNP-500) via the wetness impregnation method and studied for CO5
did not affect the catalytic performance of 13Ni/rGO. methanation. The reaction was carried out at 1 and 30 bar. The mea-

The impact of Ni particle size on the catalytic activity, stability, and surements showed that at both pressures the increase in the Ni particle
methane selectivity was studied [43]. Ni nanoparticles of sizes ranging size increased the CO; conversion without affecting the apparent
Table 4
A comparison among the catalytic activity of the reported graphene-based catalysts.

Catalyst Promoter  Metal Loading (wt Preparation method Optimal GHSVmML/(gcat- Max CO» Max CHs;-  Max CHy- Ref
%) Temp. h) Conv. S Y
“Q) (%) (%) (%)

Ni-S$i0,/GO-Ni- - Hydrothermal 470 500 83.7 91 82 [36]
foam Synthesis 66 ~60
Ni-SiO,/Ni-foam 55.2 47.4
Ni/SiOy 33.9 ~3
GO-Ni-foam 28.9 ~3
Ni-foam

Ni@MGC - 15 Incipient 400 36,000 50 96 [371

impregnation

Ni-Ce/RGO Ce (5 %) 20 Impregnation 350 36,000 84.5 99.9 83 [38]

Nil5/rGO - 15 Incipient 240 55.3 100 [33]

impregnation

Ni/GA - Hydrothermal 350 36,000 80.4 94.8 76.2 [40]
Ni/GO Synthesis 68.3 93.5 63.9

FC—800-10Ni-F - 10 Wetness impregnation 360 30,000 85 99.6 [41]

13Ni/rGO - 13 Wetness impregnation 537 128.75 - - 78 [42]
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activation energy. In addition, the CHy selectivity is higher for larger
particles at both 1 and 30 bar. Briefly, the Ce-promoted Ni catalyst,
which is supported on reduced graphene oxide (Ni-Ce/RGO) [38]
showed 83 % COg conversion with 99.9 methane selectivity at 350 °C
(Table 4), competing with the aforementioned catalysts Ni-Ce/MWCNT
[28] and Ni-Ce/CNTs [29].

5. Biochar supports

According to Web of Science, only few research articles were re-
ported on the biochar used in the thermal CO, methanation process,
which might be attributed to the low thermal stability of biochar that
may make problems during the reaction, such as oxidizing to COy [21].
However, some researchers modified those materials and investigated
their performance in the COy methanation. In 2019, Wang et al. [9].
reported biochar-based catalysts obtained from the Pinus sylvestris
powder, which was pyrolyzed at different temperatures; 500, 600, and
700 °C, a nitrogen environment for one hour. The powder was also
doped with nitrogen by using urea precursor during the pyrolysis pro-
cess and then cooled down to room temperature. The collected powder
was then treated by nitric acid and then the mixture was filtered and the
obtained wet powder was dried at 80 °C [9]. Finally, Ru was impreg-
nated to the obtained support with metal loading around 35~42 wt% by
the wet impregnation method, and the catalysts were denoted according
to their pyrolysis temperatures as, Ru/NABC-500, Ru/NABC-600, and
Ru/NABC-700.

The three catalysts worked successfully in the CO3 methanation re-
actions, and Ru/NABC-600 showed high CO, conversion of 93 % and
CHy4 selectivity of 99 % at 380 °C and 10 bar [9]. In another study, Also
Wnag et al. [44]. investigated the same biochar support pyrolyzed at
600 °C, but with Ni as an active metal instead of Ru. The catalysts were
prepared by the impregnation method with metal loading of 15 wt% of
Ni, and then another promoted catalyst was prepared using Ce as a
promoter. The promoted Ni-Ce catalyst showed higher catalytic per-
formance than the non-promoted catalyst in the COy methanation,
which is attributed to the ability of Ce to enhance the metal dispersion
on the biochar support [44]. The promoted Ni-Ce catalyst could achieve
88 % carbon dioxide conversion and 92 % methane selectivity at 360 °C
and 10 bar pressure [44]. Moreover, Stasi et al. [45]. reported a wheat
straw derived biochar impregnated with Ni and Ce with metal loadings
of 20 and 30 wt%, respectively. That catalyst (BCCeNi) showed 65 %
carbon dioxide conversion and 95 % methane selectivity at 400 °C and
10 bar [45].

Those three studies [9,44,45] opened the door for utilizing biochar in
thermal CO, methanation. However, using Ru as an active metal [9] and
applying high-pressure conditions are disadvantages, as they increase
the cost of the CO, methanation process and preclude the possibility of
scaling it up. Li et al. investigated the effect of Mg on the
Ni/biochar-based catalysts, which were derived from coconut shells
[46]. The coconut shell biochar showed high surface area and various
pore sizes, which enhanced the catalytic activity [46]. Moreover, the
addition of Mg improved the metal dispersion on the support resulting in
high catalytic performance [46]. The catalytic tests that were carried out
at atmospheric pressure showed that the catalyst, Ni-Mg/coconut shell
biochar, was highly active in the CO5 methanation, as it could achieve
CO4, conversion of 90 % and CHy selectivity of 99 at 450 °C [46]. This
study presented a cheaper route for preparing biochar-based catalysts
and affordable operating conditions in the CO, methanation process.
However, the high catalytic performance was obtained at a higher
operating temperature (450 °C) compared to the previous study carried
out at 10 bar (360 °C) [44]. In addition, Renda et al. investigated the
wheat straw biochar as a support for Ni in the CO, methanation reaction,
which provided very high surface area leading to high catalytic activity
(600 m?/ g) [45,47]. The authors also reported that addition of CeO3 as a
promoter to the nickel/ wheat straw biochar enhance the metal support
interaction and improves the metal dispersion, leading to reduced active
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phase mobility and sintering resistance [47]. The best-promoted
Ni-Ce/biochar catalyst could achieve 62 % carbon dioxide conversion
and 90 % methane selectivity at 425 °C and atmospheric pressure [47].
In a further study, the same authors reported that the addition of 30 and
20 wt% of ceria and nickel, respectively resulted in higher catalytic
activity as the catalyst 20Ni-30Ce/biochar achieved 65 % carbon diox-
ide conversion and 95 % methane selectivity at 400 °C [45].

Tarifa et al. [48] investigated cellulose-derived carbon (CDC) as a
biochar support for the nickel in the CO; methanation. The CDC
exhibited unique features, such as a significant surface area, high ther-
mal conductivity, hydrophobic tendencies, and outstanding hydrogen
storage capability [48]. These attributes prove highly beneficial in CO,
methanation by promoting the efficient dispersion of the active metal,
preventing the formation of hot spots, and providing hydrogen to the
active phase. The catalyst that was promoted by Ce (Ni-Ce/CDC) showed
a very high selectivity to methane (~100 %) at very low operating
temperature (175 °C) in addition to 54 % CO, conversion at the same
temperature [48]. That high catalytic activity and selectivity is attrib-
uted mainly to the aforementioned catalytic properties of CDC and then
to the Ce effect, improving the metal dispersion. Filipe et al. reported
Cork derived carbon as supports for the catalysts of CO; methanation,
which offered high affinity towards the methanation reactions [49].

Those carbonaceous materials showed high metal support interac-
tion and high metal dispersion, leading to high catalytic activity,
particularly after addition of Ce to the Ni [49]. The highest catalytic
performance was offered by NiCe/biochar-Cork at 400 °C, showing 70 %
carbon dioxide conversion and 99 % methane selectivity [49].

Recently, Gamal et al. reported sugarcane bagasse biochar (SCBB) as
a support for the Ni to be used for the first time in the CO; methanation
[50]. The SCBB-based catalysts, were synthesized by pyrolysis at 500 °C
in the presence of Ni precursor. The catalysts were loaded by different
Ni-nitrates concentrations; 0.1, 0.3, 0.5, 0.8 and 1.2 mmol/g, and
accordingly, denoted as, 0.1Ni/SCBB, 0.3Ni/SCBB, 0.5Ni/SCBB,
0.8Ni/SCBB and 1.2Ni/SCBB, respectively [50]. The SCBB support
offered high surface area (620 m?/g) with porous structures, resulting in
high catalytic activity, as shown in Fig. 7a-d. The zoom on the porosity
showed the fishing net structures of the SCBB reported, earlier in the
literature [51], as seen in Fig. 7e-f. Moreover, increasing the Ni loading
on the SCBB more than 0.5 mmolyi/gscps led to agglomeration as
depicted in Fig. 7g-h, which resulted in less catalytic activity [50]. The
catalytic performance was increasing with raising the nickel content up
to 0.5 mmol/g, then it dropped with increasing the nickel loading,
ascribed to the agglomeration [50]. The catalyst 0.5Ni/SCBB exhibited
the highest CO, conversion at 58 % (at 500 °C), CHy4 selectivity at 76 %
(at 400 °C), and CHy yield at 34 % (at 400 °C), respectively (Fig. 8a-d).
CHy4 selectivity and CH,4 yield followed the same trend, as they increased
by raising the temperature to 400 °C, and then dropped because of the
competed reverse water gas shift reaction [14,52].

Table 5 shows a comparison among the highest catalytic perfor-
mance of the few biochar-based catalysts reported for the CO, metha-
nation. All catalysts tested at high operating pressure (10 bar) could
achieve high catalytic performance at 400 °C [9,44,45]. However, using
high-pressure conditions results in higher costs. Thus, it is worth noting
that four studies could achieve high catalytic performance at atmo-
spheric pressure [47-50]. Among those four studies, the bimetallic
catalyst Ni-Ce/CDC can be considered the best catalyst among all
biochar-based catalysts reported for the CO2 methanation, as it could
achieve 78 % carbon dioxide conversion and 99.9 % methane selectivity
at atmospheric pressure, at an operating temperature 400 °C. The
catalyst Ru/ABC also achieved 99 % methane selectivity at 400 C, but
using the expensive Ru and applying high pressure (10 bar) are signif-
icant disadvantages precluding the scaling up.

6. Activated carbon (AC)

Only three articles reported on the activated carbon (AC) as a support
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Fig. 7. (a—g) SEM images of different catalysts, and (h) nickel elemental mapping of 0.8Ni/SCBB. Reproduced from [50] with permission of Elsevier.
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Fig. 8. (a) CO, conversion, (b) CH, selectivity, CHy yield of all Ni/SCB catalysts. Reproduced from [50] with permission of Elsevier.

for the catalysts used in the CO, methanation and all of them studied AC
with Ni. Those articles indicated that the AC could provide high surface
area and enhance the dispersion of the metal particles on the support
[53-55]. Feng et al. reported that using AC as a support for Ni offered a
very high surface area (940 m?/g) and a pore volume of 0.51 cm®/g,
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resulting in high catalytic performance [53]. The catalyst Ni/AC con-
taining 15 wt% of Ni and prepared by impregnation method could
achieve the highest catalytic activity at 360 °C with 68 % CO, conver-
sion and 65 % CHy yield [53]. Goncalves et al. also reported 15 wt% Ni
on activated carbon for the CO, methanation, prepared by incipient
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Table 5

A comparison among the highest catalytic performance of the few reported biochar catalysts.
Catalyst Metal Loading Operating Pressure Optimum Temp. GHSV Max. CO, conversion (%) Max. CH, selectivity Ref.

(Wt%) (9] mL/(gcar-h) (%)

Ru/ABC 35~42 10 bar 400 6000 90 99 [9]
Ni/ABC 15 10 bar 400 1200 85 91 [44]
Ni/Ce-ABC 20-30 10 bar 400 1200 88.6 91.5 [44]
Ni-Ce/BC 20-30 10 bar 400 15,000 65 95 [45]
Ni-Ce/BC 15-20 Atmospheric 450 6000 65 88 [47]
Ni-Ce/CDC 3.5-3.5 Atmospheric 400 30,000 78 99.9 [48]
NiCe/DC 15-15 Atmospheric 400 86,100 70 929 [49]
Ni/SCBB 15 Atmospheric 400 48,000 44 76 [50]

ABC= activated biochar carbon, BC= biochar carbon, CDC: cellulose-derived carbon, DC= derived cork, SCBB= sugarcane bagasse biochar.

wetness impregnation [54]. The catalyst Ni/AC achieved the highest
catalytic activity at 425 °C with 72 % CO5 conversion and 95 % CHy4
selectivity [54]. Wang et al. [55]. studied Ni catalysts supported on AC
and synthesized by the incipient wetness impregnation with 10 wt% of
Ni. The catalyst sowed 69 % CO; conversion and 96 % CH4 selectivity at
340 °C [55].

7. Carbon nanofibers (CNFs)

Only two articles were reported on the carbon nanofibers (CNFs) as
supports for the catalysts of the COz methanation, indicating that CNFs
can provide high surface area [56,57]. Jiménez et al. investigated three
morphological types of carbon nanofibers as supports for Ru; platelet,
fishbone, and ribbon. The catalysts were prepared by the Chemical
vapor deposition (CVD) method with 0.5 wt% of Ru, and the authors
claimed that the catalytic activity of the catalysts of CO, methanation is
not affected by the nature of the CNFs supports [56]. However, the BET
surface area analysis showed that the platelet type offered 286 m?/g,
while the fishbone and ribbon types presented 202 and 68 m?%/g,
respectively [56]. The three Ru catalysts supported on the three types of
CNFs showed similar catalytic activity with 52 % CO, conversion and
99 % CHy selectivity at 500 °C [56]. In addition, Gaidai et al. [57]
investigated the effect of CNFs as a support for Fe-Co catalyst in the CO;
methanation. Using the CNF as a support enhanced the catalytic activity,
as Fe-Co alone presented 71 % CO; conversion and only 8 % CH4
selectivity at 450 °C, while the supported catalyst (Fe-Co/CNFs) offered
65 % CO4 conversion and 88 % CHjy selectivity at 390 °C [57]. Hence,
more work on the activated carbon and carbon fibers, as supports for the
catalysts of CO5 methanation are needed to explore their effect on the
catalytic performance, which may improve it due to the offered high
surface area of the activated carbon [53] and the high electrical con-
ductivity of the carbon nanofibers [58].

8. Effect of promoters on the carbon-supported catalysts

Various promoters were reported for the carbon-supported catalysts
used for the CO, methanation, such as Ce, Ca, Mg, and La. Most of the
reported promoters were investigated with Ni as the active metal, and Ce
was the most reported promoter for the carbon-supported Ni catalysts.
Firstly, in 2016, Feng et al. [53]. investigated the effect of Ca, as a
promoter on the catalytic activity of Ni catalyst supported on activated
carbon with constant Ni loading 15 wt%. The catalysts were prepared by
the impregnation method with different Ca contents; 0, 5, 10, 15, 20 wt
%, and denoted as, 15Ni/AC, 15Ni5Ca/AC, 15Nil0Ca/AC,
15Ni15Ca/AC, and 15Ni20Ca/AC, respectively. The CO,-TPD showed
that 15Ni10Ca/AC has the highest CO, adsorption-desorption peak,
which can correspond to the basicity of the catalyst and indicates that it
has the most available active sites, which accordingly enhances the
catalytic performance [53]. The catalytic tests at 360 °C showed that the
catalytic activity increases with raising the Ca amount to 10 wt%, as Ca
significantly affects the interaction between the Ni and the support [53].
Although the 15Ni/AC catalyst showed a CO, conversion of 35.89 % and
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a CH,4 yield of 24.2 %, 15Ni10Ca/AC presented 76.2 % CO; conversion
and 75.5 % CHy yield. Increasing the Ca loading up to 20 wt% affected
negatively the catalytic activity, which is attributed to the coverage of
active sites [53].

Li et al. [46] tested the effect of Mg as a promoter on the Ni/coconut
shell carbon catalysts that were synthesized by the co-impregnation
method with a mass ratio of Ni to Mg 0.13, 0.26, 0.39, and denoted as
Ni/CSC, Ni-Mg0.13/CSC, Ni-Mg0.26/CSC, Ni-Mg0.39/CSC. The addi-
tion of Mg enhanced the dispersion of Ni and accordingly prevented
agglomeration of Ni particles at high temperatures, which was
confirmed by the SEM [46]. In addition, the introduction of Mg
improved the basicity of the catalysts, as indicated by the CO5-TPD
analysis [46]. By analyzing the area under the curves, which represents
the basicity of the respective catalysts, it was concluded that
Ni-Mg0.26/CSC demonstrates the highest level of basicity, leading to the
highest catalytic activity. All promoted catalysts showed higher catalytic
activity than the non-promoted catalyst. At 450 °C and atmospheric
pressure, Ni-Mg0.26/CSC showed CO5 conversion of 90.10 %, while
Ni/CSC showed only 77.06 % with methane selectivity around 99 % for
both catalysts. Ni-Mg0.39/CSC presented less catalytic activity than
Ni-Mg0.26/CSC, which is attributed to the active site occupation caused
by the excessive metal particles [46]. In addition, Mn is studied as a
promoter for Ni nanoparticles (NPs) supported on carbon nanotubes
(CNTs) [31].

The catalysts were synthesized by the ultrasonic co-impregnation
method with fixed Ni and Mn loadings, 15 and 4 wt%, respectively in
addition to another catalyst with only Ni loading. The addition of Mn
significantly boosted the catalytic activity at low temperatures, which is
attributed to the improved adsorption of CO,, as indicated by the CO»-
TPD analysis [31]. However, this study was ambiguous, as it did not
investigate different Mn loadings. Moreover, in a comparative study,
Jurca et al. [59]. studied the effect of three promoters (Pd, Ca, and S) on
Co-Fe catalysts supported on carbon (Co-Fe@C). It is concluded that the
addition of Pd with small amounts around 0.5 wt% can improve the CO5
conversion and CHy selectivity, which is attributed to enhancing the Hj
activation and spillover, caused by Pd [59]. In addition, incorporation of
Ca with high percentage around 25 wt% can enhance both CO3 con-
version and CHy4 selectivity, which is ascribed to improving the CO,
adsorption near to the active sites [59]. On the other hand, addition of
small amounts of S to the catalysts showed a severe negative effect on
the CO- conversion in addition to directing the selectivity to CO instead
of CH4 [59]. That dramatic effect is attributed to the poisoning of hy-
drogenating sites, caused by S, disfavoring not only the attack on CO5
but also the successive hydrogen uptake toward CH4 [59].

Regarding the Ce, which is the most reported promoter for the
carbon-supported catalysts used in the CO, methanation, Hu et al.
studied the effect of Ce on Ni-based catalysts supported on reduced
graphene oxide (RGO) [38]. The catalysts were prepared by the
impregnation method with 20 wt% of Ni and 5 wt% of Ce, and denoted
as Ni/RGO and Ni-Ce/RGO. The catalytic performance were signifi-
cantly increased after ceria addition. The Ni-Ce/RGO presented higher
CO; conversion (84.5 %) and higher methane yield (83.0 %) at 350 °C
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and atmospheric pressure, while Ni/RGO showed 78 % CO, conversion
and 75 % CHy yield [38]. This high catalytic activity is ascribed to the
support and promoter effects. RGO support provides high surface area
and surface oxygen-containing functional groups, leading to stable
anchoring of metals, and Ce improves the metal dispersion on the RGO
in addition to enhancing the reaction because of the oxygen vacancies of
Ce [38]. Besides, Renda et al. [47]. also studied the effect of Ceria on the
catalytic activity of Ni/biochar (wheat straw) catalysts that were pre-
pared by slow pyrolysis and subsequent activation with COz. All cata-
lysts included 10 wt% of Ni with different CeO; contents as a promoter;
0, 10, 30 and 50 wt%, and denoted as BCNi, BCNiCel0, BCNiCe30,
BCNiCe50, respectively. Introducing ceria to the Ni supported biochar
catalysts up to 30 wt% provided higher surface area and enhanced the
metal dispersion on the biochar support [47]. However, higher loadings
of CeO; resulted in a decrease in the surface area. The catalytic activity
tests were carried out at the range of 200-450 °C and showed that all
CeO,-promoted catalysts presented higher values of CO; conversion and
CHy4 selectivity, compared to the BCNi catalysts. In addition, BCNiCe30
presented the highest catalytic activity with 70 % CO3 conversion and
90 % CHy selectivity at 450 °C, which is attributed to the CeO; effect
that increased the surface area and enhanced the metal dispersion on the
support [47]. BCNiCe50 catalyst showed 50 % CO conversion and 80 %
CH4 selectivity at 450 °C, which is attributed to the agglomeration
occurred by the excess ceria, as confirmed by the TEM images [47].

In another comparison, Ahmad et al. [60]. investigated Ce compared
to La as promoters for Ni-based catalysts supported on graphitic carbon
nitride (g-CsN4). The catalysts were prepared by the impregnation
method and the Ni amount was fixed at 10 wt%, and the promoter
loading (Ce or La) was fixed at 3 wt%. The catalysts were denoted as
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Ni/g-C3Ny4, Ni-Ce/g-C3Ny4, and Ni-La/g-C3N4. Both Ce and La improved
the metal dispersion leading to less agglomeration, and both of them
enhanced the metal-support interaction [60]. The CO.-TPD analyses
showed that the basicity of catalysts followed the order of Ni-Ce/g-C3N4
> Ni-La/g-C3N4 > Ni/g-C3Ny, indicating that Ce promoted the highest
CO4 adsorption, and accordingly the highest catalytic activity [60]. The
catalytic activity tests were carried out in a temperature range of
225-600 °C, and Ni-Ce/g-C3N4 presented the highest catalytic activity
among the three catalysts with 82 % COy conversion and 99 % CHy
selectivity at 300 °C. Ni-La/g-C3N4 and Ni/g-C3N4 showed the maximum
CO; conversion of 73 % and 48 % at 342 and 425 °C, respectively, in
addition to 99 % CHj, selectivity during the whole range of temperatures
250-300 °C [60]. That high performance is attributed to the
well-enhanced metal dispersion, improved surface basicity, and gener-
ation of surface oxygen vacancies, which originates from the reduction
of CeO, and Ni-Ce-O mixed oxide [60]. However, La addition could also
decrease the Ni particle size, enhancing the dispersion, which results in
improving the catalytic activity due to the synergetic effect [42,60].
Tarifa et al. [48] reported a comparison between Ce and Mg as
promoters for Ni-based catalysts supported on cellulose-derived carbon
(CDQ), synthesized by wetness impregnation with aqueous solutions of
nickel, cerium, and magnesium nitrates. Nickel concentration was fixed
at 3.5 wt%, and Mg and Ce were impregnated with atomic ratios of Ni:
Mg = 1:1, Ni:Ce = 1:1, Ni/Mg/Ce = 1:0.5:0.5, followed by reduction for
three hours at 600 °C in Hy. The collected catalysts were denoted as
Ni/CDC, Ni-Mg/CDC, Ni-Ce/CDC, and Ni-Mg-Ce/CDC [48]. According
to the average particle sizes calculated by the Scherrer equation, Ni/CDC
showed the highest Ni particle size (27 nm), while Ni-Mg-Ce/CDC
showed the smallest Ni particle size (8 nm). Ni-Mg/CDC catalysts

(C): Ni-Mg-Ce/CDC

v

ot
£

"' ‘ P

Ni-Mg/CDC Ni-Mg-Ce/CDC

"‘1,{

Ni-Ce/CDC

04 3

0.3 ] / Nirene

0.2 1 l,aS

oy
-0~

01 1 o

0.0

150 200 250 300 350 400 450 500

Temperature (°C)

Fig. 9. TEM images of (a) Ni-Mg/CDC, (b) Ni-Ce/CDC, and (c) Ni-Mg-Ce/CDC. (d) CO, conversion and (e) CH, selectivity of all catalysts. Reproduced from [48] with

permission of ACS.
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displayed higher Ni particle size (21 nm) than Ni-Ce/CDC (10 nm),
which is ascribed to the ceria with vacancies of oxygen that interact with
Ni nanoparticles blocking its sintering [38,61]. The H,-TPR profiles of
the catalysts showed that Ni-Ce/CDC poses higher reducibility than
Ni-Mg/CDC, which might be attributed to the highly dispersed and
low-sized Ni nanoparticles caused by ceria addition [62]. In addition,
the TEM images showed that Ni-Ce/CDC has better metal distribution
than Ni-Mg/CDC, which is attributed to the well-known capacity of
cerium to block sintering [61]. In addition, Ni-Mg-Ce/CDC showed the
best metal distribution in addition to the smallest particle sizes as shown
in Fig. 9a—c.

In the catalytic tests performed at a temperature range of 150-500
°C, Ni-Ce/CDC was superior to Ni-Mg/CDC at all temperatures, and the
catalytic activities followed the trend; Ni-Mg-Ce/CDC > Ni-Ce/CDC >
Ni-Mg/CDC > Ni/CDC, as shown in Fig. 9d. In addition, Ni-Mg-Ce/CDC
and Ni-Ce/CDC were active at 150 °C, while Ni-Mg/CDC and Ni/CDC
started to be active at 225 °C and 275 °C, respectively, as seen in Fig. 9d.
At 375 °C as an optimal temperature, Ni-Ce-Mg/CDC and Ni-Ce/CDC
showed the highest performance with ~80 % COy conversion and
~100 % CHy4 selectivity, while Ni-Mg/CDC showed ~70 % COy con-
version and ~99 % CHy4 selectivity, and finally the non-promoted Ni/
CDC showed the worst CO, conversion and CHy selectivity among all
catalysts, as shown in Fig. 9d-e. Hence, the effect of Ce on the Ni cata-
lysts supported on cellulose-derived carbon is better than the Mg effect
on the same catalysts due to offering smaller particle sizes with higher
reducibility [48]. Kim et al. [63]. reported similar results for the effect of
Ce and Mg on Ni catalysts supported on low-rank coal with constant Ni
loading of 15 wt% and Ce or Mg loading of 3 wt%. The authors attrib-
uted the higher effect of Ce to improving the high surface area and
enhancing the reducibility of Ni [63].

Table 6 shows a comparison among the most promising promoted
carbon-supported catalysts reported for CO, methanation, which can
indicate that Ce is the most common and effective promoter used in CO5
methanation. In addition, other promoters were reported for the carbon-
supported catalysts, such as Ca, Mg, and La, as shown in Table 6. The
highest catalytic performance was reported on the catalyst Ni-promoted
Ce with a loading of 4.5 wt% Ce, which achieved 83.8 % CO; conversion
and 100 % CHy4 selectivity at 350 °C only [28]. The La-promoted catalyst
presented less catalytic activity than Ni-Ce/MWCNTSs, but higher than
the Mg-promoted catalyst. The Ni-Mg/CDC with Mg loading of 3.5 wt%
achieved 70 % CO5 conversion and 99 % CHy selectivity at 375 °C [48].
Besides, Ca was reported as a promoter presenting high catalytic activ-
ity, a Ni-Ca/AC with 10 wt% Ca loading achieved 76.22 % CO3 con-
version and 75.53 % CHy yield at 360 °C [53].

9. Effect of N-doping on the carbon-supported catalysts

It is reported that N-doping into the carbonaceous materials used in
the CO, methanation is crucial for enhancing the catalyst stability, and
metal dispersion, and improving the support basicity, resulting in higher
catalytic performance [28,30]. In addition, Roldan et al. [64]. reported
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that nitrogen doping into the carbonaceous materials for CO, metha-
nation can enhance intensively the COy adsorption and accordingly
improve the CO, conversion rates [64]. N-doping requires the substi-
tution of carbon atoms in the skeleton for nitrogen atoms, which causes
charge redistribution, resulting in the modification of catalytic proper-
ties [65,66]. Using XPS for different N-doped graphene samples, Wei
et al. reported that the blank graphene did not N1s peak, as expected,
while the N-doped samples showed N1s peak with three components,
concluding that nitrogen atoms were represented in the three different
bonding characters, doped into the graphene network as graphitic,
pyridinic, and pyrrolic, creating the defects, as shown in Scheme 3[67].
Wang et al. investigated the nitrogen-doped biochar as support for
Ru in the CO, methanation, reporting that the pyrolysis temperature of
the biochar support has a clear impact on the nitrogen species pro-
portions in the biochar [9]. The authors carried out the pyrolysis using
urea as a nitrogen source and NaHCOs as an activator. The pyrolysis
temperature variations resulted in different nitrogen species (pyr-
idinic-N, pyrrolic-N, and graphitic-N), as shown in Fig. 10[9]. N-doped
activated biochar, pyrolyzed at 600 °C, and denoted as N-ABC-600
included the highest pyridinic-N content (37.7 %), followed by N-doped
activated biochar, pyrolized at 500 C, which denoted as N-ABC-500
(31.4 %) and then N-doped activated biochar, pyrolized at 700 C, which
denoted N-ABC-700 (26.6 %) [9]. The authors claimed that N-ABC-600
demonstrated the highest catalytic performance with the highest CO,
conversion, which is attributed to the higher pyridinic-N content [9].
Ly et al[68]. reported that the nitrogen doping into the carbonaceous
supports of the CO, methanation can also enhance the reducibility. The
authors investigated nitrogen-doped carbon nanotubes for Fe with metal
loading of 31.2, 33.5, and 38.3 wt%. The catalysts were synthesized

@ Catom @ "pyridinic" N atom

@ "graphitic” N atom @

Scheme 3. Schematic representation of the N-doped graphene. Reproduced
from [67] with the permission of ACS.

Table 6

A comparison among the most promising promoted carbon-supported catalysts reported for the CO, methanation.
Catalyst Promoter Metal Loading (wt%) Preparation method Optimal Temp. Max. CO, Conv. (%) Max. CH4-S Max.CH4-Y Ref

(9] (%) (%)

Ni-Ce/RGO Ce 20-5 Wet Impregnation 350 84.5 / 83 [38]
BCNiCe30 Ce 10-30 activation with CO, 450 70 90 / [47]
BCNiCe50 Ce 10-50 activation with CO, 450 50 80 / [471
Ni-Ce/CDC Ce 3.5-3.5 Wetness impregnation 375 80 100 / [48]
Ni-Mg-Ce/CDC Mg-Ce 3.5-1.75-1.75 Wetness impregnation 375 80 100 / [48]
Ni-Ce/MWCNT Ce 12-4.5 Ultrasonic impregnation 350 83.8% 100 / [28]
Ni-Mg/CSC Mg 10-2.6 Co-Impregnation 450 90.1 99 / [46]
Ni-Mg/CDC Mg 3.5-3.5 Wetness impregnation 375 70 99 / [48]
NiCa/AC Ca 15-10 Impregnation method 360 76.22 / 75.53 [53]

AC; activated carbon, CSC: coconut shell carbon, RGO: reduced graphene oxide, BC: biochar, CDC: cellulose-derived carbon.
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Fig. 10. Relative atomic percentages of the N-ABC supports, determined by
XPS. Adapted from the surface analysis reported in reference [9].

through the dry impregnation method, utilizing ammonium ferric cit-
rate as a precursor. The obtained samples were labeled as Fe/NCNT, and
compared to iron supported on oxygen-modified carbon nanotubes
catalysts, which denoted as Fe/OCNT and iron supported on silica cat-
alysts, dented Fe/SiO. XANES analysis showed that the reduction of
iron oxide on nitrogen-doped CNTs was much more effective than on the
other two supports (O-CNTs and SiO2) [68]. In addition, the Ho-TPR
analyses revealed that the reduction of iron oxide nanoparticles on
nitrogen-doped carbon nanotubes (NCNTSs) was more facile compared to
those of oxygen-doped carbon nanotubes (OCNTs) and SiOj, which
demonstrated a higher resistance to the reduction. Recently, Sun et al.
[69]. studied the effect of nitrogen doping on the bimetallic catalysts via
mesoporous carbon sphere-supported Ru-Cu (Ru-Cu/NMCN) in the
catalytic CO, methanation. The optimal Ru/Cu molar ratio for the
highest catalytic activity was 1/10. That optimized Ru-Cu/NMCN
catalyst exhibited high CO, conversion (53 %) and CHy4 selectivity
(88 %) at 500 °C, which is attributed to the synergistic effect and the
N-doping.

the few reported studies on the impact of nitrogen doping into the
carbon-based materials, used in CO, methanation catalysts reveal the
crucial role of nitrogen in enhancing catalytic activity, selectivity, and
stability. Utilizing carbon supports such as nanotubes, nanofibers, and
mesoporous spheres doped with nitrogen and various metal nano-
particles (e.g., Ru, Ni, Co, Fe) leads to improved metal dispersion and
enhanced metal-support interaction. Moreover, the type and content of
nitrogen species on carbon supports influence the catalytic performance,

Journal of CO2 Utilization 85 (2024) 102881

particularly pyridinic-N species. Overall, nitrogen-doped carbon mate-
rials could be considered as promising supports for the CO, methanation
catalysts, as shown in Table 7 which presents the collected results of the
reported N-doped carbonaceous catalysts, confirming that the nitrogen-
doped carbon materials are promising in the CO, methanation process.

10. Conclusions

In this review, we discussed the various carbonaceous materials,
which were reported as supports for the CO, methanation catalysts, such
as carbon nanotubes (CNTs), graphene, and biochar. The preparation
methods and promoters are key steps for the fabrication of a robust
catalyst. The synthesis technique should offer a perfect metal-support
interaction. In addition, it should guarantee that the active sites of the
main metal are easily accessible and not covered or blocked by the
promoter. Besides, the metal loading has a significant role in the suc-
cessful synthesis of the catalyst, as it should be sufficient to achieve
maximum efficiency. However, increasing the metal content may result
in agglomeration and/or bigger particle sizes, leading to less catalytic
performance. It is worth noting that the calcination temperature affects
the porosity, metal particle size, and metal support interaction. It is
reported that increasing the calcination temperature of CNTs-supported
Ni catalysts by more than 400 °C results in higher porosity, bigger
particle sizes, and weaker metal support interaction, attributed to the
electronic and geometric effects.

Chemical activation of the carbonaceous support, using activating
agent such as nitric acid or sulfuric acid, together with physical acti-
vation by heating in nitrogen can enable us to modify the carbon to
obtain mesoporous carbon with a high surface area and porous struc-
ture, resulting in improved adsorption capacity, and accordingly high
catalytic performance. The activation energy can be also modified by
addition of promoters, such as cerium, which can make changes to the
electronic structure of the reactants, having them more reactive. The
addition of cerium to some Ni catalysts could decrease the activation
energy from 84.8 to 13.1 kJ/mol. The reported gas hourly space velocity
(GHSV) varied intelligibly, as every experimental setup has its own
optimal GHSV. However, increasing the GHSV may cause a decrease in
the residence time, resulting in less catalytic activity. The GHSV not only
affects the carbon dioxide conversion but it also has an impact on the
methane selectivity. For instance, it is reported that increasing the GHSV
from 60,000 to 120,000 (mL/gc4t.h) resulted in a decrease in the carbon
dioxide conversion from 80 % to 73 % with a slight decrease in the
methane selectivity from 99 % to 94 %.

The effect of nitrogen doping on the carbon-supported catalysts was
rarely reported in the CO, methanation. However, the reported results
confirm that nitrogen doping can enhance the basicity and reducibility,
leading to higher catalytic activity. It is also worth noting that there are

Table 7
Collected results for the N-doped catalysts, reported in the CO, methanation.
Metal  Carbon Support Metal Loading (wt Preparation method Reaction CO;, conversion CH4 CH4 Ref.
%) conditions (%) selectivity Yield
(%) (%)
Fe Nitrogen doped Carbon 38.3 Dry impregnation 360 oC 25.2% 39.9 % / [68]
nanotube 25 bar
H/CO,=3
Ru Nitrogen- 5 incipient wetness 3500C 66 % 99 % / [64]
Doped Carbon Nanofibers impregnation H,/CO,=3
Ru N-doped biochar (Pinus 3 wet impregnation 380 °C 93.8% 99.7 % / [9]
sylvestris) method 10 bar H5:CO,
=4
Ni Nitrogen- 10.7 wet impregnation 360 °C 94 % 98 % / [32]
Doped Carbon Nanofibers H,:CO,= 6
Ni Nitrogen-doped CNTs 30 impregnation 340 C 50 % 95 % / [28]
Ni Nitrogen-doped CNTs 15 Wet impregnation 400 C 81.2% 92 % 80.6 % [30]
Ru- Nitrogen doped mesoporous- 1:10 Ru:Cu (molar Wet impregnation 500 C 53 % 88 % / [69]
Cu carbon ratio)
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no reported theoretical studies on the carbon-supported catalysts used in
CO4 methanation. Therefore, computational studies are urgently needed
to help explain if carbon supports contribute to the most argued topic
about the activation routes of CO, and CO (hydrogenation or direct
dissociation) and the chances of forming CO* as an intermediate.
Computational chemistry will help to understand the CO5 reaction with
hydrogen on the catalyst support, understand the difference of the
process on different crystal facets, solve some mechanisms under debate,
and offer the opportunity to design new nanocatalysts to achieve not
only high conversion and selectivity but also high stability and low cost
[70-72]. Carbon allotrope supports will challenge the computational
catalysis because they might have defects, nitrogen or sulfur sites to be
considered on top of the immobilized nanocatalyst itself, in the reaction
pathways to methane.
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