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A B S T R A C T

Herein, the production of synthetic natural gas is proposed as an effective route for CO2 conversion. Typical
catalysts for this reaction are based on Ni. In this study, we demonstrated that the addition of promoters such as
iron and cobalt can greatly benefit the activity of standard Ni methanation catalysts. In particular cobalt seems to
be a very efficient promoter. Our Co doped material is an outstanding catalysts for the CO2 methanation leading
to high levels of CO2 conversion with selectivities close to 100%. Additionally, this catalyst is able to preserve
excellent performance at relatively high space velocity which allows flexibility in the reactor design making
easier the development of compact CO2 utilisation units. As an additional advantage, the Co-promoted catalysts
is exceptionally stable conserving high levels of CO2 conversion under continuous operations in long terms runs.

1. Introduction

Climate change and resource depletion are considered two of the
greatest and most prominent challenges in modern science. CO2 is re-
cognised as a major contributor to global climate change, and with the
world population continuing to grow and less developed countries be-
coming increasingly industrialised, solutions are required urgently to
tackle this problem. CO2 utilisation represents a highly attractive so-
lution by converting the emissions into valuable fuels and chemicals,
and therefore simultaneously addressing the issue of resource deple-
tion; unlike other carbon-reducing solutions such as carbon capture and
storage [1–3]. There are a range of applications when utilising CO2 as a
carbon source [4–7], however this work will discuss the conversion of
CO2 into synthetic natural gas (SNG) via the CO2 methanation reaction
(Eq. (1)).

CO2 + 4H2 ⇄ CH4 + 2H2O, ΔH298K = −165.0 kJ/mol (1)

Natural gas is considered a clean source of energy compared to
burning other fossil fuels due to the reduced emissions of CO2 [8,9]. For
example, it is viewed as one of the cleanest solutions to power the
transportation industry and, due to its operational flexibility, can be
more easily paired with renewable resources for delivering electricity at
peak times. Demand for natural gas has grown over the past few dec-
ades [10], and is expected to continue over the coming years.

Several competing reactions, shown in Eqs. (2)–(4), can occur with

the reactants and products involved in CO2 methanation [11] and
therefore reduce the selectivity towards methane formation.

CO2+H2 ⇄ CO+H2O, ΔH298K = 41.0 kJ/mol (2)

CO2 + 2H2 ⇄ C + 2H2O, ΔH298K = 90.1 kJ/mol (3)

CO2+CH4 ⇄ 2CO+2H2, ΔH298K = 247.3 kJ/mol (4)

Although CO2 methanation has the largest equilibrium constant of
Eqs. (1)–(4) at lower temperatures, the reverse water-gas shift reaction
(Eq. (2)) is typically also present at temperatures above 300 °C. The
Bosch reaction (Eq. (3)) and CH4 reforming reaction (Eq. (4)) only
occur at higher temperatures. Therefore, low reaction temperatures
thermodynamically favour the targeted reaction (Eq. (1)) over the other
potential side reactions [12], but impose kinetic limitations.

CO2 is a highly stable molecule due to its strong double bonds.
Therefore, a catalyst is required to enhance the reaction kinetics, given
the low reaction temperature required to favour the reaction thermo-
dynamically. Ni catalysts [12–18] have been the most commonly used
in CO2 methanation due to its combination of high activity and se-
lectivity to CH4, and relatively low price. Various supports have been
used with Ni, including: ZrO2 [12,18], CeO2-ZrO2 [13], Al2O3 [14,17],
La2O3 [16], and CeO2 [17]. ZrO2 is interesting for CO2 methanation due
to its acid/base features and CO/CO2 adsorption capability. Ceria is also
used as a support for methanation reaction but combined with ZrO2 the
efficiency of Ni catalysts can be improved. Indeed, ceria introduces
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excellent redox properties to the catalytic formulations due to its high
oxygen storage capacity and its population of oxygen vacancies [9].
Therefore, the CeO2-ZrO2 support is said to combine the high con-
centration of oxygen vacancies, high nickel dispersion, and basic
properties that CeO2 and ZrO2 supports provide individually, whilst
also further facilitating the reaction through the particular interaction
between the Ni2+ cations and ceria-zirconia (CZ) support [15].

Methanation catalysts can include a combination of different active
metal phases on one catalyst with the addition of promoters. Synergetic
effects of these active metals further promote the adsorption and dis-
sociation of H2 and CO2 [19]. Ren et al. [12] demonstrated that the
addition of Fe and Co promoters on Ni/ZrO2 enhanced CO2 methana-
tion activity, particularly at low temperatures. No investigations have
been conducted on ceria-zirconia supported catalysts promoted by
other metals despite the promising behaviour of ceria-zirconia as sup-
port for this reaction.

On the basis of the above, we have developed a series of Ni sup-
ported on CeO2-ZrO2 catalysts enhanced with a second metal promoter
(Fe or Co) for CO2 methanation reaction. The influence of the reaction
conditions (i.e. the space velocity) as well as the physicochemical
properties of the catalysts in the methanation performance are also a
subject of this work which aims to provide and strategy to design ef-
fective multicomponent catalysts for synthetic natural production from
CO2.

2. Experimental

2.1. Catalyst synthesis

The CeO2-ZrO2 support was prepared by the simultaneous co-pre-
cipitation method outlined in literature [20]. First, predetermined
quantities of nitrates Ce(NO3)3 ∙ 6H2O and Zr(NO3)4 ∙ 6H2O were dis-
solved in water to give a CeO2:ZrO2 ratio of 1.5:1 (all reagents pur-
chased from Sigma-Aldrich). This aqueous solution was co-precipitated
with an ammonia solution under vigorous stirring and the pH con-
trolled at around 10 throughout the process. The resulting precipitate
was subsequently filtered and washed with distilled water, before
drying overnight at 100 °C and calcining in air at 500 °C for 3 h.

Three catalysts were synthesised, with a Ni loading of 15 wt%
maintained for all. The first did not contain a promoter, the second 3 wt
% Fe, and the third 3 wt% Co; these are respectively denoted NiCZ,
NiFeCZ, and NiCoCZ.

The Ni and promoters were loaded onto the CZ supports by co-im-
pregnation method. Nickel nitrate Ni(NO3)2 ∙ 6H2O was used as the
nickel precursor, while ferric nitrate Fe(NO3)3 ∙ 9H2O and cobalt nitrate
Co(NO3)2 ∙ 6H2O were used as precursors for their respective pro-
moters. First, nickel nitrate was dissolved in water and combined with
the requisite amount of CZ support. Promoter nitrate was then added, if
necessary, and stirred to form a homogeneous solution, before careful
evaporation to dryness under constant stirring at 65 °C. This residue
was then dried overnight at 100 °C and calcined in air at 450 °C for 3 h.

2.2. Catalyst characterisation

XRD analysis was conducted on an X’Pert Pro PANalytical dif-
fractometer. Diffraction patterns were recorded using Cu Kα radiation
(45 kV, 40 mA) over a 2&z.Theta; range of 10–90°, and a position-
sensitive detector using a step size and time of 0.05° and 160 s, re-
spectively. The average crystallite size of the samples were evaluated
using the Scherrer equation.

H2-TPR experiments were carried out in a conventional U-shaped
quartz reactor connected to a thermal conductivity detector (TCD). The
5% H2/Ar reactive gas stream was passed through the catalyst with a
total flow of 50 mL min−1. A 10 °C min−1 heating rate was utilised to
elevate from room temperature to 900 °C. A mixture of ethanol and
liquid nitrogen was used as a cold trap to retain the water produced

during the reduction.
Textural properties were analysed using nitrogen adsorption-deso-

rption isotherms obtained from a Micromeritics Tristar 22 instrument at
−196 °C. Prior to measurement, the samples were degassed for 2 h at
250 °C in vacuum. Specific surface area was calculated by applying the
Brunauer-Emmett-Teller (BET) method, and both pore volume and pore
size measured using the Barrett-Joyner-Halenda (BJH) method.

Raman spectroscopy measurements were performed on a Thermo
Scientific DXR Raman Microscope using a green laser (λ = 532 nm,
maximum power 10 mW) with a spot diameter of 0.7 μm and a pinhole
aperture of 50 μm. A diffraction grating of 900 grooves mm−1, a CCD
detector and a 50× objective were used.

2.3. CO2 methanation activity

CO2 methanation was performed in a continuous fixed bed quartz
reactor using 250 mg of catalyst in each test. Prior to the reaction, the
catalysts were reduced in situ in a 20% H2/N2 stream for 2 h with a
total gas flow of 200 mL min−1 at 400 °C. The flow of reactants was
held at a constant weight hourly space velocity (WHSV) of 12,500 mL
g−1 h−1 with a H2/CO2 ratio of 4:1 balanced in nitrogen. The reaction
temperature was varied between 200 and 400 °C, with 50 °C intervals.
Reactants and products were monitored by online gas analyser (ABB
AO2020) equipped with IR and TCD detectors. The effluent composi-
tions were recorded once the reaction had reached steady-state at each
temperature interval.

For the analysis of the effect of space velocity on catalyst perfor-
mance, the reaction conditions were tested at the same temperatures
and H2/CO2 ratio at space velocities of 6250, 12,500 and 25,000 mL
g−1 h−1. The stability test was conducted for 50 h at 300 °C and a space
velocity of 14,000 mL g−1 h−1.The CO2 conversion and CH4 selectivity
are defined according to Eqs. (5) and (6) [21]:
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where [CO2]in and [CO2]out are CO2 inlet and outlet mole concentra-
tions, respectively and [CH4]out is the methane outlet mole concentra-
tion.

3. Results and discussion

3.1. Catalyst characterisation results

Fig. 1 displays the XRD patterns of the calcined samples. The XRD
pattern of the bare CZ support is also shown for comparison. The
characteristic peaks of NiO fcc phase at 2θ= 37°, 43° and 63° can be

Fig. 1. XRD patterns of the calcined CZ support and the calcined catalysts.
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seen in all samples [22]. The non-promoted NiCZ catalyst presented the
most intense peak with a particle size around 17 nm. Nevertheless, the
presence of Fe and Co enhanced the tolerance towards sintering in the
Ni-based catalysts obtaining Ni particles of around 6 and 11 nm re-
spectively in good agreement with previous studies in literature [23].

Peaks at 2θ values of 29.4°, 34.0°, 48.8° and 58.0° are said to cor-
respond to the presence of a single fluorite-shape CexZr1-xO2 phase
[13]. However, Fig. 1 suggests the segregation of the CeO2 and ZrO2

into individual oxide phases due to the presence of shoulders on each of
these peaks. According to literature [24], signals for CeO2 and ZrO2

arise at 2θ values of 28.6°, 33.5°, 48.0°, and 57.0°, and 30.2°, 35.2°,
50.5°, and 60°, respectively. The peaks (CeO2) and shoulders (ZrO2)
shown in Fig. 1 more closely align with these 2θ values than those of
CexZr1-xO2. Characteristic peaks for the Fe (FeOx) and Co (CoOx) pro-
moters do not appear in XRD profiles of the fresh materials due to a
combination of factors: their quantity being too small and their parti-
cles well-dispersed over the CexZr1-xO2 support.

Additional information is extracted from the X-Ray diffraction pat-
terns of the reduced samples in Fig. 2. Indeed, the activation step
performed before each catalytic run has the objective to reduce the
metal oxides to active metallic particles. Fig. 2 reveals the complete
reduction of NiO species present in the calcined catalysts to metallic Ni0

particles (JCPDS# 45–1027). Once again, no peaks characteristic of Fe
or Co are detected.

Redox properties are relevant in hydrogenation reactions such as
the CO2 methanation. In this sense, the reducibility of the catalysts were
investigated by H2-TPR, the profiles of which are shown in Fig. 3. Each
profile has a major peak located between 300 and 380 °C. According to

literature, these peaks are due to the reduction of Ni2+ to Ni0 species
[25,26]. A small shoulder is present on the major peak of the NiCZ
catalyst at approximately 340 °C which can be attributed to the surface
reduction of reducible CeO2 species in close contact to Ni in the CZ
support [13]. The NiFeCZ and NiCoCZ samples present higher homo-
geneous reduction peak area that can be due to the joint reduction of
Ni-Ce-promoter species.

The textural properties of the Ni-based catalysts and the support
derived from N2 physisorption are listed in Table 1 and the obtained
isotherms are shown in Fig. 4. According to the IUPAC standards, the
obtained nitrogen isotherms can be classified as type IV, characteristic
of mesoporous materials [26,27]. The addition of Ni and the promoters
is shown to slightly reduce the surface area of the bare CZ support. In
any case, the pore size distributions were within the mesoporous range
for all catalysts, and there was little difference between in terms of
textural properties among the studied materials.

3.2. CO2 methanation activity results

3.2.1. Effect of promoter on catalytic performance
Fig. 5 shows CO2 conversion for the three catalysts. At the low

temperature range (i.e. 200 °C) relatively poor catalytic activity was
observed with the Fe doped catalysts, even though duplicating the ac-
tivity obtained with NiCZ and NiCoCZ. However an increase in reaction
temperature caused an increase in CO2 conversion until 400 °C; with
the sharpest increase occurring between 250 and 300 °C. CO2 conver-
sions of 71, 58 and 83% were achieved at 300 °C for the NiCZ, NiFeCZ
and NiCoCZ catalysts, respectively. Interestingly, although the Fe pro-
moted catalyst achieved the greatest CO2 conversion at low tempera-
tures its performance is relatively poor in the medium and high tem-
perature range compare to that of the other two catalysts. As reported
by Ren et al. [12] with the addition of Fe, most of the CO2 dissociates
into CO rather than forming hydrogen carbonates, monodentate car-
bonates, and bicarbonate species, and the CO2 adsorption capacity of
the catalyst increases at lower temperatures. NiCoCZ and NiCZ

Fig. 2. XRD patterns of the reduced catalysts.

Fig. 3. H2-TPR profiles for all catalysts.

Table 1
Textural properties of the CZ support and all catalysts.

Catalyst Surface areaa (m2/g) Pore Volumeb (cm3/g) Pore Sizec (nm)

CZ 40 0.06 4.75
NiCZ 36 0.11 9.11
NiFeCZ 37 0.09 7.32
NiCoCZ 29 0.05 5.42

a Calculated by the BET equation.
b BJH desorption pore volume.
c BJH desorption average pore diameter.

Fig. 4. N2 adsorption-desorption isotherms of the CZ support and all catalysts.
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performed similarly below 250 °C, but notorious improvement is shown
by the Co promoted catalyst at higher temperatures. It is well reported
that Co catalysts have the advantage of decrease coke deposition due to
its excellent redox properties (Co3O4→CoO→Co°) [28,29]. In this sense
more active sites are available, a fact that mostly agrees with the high
CO2 conversion achieved by this catalysts in comparison with the non-
promoted Ni catalyst. In addition, we have selected CZ support due the
exceptional redox properties of both Ce and Zr that make them ex-
cellent carriers for this reaction. Indeed, this type of supports outstands
for its high concentration of oxygen vacancies on the catalysts surface,
which are of key importance for the dissociative adsorption of CO2, and
also have a very important role in gasifying carbon deposits compared
with other supports [13,15].

Fig. 6 displays selectivity towards CH4 for the catalysts over the
different reaction temperatures studied. CH4 selectivity across all three
catalysts was lowest at the temperature extremes and highest in the
middle around approximately 300 °C, in good agreement with the re-
action thermodynamics. This is similar to most other trends in litera-
ture, where the selectivity initially increases before the reverse water-
gas shift reaction takes place above 350 °C and starts to produce CO
[13]. CH4 selectivities of 78, 73 and 93% were achieved at 300 °C for
the NiCZ, NiFeCZ and NiCoCZ catalysts, respectively. The Ni-CoCZ
catalyst shows the highest level of CH4 selectivity above 205 °C and
maintains it across the studied temperature range in agreement with the
explained before. Therefore, considering both the CO2 conversion and
CH4 selectivity the catalysts can be ranked as follows: NiCoCZ>

NiCZ>NiFeCZ. Accordingly, the NiCoCZ catalyst was selected for
further experiments due to its better activity/selectivity balance and
also the fact that Co-doped NiCZ materials are under explored for the
methanation process.

Fig. 7 shows the XRD patterns of the spent NiCZ, NiFeCZ and Ni-
CoCZ catalysts. The post reaction XRD analysis reveals that Ni remains
as metallic after the reaction. Furthermore, Ni sintering is more no-
torious for non-promoted catalyst (26 nm) and a moderate increase in
the Ni particle size was detected for the NiFeCZ (11 nm) and NiCoCZ
(19 nm) samples after the reaction. The later exhibits the role of pro-
moters: they not only promote the catalytic activity but also improve Ni
dispersion and stability during the methanation reaction.

3.2.2. Effect of space velocity on catalytic performance
Reactor manufacturing in general and reactor volume in particular

is one of the main contribution to the capital cost expenditure for any
potential application of CO2 utilisation units. In this sense, it is inter-
esting to study the effect of the space velocity in the catalytic behaviour
of the developed catalysts. For this study the best performing catalyst
NiCoCZ was selected. These experiments were carried out using the
same reaction conditions except the space velocity was changed to 6250
and 25,000 mL g−1 h−1. Fig. 8 shows the CO2 conversion versus re-
action temperature for the three different space velocities investigated;
an overall trend of slightly increasing CO2 conversion can be seen when
space velocity is reduced. On the other hand, an increase in space ve-
locity (25,000 mL g−1 h−1) caused a more notorious decreased in the
catalytic activity, still being a good CO2 conversion level, reaching 60%

Fig. 5. CO2 conversion for Ni/CZ, NiFe/CZ and NiCo/CZ catalysts.

Fig. 6. CH4 selectivity for Ni/CZ, NiFe/CZ and NiCo/CZ catalysts.

Fig. 7. XRD patterns of the catalysts after the reaction; (*) after the 50 h stability test.

Fig. 8. CO2 conversion for Ni-Co/CZ catalyst at different space velocities.
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at 300 °C. This results indicate that our catalysts could achieve good
levels of synthetic natural gas production with relatively small reactor
volumes (large space velocities) what helps to intensify the process.

Fig. 9 shows CH4 selectivity for the different space velocities stu-
died. Once again, the reduced space velocity appears to enhance the
catalytic activity as the 6250 mL g−1 h−1 sample achieves selectivities
consistently around 98% from 250 to 400 °C. In contrast, for the sample
at 25,000 mL g−1 h−1 CH4 selectivity reaches a maximum of 82% at
300 °C which is still a good result considering the demanding reaction
conditions.

In order to establish a more general comparison with previously
reported Ni-Ce-Zr methanation catalysts, different reported catalysts
and the conditions used in the CO2 methanation are presented in
Table 2. As shown in the table, our NiCoCZ catalyst can be deemed to
perform a superior behaviour in the compared conditions. Furthermore,
our catalysts continues showing a good performance tested at higher
space velocities, what reinforces the exceptional behaviour of the de-
veloped system. The balance between the low Ni loading, high CO2

conversion-CH4 selectivity and the relatively high space velocity used,
highlights the excellent results of our catalyst in the CO2 methanation
reaction.

3.2.3. Stability test
Finally, the catalysts stability for long term operations was tested

since this is a fundamental pre-requisite for a potential application.
Fig. 10 shows the CO2 conversion during 50 h on stream at 300 °C for
the NiCoCZ catalyst. The initial level of conversion was 83%, which

decreased to 70% after 8 h of activity. After the slight activity drop the
conversion remained stable around 70% for the following 42 h. As for
the CH4 selectivity, this was rather high throughout the entire run,
consistently remaining above 90%.

The promising performance of the Co-doped catalyst in terms of
stability is partially due to its robustness to sintering and carbon de-
position resistance as previously revealed by the XRD of the post re-
action sample in Fig. 7. In addition to the limited sintering of Ni, no
peaks related to carbon were found on the post reaction profile of Ni-
CoCZ after 50 h of continuous reaction revealing the great resistance of
our catalysts to carbon formation even for long runs. This claim is
supported by TGA analysis performed in air on samples after reaction
(not shown for briefness) where no weight loss other than water eva-
poration was observed. No signs of carbon deposition (or at least hard
crystalline carbon deposits) have been detected, a fact corroborated by
Raman spectroscopy of the NiCoCZ catalyst having underwent 50 h of
reaction (Fig. 11).

The spectrum shows one strong Raman peak at 477 cm−1 (F2g mode
of cubic CeO2) and a weak band at 490 cm−1, attributed to the presence
of defective structure (electron defect or O-vacancy) in the CeO2–ZrO2

mixed oxide [31]. Also, weaker bands between 310 and 370 cm−1,
originating from the six Raman active modes (A1g+2B1g+3Eg) of tet-
ragonal ZrO2 [32], can be observed along with a second order Raman
peak prominent at 1088 cm−1. As mentioned aboved, Raman peaks
related to carbon, typically the D band at 1350 cm−1 and the G band at
1585 cm−1 are not present confirming the absence of notable carbon
deposition on the catalyst’s surface.

Fig. 9. CH4 selectivity for Ni-Co/CZ catalyst at different space velocities.

Table 2
Catalysts employed and conditions used in catalytic CO2 methanation. .

Catalyst CO2 Conv. (%) CH4 sel. (%) Temp (°C) Pressure (bar) H2/CO2 Space Velocity

10Ni-CeO2 [17] 90 100a 300 1.01 4:1 10,000 h−1 (300 mg)
5Ni-CZ [15] 63 – 300 1.01 4:1 22,000 mL g−1 h−1

5Ni-0.5Ru-CZ [15] 55 – 300 1.01 4:1 22,000 mL g−1 h−1

10Ni-CZ [13] 55 97 300 1.01 4:1 20,000 mL g−1 h−1

20Ni-2Ce-Al2O3 [30] 78 100b 300 1.01 3.5:1 9000 mL g−1 h−1

10Ni-La2O3 [16] 90 100a 300 1.5 4:1 3250 h−1 (1 g)
30Ni-3Co- ZrO2 [12] 100 94 300 5 4:1 4980 mL g−1 h−1

30Ni-3Fe-ZrO2 [12] 100 94 300 5 4:1 4980 mL g−1 h−1

15Ni-ZrO2 [28] 60 100 300 10 4:1 48,000 mL g−1 h−1

30Ni-5Fe-Al2O3 [14] 58.5 58 220 10 4:1 9600 mL g−1 h−1

NiCZ 71 86 300 1.01 4:1 12,500 mL g−1 h−1

NiFeCZ 58 76 300 1.01 4:1 12,500 mL g−1 h−1

NiCoCZ 83 94 300 1.01 4:1 12,500 mL g−1 h−1

NiCoCZ 60 82 300 1.01 4:1 25,000 mL g−1 h−1

a No specified.

Fig. 10. Stability test for NiCoCZ catalyst at 300 °C and 14,000 mL g−1 h−1.
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In this scenario, it can be concluded that our cobalt-doped Ni-ceria/
zirconia is an excellent catalysts for the production of synthetic me-
thane from CO2, exhibiting a great compromise activity/selectivity and
outstanding stability for long runs reactions plus superior behaviour
than similar catalysts reported in the literature.

4. Conclusions

A series of highly efficient catalysts for synthetic natural gas pro-
duction from CO2 has been developed in this work. These materials are
based on Ni particles supported on ceria-zirconia. Our findings reveal
that the use of promoters such as FeOx and CoOx boosts the catalytic
performance of a reference NiCZ sample. However, the degree of ac-
tivity promotion depends on the type of dopant. Fe only improves the
activity in the low temperature range while Co greatly benefits the CO2

conversion at medium-high temperatures. Overall, the Co based cata-
lysts is the most efficient material within the studied series showing not
only an excellent activity/selectivity balance but also exceptional sta-
bility for long term runs. Furthermore, this catalysts is able to maintain
high levels of activity and selectivity at relatively high space velocity
which in turns may impact the reactor design facilitating compact re-
actor configurations. Therefore, the multicomponent NiCoCZ catalyst is
proposed as a novel promising catalyst for CO2 utilization via metha-
nation processes.
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