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A B S T R A C T

The methanation of CO2 is crucial for Power-to-Gas technologies, enabling synthetic natural gas production from 
renewable sources. Catalyst formulation is key to tuning activity, selectivity, and reaction mechanisms. This 
study examines CeO2-ZrO2-supported catalysts with low Ni loading, evaluating Ru as a promoter. A detailed 
kinetic analysis clarifies the roles of Ni and Ru in CO2 hydrogenation, CO methanation, and the reverse water-gas 
shift (rWGS) reaction. Ni-based catalysts showed high activity for CO and rWGS reactions, with significantly 
higher rate constants than Ru-based systems. In contrast, Ru was most active for direct CO2 methanation but had 
negligible activity for CO methanation, resulting in lower CH4 selectivity when used alone. Mechanistic studies 
indicate that Ni promotes a stepwise pathway (CO2 → CO → CH4), while Ru facilitates direct CO2 hydrogenation. 
Co-impregnation of Ni and Ru enhanced both activity and selectivity, highlighting a synergistic effect. Among all 
formulations, the sequentially impregnated RuNi/CeZr_TSI catalyst outperformed others. Its success stems from 
combining Ru strong initial CO2 activation with Ni high CO methanation ability, leading to greater CO2 con
version and CH4 selectivity across a wide temperature range. These results confirm the promise of Ni-Ru/CeO2- 
ZrO2 catalysts for efficient renewable methane production.

1. Introduction

CO2 hydrogenation is a captivating topic for the technological 
transition towards green energy. It represents one of the fundamental 
steps of the power-to-X (PtX) strategy, which allows converting surplus 
electrical energy from renewable sources into valuable products: green 
hydrogen through electrolysis, or e-fuels by adding a carbon source [1]. 
In this context, which carbon source could be better than CO2 in a sus
tainability perspective? Among the wide range of hydrocarbons that can 
be synthesized from CO2 hydrogenation, methane is the simplest to 
produce and the most widely consumed [2]. In fact, in the last century 
natural gas has replaced oil and carbon whenever possible, to the point 
that, nowadays, it is particularly difficult renouncing to its utilization. 
Substituting part of the non-renewable natural gas with synthesized 
methane is a palliative that can help the technological transition until 
better technologies that avoid CO2 production will be available or more 

affordable. Indeed, if not coupled with a CO2 capture and storage 
strategy, the methanation reaction cannot be considered as a negative 
emission technology (NET), [3]. On the other hand, PtX technologies 
and, in particular, power-to-methane could be integrated in the 
renewable energies production and supply chain. In fact, it is 
well-known that power generation from renewable sources is hard to 
couple with the demand, leading to the need of storage technologies. 
Batteries can store between 100 kW–10 MW of power and have a rela
tively short discharge time, while power conversion into chemical en
ergy allows storing up to 500 MW with a higher discharge time [4]. 
Hence, the surplus renewable electricity (from wind, solar, etc.) could be 
used to produce H2 via water hydrolysis which could be combined with 
captured CO2 to produce methane. This last step is particularly conve
nient, when considering that methane can be stored in the existing 
natural gas infrastructure [5] and employed for a wider variety of pur
poses. This could also overcome the problems related with the molecular 
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H2 storage and enabling large-scale and long-term storage of renewable 
energy and facilitating grid balancing [6]. Between 1993 and 2050, 
about 143 Power-to-Hydrogen or Power-to-Methane projects were 
completed or planned worldwide, but only 94 remained active by 2022 
(56 for H2 and 38 for CH4) [7]. Nearly 45 % of these aimed to produce 
power or heat via grid feed-in, while 43 % focused on syngas and CO2 
methanation, with the rest dedicated to H2 production and storage. Most 
projects were located in Europe, especially Germany and Denmark, with 
Germany leading in capacity (40 MW) [5].

Even though, as aforementioned, hydrogenation of CO2 to methane 
can be considered a relatively straightforward process, there is a com
mon denominator in PtX processes: CO2 is a highly stable molecule with 
two double bonds, quite difficult to activate. The choice of an appro
priate catalyst is vital not only to guarantee a satisfactory reactants 
conversion but also to ensure to drive the selectivity of the process to
ward the desired product. At atmospheric pressure and mild tempera
ture (200–400 ◦C) there are basically two competing reactions: methane 
synthesis and CO synthesis. Although CO can be further hydrogenated to 
methane, its stability mines the selectivity of the overall process.

The research of up-to-date formulations have enriched the present 
literature of a huge number of studies and reviews on the topic [8]. CO2 
methanation occurs through a bifunctional mechanism in which both 
the support and the active phase play a key role, respectively providing 
for the activation of carbon dioxide and hydrogen. Supports containing 
oxygen vacancies (OVs) are particularly suitable, since OVs can split CO2 
in CO* [9]; CeO2, ZrO2, In2O3 and others belong to this class of com
pounds. In particular, the doping of CeO2 with other elements such as Zr, 
resulted to be beneficial in term of metal dispersion and catalytic sta
bility [10]. Zr4+ has a smaller ionic radius than Ce4+, which distorts the 
ceria lattice and facilitates the generation of oxygen vacancies. These 
vacancies are crucial for catalytic activity, as they enhance oxygen 
mobility and improve redox properties. Moderate Zr content (e.g., 
Ce0.6Zr0.4O2 or Ce0.5Zr0.5O2) often results in the highest concentration 
of oxygen vacancies and the most favorable catalytic performance [11]. 
Excessive Zr can lead to structural phases with fewer defects and 
diminished catalytic activity [12]. For what concerns other promoters, 
even a very low content of noble metals can significantly enhance the 
reaction performances on Ni/CeO2 catalysts [13] and, in particular, the 
recent work of Tsiotsias et al. highlighted how a loading of 1 wt% of 
ruthenium in the formulation can remarkably improve the 
low-temperature activity of the catalyst [14].

Noble metal catalysts, such as those containing ruthenium (Ru), 
platinum (Pt), or rhodium (Rh), offer significant advantages for the 
methanation reaction, including higher catalytic activity, improved 
methane selectivity, and enhanced performance at lower temperatures 
compared to non-noble metal catalysts. However, the high cost, scarcity, 
and environmental impact of mining noble metals present challenges for 
large-scale and sustainable deployment [15]. To align their use with 
sustainability goals, strategies include minimizing noble metal content 
by developing bimetallic catalysts (e.g., Ni-noble metal combinations), 
optimizing catalyst supports to maximize dispersion and activity, and 
exploring natural sources or recycling of noble metals to reduce envi
ronmental impact [16]. Additionally, integrating these catalysts into 
power-to-gas systems that utilize renewable hydrogen can further 
enhance the sustainability of the methanation process by enabling 
carbon-neutral fuel production. Overall, careful catalyst design and 
resource management are key to leveraging the superior performance of 
noble metals while addressing economic and environmental concerns.

Nickel is already recognized to be the best non-noble metal to 
conduct this reaction. From an economic perspective, Ni-based catalysts 
offer a favorable balance between cost and performance, making them 
suitable for industrial-scale methanation. While noble metal catalysts 
can offer higher activity, their higher cost may limit widespread adop
tion. Therefore, ongoing research into optimizing catalyst formulations, 
improving durability, and reducing reliance on scarce materials is 
essential for the economic viability of Power-to-Gas applications.

Another important aspect, when dealing with bimetallic formula
tion, is the impregnation sequence of the active phases [17]. This aspect 
could strongly affect the catalytic activity of the material. For example, 
Ozcan et al. [18] reported that the simultaneous impregnation of the 
active metals can be beneficial for the catalytic activity, due to the 
formation of different phases that enhanced the desired reaction.

In this work, we aim to investigate, through experimental and kinetic 
studies, how the addition of a noble metal (Ru) to a conventional 
formulation (Ni/CeZr) produces an enhancement in the catalytic per
formances and change the mechanisms at the basis of this reaction. 
Considering that different interactions between active species can be 
driven by different deposition methods, two procedures (two-step 
impregnation and co-impregnation) were followed. The investigation 
was firstly carried out by deeply characterizing the different catalytic 
formulations synthetized. Afterwards, catalytic tests were performed to 
assess the activity of each catalyst. Finally, after the identification of the 
most promising formulations, a kinetic model was developed based on 
one already validated in the literature, to better disclose the effect of the 
synthesis method on the catalytic performances of different samples.

The results obtained in this study allowed to: 

• Identify a valid and active catalytic formulation, highlighting the 
differences in terms of performances of two different impregnation 
methods

• Develop a kinetic model which validates and deepens the knowledge 
on the correlation between metals interactions (associated with the 
synthesis method) and catalytic activity.

2. Materials and methods

2.1. Catalysts preparation

Four CeZr supported catalysts were studied in this work: mono
metallic Ni/CeZr and Ru/CeZr and two Ru-Ni bimetallic formulations. 
Furthermore, to directly compare the performances of Ni/CeZr catalyst 
with other more conventional formulations, Ni-based catalysts sup
ported onto alumina and ceria were also prepared and tested as 
benchmark.

Al2O3 (commercial, Sasol), CeO2 (commercial, Rhodia) or CeZr 
mixed oxide (Ce:Zr = 1:1 M based, commercial, Rhodia) were employed 
as supports. Preliminary calcination of the supports at 500 ◦C for 3 h 
(heating ramp 10 ◦C/min) allowed to achieve thermal stabilization of 
morphological and physical properties, and to remove any possibly 
adsorbed compound.

Nickel or Ruthenium were deposited on the calcined supports 
through wet impregnation with an aqueous solution of Ni(NO3)2⋅6H2O 
(Sigma-Aldrich) or RuCl3 (Sigma-Aldrich) in bi-distilled water. The 
amount of precursor salt was calculated to obtain a nominal loading of 
10 wt% and 0.5 wt% of Ni and Ru, respectively. The suspension of the 
aqueous solution and catalytic support was kept un mixing and heated at 
80 ◦C until complete water evaporation. The samples were dried over
night at 120 ◦C to eliminate any residual water, and then calcined 
(500 ◦C, 3h, 10 ◦C/min) for the decomposition of the precursor salt and 
the formation of nickel oxide.

For the bimetallic Ru-Ni samples (nominal loadings 0.5 wt% Ru and 
10 wt% Ni), two preparation methods were investigated. A two-steps 
impregnation (TSI) was performed for the RuNi/CeZr_TSI sample, 
using the previously calcined Ni/CeZr catalyst for Ru impregnation. On 
the other hand, co-impregnation (CIM) was employed for the synthesis 
of the RuNi/CeZr_CIM catalyst. In this case, the ruthenium and nickel 
were simultaneously deposited onto the support, through a solution of 
both the precursor salts.

Reduction of all samples was performed in a fixed-bed quartz reactor 
at 600 ◦C for 3 h in a N2/H2 (90/10 vol%) stream. Once reduced and 
cooled down to room temperature, the samples underwent passivation 
with a N2/O2 (99/1 vol%) stream for 3 h to avoid uncontrolled oxidation 
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when exposed to the atmosphere.

2.2. Catalysts characterizations

The specific surface area (SSA) was calculated performing a 5 points 
N2-adsorption isotherms at − 196 ◦C with a Sorptometer 1040K (Costech 
International) and applying the BET equation. Prior to the analysis, the 
samples were degassed in vacuum at 150 ◦C for 1 h, to eliminate any 
impurities from the surface.

X-Ray Power Diffraction (XRD) analysis of reduced samples was 
performed with a D8 Advance Series 2 diffractometer (Brucker), using a 
Ni-filtered Cu-Kα radiation source in the 2θ range 10–80◦ (scan time 3 s, 
intervals of 0.5◦).

The actual metal loading of the catalysts was determined via 
inductively coupled plasma optical emission spectrometry (ICP-EOS). 
The samples were firstly digested through sodium peroxide fusion pro
cedure and then introduced into the Spectroblue (AMETEK) for the 
quantification.

The reducibility properties were evaluated through temperature 
programmed reduction (TPR), in an AutoChem Analyzer II 2920 
(MICROMETRICS®). An amount of 0.2 g for each sample was loaded 
into the equipment. The catalysts were firstly dried at 105 ◦C for 1 h in 
Ar atmosphere to remove the atmospheric moisture and then, after a 
cooling step, heated up to 700 ◦C at 5 ◦C min− 1 in reducing atmosphere 
(10 vol% H2 in Ar).

The number of basic sites was evaluated via CO2 temperature pro
grammed desorption (CO2-TPD), in the same equipment employed for 
the TPR analysis. For the TPD analyses, reduced and passivated samples 
(0.2 g) were dried under the same conditions of the TPR and then cooled 
down to 40 ◦C and exposed to 50 NmL min− 1 of a mixture of 5 vol% of 
CO2 in Ar for 60 min. Then, the remaining physiosorbed CO2 was purged 
treating the sample with a pure Ar stream for other 60 min. Finally, the 
sample was heated up in Ar to 750 ◦C with a heating ramp of 10 ◦C 
min− 1.

The Raman spectroscopy technique was employed to investigate the 
differences between the CeZr support compared to bare ceria. For the 
analysis, a Micro-Raman Horiba Jobin Yvon HR800UV was employed, 
using visible radiation (532 nm); the Raman response of the samples was 
registered in the range 120–2000 cm− 1, using a 3 mW laser power. Since 
Raman spectroscopy is a local analysis, five different points have been 
considered for the measurements, to ensure the reproducibility of the 
result.

The samples morphology and elemental distribution were evaluated 
via SEM microscopy (SEM EDX Hitachi S-3400).

2.3. Experimental setup and procedure

The experiments were conducted in a tubular AISI 316L stainless 
steel reactor, with a nominal diameter of 12.7 mm (i.d. 10.3, wall 
thickness 1.2 mm). For each test, 1 g of catalyst (particles diameter in the 
range of 180–355 μm) was diluted with 500–710 μm quartz spheres, 
reaching a total volume equal to 2 cm3. Quartz addition allowed to 
obtain a suitable catalytic bed length and smooth the temperature in
crease due to the exothermicity of the reaction. The catalyst was placed 
in the central zone of the reactor, held by two quartz wool disks. Two K- 
type thermocouples continuously monitored the gas temperature at the 
inlet and outlet section of the catalytic bed. The temperature control of 
the system was assured through an annular electrical furnace with three 
individual heating zones. A battery of mass flow controllers provided by 
Bronkhorst fed the reaction mixture to the reactor, while the gas 
composition was evaluated through a Hiden Analytical mass spec
trometer, that provided the volumetric fraction (dry-base) of H2, CH4, 
CO, Ar and CO2 by observing respectively fragments 2, 15, 28, 40 and 
44. Further specification and the experimental setup scheme were pre
viously reported elsewhere [19].

Prior to each experimental test, the calcined catalysts were activated 

in a 5 % H2 in Ar stream, raising the temperature with a 5 ◦C/min 
heating rate, from room conditions up to 500 ◦C. For the experiments, 
the reactants were fed in stoichiometric ratio (H2/CO2 = 4), and a molar 
dilution ratio Ar/reactants = 1 was employed to contain the temperature 
increase. The activity tests were conducted on a temperature ramp, 
raising the temperature from 200 ◦C to 450 ◦C, with a heating rate of 
2 ◦C/min.

The fluid-dynamic conditions were fixed by the space velocity (SV), 
defined as the ratio between the volumetric flow rate and the catalyst 
mass. The overall inlet stream (reactants and inert) was considered in 
the determination of SV, as commonly reported in literature for CO2 
methanation studies. For the chemical support screening, it was adopted 
a SV = 30 NL⋅h− 1⋅gcat

− 1 while, to study the kinetic aspect, the powder 
samples were stressed with a SV = 60 NL⋅h− 1⋅gcat

− 1.
The catalytic performances were evaluated in terms of CO2 conver

sion (XCO2), CH4 yield (YCH4) and CH4 selectivity (S). Fi represents the 
molar flow of the “i” species. 

XCO2 (%)=
FCO2 ,in − FCO2 ,out

FCO2 ,in
⋅100 Eq. 1 

YCH4 (%)=
FCH4

FCO2 ,in
⋅100 Eq. 2 

S(%)=
FCH4

FCO2 ,in − FCO2 ,out
⋅100 Eq. 3 

2.4. Mathematical model and kinetics

For the derivation of the kinetic parameters, a literature model was 
adopted. The most credited equations for representing a CO2 methana
tion system were provided by Xu and Froment [20], that used a 
Langmuir-Hinshelwood based mechanism, considering a 
single-molecule adsorption/desorption mechanism for each component 
except water, as given in the expression of DEN2.

A summary of the equations employed for model is given in Table 1.
Eqs. 4–6 are the considered reaction, respectively CO methanation 

(r1), reverse water-gas shift (rWGS, r2) and CO2 methanation (r3). Eqs. 
7–10 represent the reaction rates for the three reactions, respectively. 
Kinetic constants ki are expressed according to the Arrhenius equation 
(Eq. 11). Equilibrium constants Keq,i and expressions for the adsorption 
constant Kj (Eqs. 12–18) were obtained from the literature [21].

Table 1 
Equations employed for the kinetic model.

CO+ 3H2⇆CH4 + H2O Eq. 4
CO2 + H2⇆CO+ H2O Eq. 5
CO2 + 4H2⇆CH4 + 2H2O Eq. 6

(-r1) =
k1

p2.5
H2

⋅

(

pCH4
⋅pH2O-

p3
H2

⋅pCO

Keq,1

)

/(DEN)
2

Eq. 7

(-r2) =
k2

pH2

⋅
(

pCO⋅pH2O-
pH2

⋅pCO2

Keq,2

)

/(DEN)
2 Eq. 8

(-r3) =
k3

p3.5
H2

⋅

(

pCH4
⋅p2

H2O-
p4

H2 ⋅pCO2

Keq,3

)

/(DEN)
2

Eq. 9

DEN = 1+ KCO⋅pCO + KH2 ⋅pH2
+KCH4 ⋅pCH4

+ KH2O⋅pH2O/pH2
Eq. 10

ki = k
◦

i ⋅e
-Ea,i

/

R⋅T Eq. 11

Keq,1 = 1.198× 1023⋅e
-26830

T
[
Pa2] Eq. 12

Keq,2 = 1.767× 10-2⋅e
4400

T [-] Eq. 13

Keq,3 = Keq,1⋅Keq,2 Eq. 14

KCH4 = 6.65× 10-9⋅e
38280

R⋅T
[
Pa-1] Eq. 15

KCO = 8.23× 10-10⋅e
70650

R⋅T
[
Pa-1] Eq. 16

KH2 = 6.12× 10-14⋅e
82900

R⋅T
[
Pa-1] Eq. 17

KH2O = 1.77× 105⋅e
-88680

R⋅T [-] Eq. 18
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3. Results and discussion

3.1. Catalysts characterizations

In Table 2 are resumed the results of the chemical composition and 
the specific surface area analysis. As can be observed, monometallic Ni- 
based catalysts displayed a SSA remarkably lower than that of the cor
responding support, indicating, as expected, the clogging of part of the 
original porous structure. Ru deposition on CeZr support did not have 
the same effect, although this is certainly ascribable to the much lower 
loading of active phase employed. Bimetallic catalysts did not exhibit a 
notable difference between the two samples, indicating that the prepa
ration method did not significantly impact on the textural properties of 
the final catalyst. Furthermore, the additional calcination step per
formed on the TSI sample did not affect the SSA, demonstrating the 
thermal stability of the catalyst.

ICP analysis gave the weight percentage of the metallic species, in 
good agreement with the nominal loadings. In addition, it allowed to 
confirm the 1:1 M ratio of Ce:Zr in the commercial support.

The XRD analysis results are displayed in Fig. 1. Comparing the CeZr 
spectrum to CeO2 as a reference, it is possible to see the characteristic 
shift of CeO2 peaks when Zr atoms are in the matrix. Furthermore, Ni 
presence is slightly visible at 44.5◦ and 51.9◦. Both peaks correspond to 
FCC-centered structure, indicating that Ni is present in a single-phase 
structure. This was observed for all samples, meaning that nor the 
addition of a second metal neither the method for its deposition influ
enced the final crystalline form of nickel. Furthermore, no NiO was 
detected by XRD, implying that the reduction procedure was adequate. 
For the bimetallic samples, even though ruthenium loading was 
confirmed by ICP, it cannot be observed through the XRD spectra, 
indicating crystallites dimension smaller than the instrument detection 
limit (3 nm), were likely obtained thanks to the noble metal low loading.

Raman spectroscopy (Fig. 2) was performed on CeO2 and CeZr sup
port only, to evaluate the role of zirconium in modifying the OVs of the 
ceria matrix. The CeO2 support shows the characteristic peak at 462 
cm− 1 (of intensity IF2g), ascribable to the first order F2g mode of ceria, 
which corresponds to Ce4+-O-Ce4+ wagging (≈460 cm− 1) [22]. Defects 
induced bands are visible at 262 and 593 cm− 1 (≈200 and ≈ 600 cm− 1 

according to Ref. [23]). In particular, the peak at 593 (of intensity ID) is 
ascribable to Ce3+ atoms in the matrix. Finally, the peak at 1172 cm− 1 

corresponds to the second-order longitudinal modes of cubic CeO2 
fluorite phase [24]. The ratio ID/IF2g conventionally expresses the 
number of defects in the structure, and in the case of the employed CeO2 
it can be visually observed that this is not particularly high. Things 
change in case of the CeZr support. The Raman response of CeZr shows 
lower-intensity and shifted peaks, compared to CeO2. Both phenomena, 
producing a completely different ID/IF2g ratio, can be related to the in
crease of disorder into the fluorite structure by the partial substitution of 

Table 2 
Resume of the prepared catalyst with label and preparation method, XRF, ICP 
and SSA results.

Name Preparation 
method

ICP (wt. 
%)

SSABET 

(m2/g)
Crystallites size 
(nm)

Ni Ru Ni

Al2O3 calcined – – 230 –
CeO2 calcined – – 172 –
CeZr calcined – – 80 –
Ni/Al2O3 IM – – 161 4.21
Ni/CeO2 IM – – 115 3.59
Ni/CeZr IM 8.4 – 65 4.78
Ru/CeZr IM – 0.4 77 –
RuNi/ 

CeZr_CIM
CIM 8.9 0.5 63 7.35

RuNi/CeZr 
_TSI

TSI 7.9 0.4 61 8.06

Fig. 1. XRD spectra of selected catalysts and supports samples.

Fig. 2. Raman spectra of the CeO2 and CeZr.
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Ce by Zr and/or existence of oxygen vacancies [25]. The OVs serve 
primarily for the CO2 adsorption and activation, hence their presence 
and amount could be determinant for the reaction; nevertheless, the 
overall efficiency of a catalyst cannot be determined by this sole 
parameter.

The TPR analysis results are reported in Fig. and through peaks 
deconvolution, it was possible to distinguish the contribution of each 
component. Since CeO2 reduction properties are well-known and Al2O3 
is not a reducible support, only the bare CeZr support was characterized 
through TPR analysis. It was observed that the support is indeed 
reducible, showing a reduction peak at 490 ◦C. The three Ni-based 
monometallic catalysts (Ni/Al2O3, Ni/CeO2, Ni/CeZr) showed remark
ably different reducibility properties. It is generally recognized that Ni 
oxide can exhibit three reduction peaks, that could be addressed as α, β 
and γ in order of progressive increase in its bond with support. Ac
cording to the study of Gil-Calvo et el. [26], bulk NiO only shows α 
reduction peak, while β and γ peaks are observable in bulk NiAl2O4. As 
expected, α-NiO reduction peak can be observed in Ni/CeO2 and 
Ni/CeZr samples approximately at the same temperature (300 ◦C), even 
though the peak is sharper in case of CeO2 support. On the other hand, 
Ni/Al2O3 sample presented mainly β and γ-NiO, respectively at 560 and 
750 ◦C, indicating that when Ni is supported onto alumina only the 
nickel aluminate phase – less reactive – is formed. The appearance of this 
phase is consistent with the calcination temperature, since it is formed 
when overgoing 400 ◦C during calcination [27], which is the case of this 
study. In the case of Ni/CeO2 sample, the noticeable presence of NiOx 
(weakly bonded nickel) is in good agreement with previous literature 
[28].

In the Ni/CeZr catalyst, the shoulder of the reduction peak in as
cribable to support reduction; CeZr reduction is also visible above 
300 ◦C in the Ru/CeZr sample. The low-temperature peaks in Ru/CeZr 
sample are both to be attributed to ruthenium oxide reduction; 
contrarily to NiO, where Ni can only pass from Ni2+ to Ni0, ruthenium 
has multiple (five) oxidation stages. Considering only the most stable 
phases, the reduction is likely to follow the path Ru4+ (RuO2) > Ru2+

(RuO) > Ru0. In addition, the strong spillover phenomenon produced by 
the presence of the noble metal can be observed in Ru/CeZr reduction 
profile.

The bimetallic catalysts showed significant differences in their 
reducibility, according to the different preparation methods. It worth 
noting that in the TSI-prepared sample (RuNi/CeZr_TSI), both nickel and 
ruthenium oxides reduced at the same temperature of the corresponding 
monometallic samples, suggesting that no significant interaction occurs 
between the two metals. On the other hand, in the CIM catalyst (RuNi/ 
CeZr_CIM) the reduction of both metals is anticipated at lower temper
ature; moreover, the second ruthenium reduction peak is particularly 
wide and intense, suggesting intermediate reduction stages correlated to 
metals interactions. Surely, spillover occurs in bimetallic catalysts as 
well, but it was not possible to discern the support reduction through 
peaks deconvolution.

The TPD analysis (Fig. 4) highlighted the differences between the 
CeO2 and CeZr support. According to the conventional interpretation, 
both supports has mostly weak basic sites. Addition of Ni and Ru seemed 
to increase CO2 desorption in the medium-basicity region, suggesting a 
redistribution of the CO2 chemisorption sites, supported by the obser
vation of the total amount of desorbed CO2 (mmolCO2 gcat

− 1), which did 
not vary significantly. This could be beneficial for CO2 methanation 
since it may be possible to activate earlier the reactant and, conse
quently, lowering the onset reaction temperature.

SEM-EDX images were obtained for bimetallic catalysts and the Ni/ 
CeZr was used as a reference. The morphology of the catalyst, mainly 
characterized by spherically shaped particles, can be observed from 
Fig. 5. In general, Ni appear to be evenly dispersed onto the support 
surface. Nevertheless, it is worth noting that also SEM-EDX character
ization is a local analysis, meaning that the result of the observation can 
vary point to point. Observing the EDX mapping for the bimetallic 

catalysts, it can be noted that Ru had a worse dispersion, despite its low 
loading. In addition, it seems that Ru tends to deposit on Ni sites, and 
this can be deducted by the images (h) and (j): the space free of Ni 
particles is not filled in from Ru sites during the second impregnation, 
while Ru prefers to attach in the proximity of Ni crystallites. This is likely 
due to the presence of Ni oxide, which is a highly hydrophilic site [29]. 
The double impregnation step also eliminates the casualty of a portion of 
the support not wetted by the solution, but indicates a systematic pref
erential deposition.

3.2. Catalytic tests

Fig. 6 reports the activity and selectivity of Ni/CeZr catalysts 
compared to benchmark formulations at 30 NL(hg)− 1. As can be 
observed, at the investigated space velocity conditions Ni/CeZr catalyst 
was already active at temperature as low as 250 ◦C, which is a significant 
result. In addition, the maximum of CO2 conversion (80 %) was 
observed from 260 ◦C to 320 ◦C approximately. The Ru/CeZr formula
tion outperforms the more conventional alumina-supported catalysts 
and approaches the CO2 conversion levels typically achieved with CeO2- 
supported catalysts, which are recognized as among the best supports for 
CO2 methanation. In terms of methane selectivity, the Ni/CeZr sample 
exhibited nearly unitary selectivity across the entire temperature range, 
closely approaching equilibrium values as the temperature increased.

The results obtained with the CeO2 and CeZr supported samples can 
be ascribed to their unique combination of an elevated oxygen transport 
capacity coupled with the ability to shift between reduced and oxidized 
states (i.e., Ce3+ – Ce4+) as confirmed by Raman analysis (Fig. 2). This 
property is well-known to promote CO2 adsorption and activation [30]. 
It is noticeable that the ceria-based sample assured a slightly better ac
tivity, by both earlier activating the reaction and better approaching the 
thermodynamic equilibrium conversion than the CeZr supported cata
lyst. This difference can be related to the higher reducibility (Fig. 3) and 
higher number of basic sites (Fig. 4) showed by the ceria-supported 
sample, characteristics which could both promote low-temperature 
CO2 activation.

Considered the high activity of the Ni/CeZr sample in the pre
liminary evaluation, the space velocity was doubled to test the bime
tallic formulations (Fig. 7). Comparing the activity of Ni/CeZr with the 
previous experiments (Fig. 7a vs Fig. 6a), it can be observed that higher 
temperatures were needed for the activation of the catalyst, and it the 
equilibrium conversion was approached only above 400 ◦C. Also, there 
was an overall drop of methane selectivity value, from almost 100 % to 
approximately 90 % at its best. Considering the harsh operating condi
tions, this result was expected. It should be noted that the slight excess of 
the experimental value over the equilibrium curve at 450 ◦C is not 
physically plausible and is likely due to experimental and measurement 
uncertainties.

The monometallic Ru/CeZr formulation was also tested for sake of 
comparison. It has been widely reported that, depending on the 
methanation operating conditions, Ru could be an excellent catalyst. In 
this case, the low loading of ruthenium cannot cope with the high space 
velocity employed, leading to the obtainment of a low-active and low- 
selective catalyst which resulted to be remarkably worse than the 
monometallic non-noble metal formulation. In addition, ruthenium is 
known to promote the direct CO2 methanation, but in this case a sig
nificant amount of CO was also observed during reaction, especially at 
low temperature. This could indicate a competition between the 
Sabatier reaction and the reverse water-gas shift reaction. According to 
thermodynamics, methane selectivity should decrease with temperature 
while CO selectivity should increase, but when a catalyst works far from 
equilibrium – as in this case – the kinetic aspect becomes more relevant, 
and the CO2 methanation could need higher temperature to be signifi
cantly activated.

Although the low ruthenium loading alone was insufficient to cata
lyze CO2 methanation effectively, its addition to the Ni/CeZr 
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formulation resulted in a marked enhancement of catalytic performance. 
Notably, improvements were observed in both activity and selectivity, 
with two distinct catalytic behaviors emerging.

For the co-impregnated RuNi/CeZr_CIM sample, the synergistic ef
fect of the two metals facilitated catalyst activation at lower tempera
tures without significantly improving CO2 conversion at temperatures 
above 350 ◦C. Furthermore, it exhibited significantly higher methane 
selectivity compared to the Ni/CeZr sample, resulting in an overall CH4 
yield (at similar conversions) that exceeded that of the monometallic 
formulation across the entire temperature range. In the case of the two- 
step impregnated RuNi/CeZr_TSI sample, both earlier catalyst activation 
and an enhanced CO2 conversion were observed over the entire tem
perature range.

To provide a comprehensive overview of the catalytic performance 
of the studied samples, a comparative analysis with the most recent 
literature is presented in Table 3. This table highlights the results ob
tained under comparable reaction conditions (300 ◦C and 1 bar) and 
with similar catalyst formulations. As evidenced by the data, the 
methanation performances achieved with the formulations proposed in 
this study are highly competitive with those reported in the literature. 
Notably, our catalysts demonstrate excellent catalytic activity, even 
with relatively low active phase loadings and under high space velocity 
conditions.

This is particularly significant, as high SV often present a challenge 

to achieve both high CO2 conversion and methane selectivity. Despite 
these conditions, our catalysts consistently displayed outstanding re
sults, with CO2 conversion and methane selectivity comparable to, or 
exceeding, those found in previous studies. This is especially remarkable 
given that many literature reports often rely on higher active phase 
loadings or operate at lower SV, which tend to promote higher con
version rates. Thus, the results of this study not only validate the 
effectiveness of the proposed catalyst formulations but also highlight 
their potential for industrial applications, where high space velocities 
and cost efficiency—achieved through lower active phase loadings—are 
essential.

The superior performance observed, particularly with Ni and Ru 
catalysts supported on ceria-zirconia (Ce0.5Zr0.5), underscores the 
crucial role of the synergistic interaction between the support and active 
metals in enhancing both methanation activity and selectivity, ensuring 
that these materials could be employed to renewable energy storage and 
grid integration scenarios. A commercial electrolyzer with 1 MW of 
capacity, typically produces 40–50 kg of H2 per hour [31]. Using this 
input and considering the operating conditions and the results obtained 
in the present study, it could be possible to produce approximately 65 kg 
per day of methane (calculated with: stoichiometric ratio of the Sabatier 
reaction, i.e. calculating 220–275 kg of CO2, and with 0.5 kg of RuN
i/CeZr_TSI to ensure the 60 NL(hg)− 1 condition, and working at 350 ◦C). 
This level of methane production corresponds to 3607.5 MJ day− 1 if 
burned or to 3575 MJ day− 1 if used as stored energy (net useable energy 
after accounting for efficiencies losses).

3.3. Kinetic model

To better understand the role of the active species, the reaction ki
netics were investigated. It is worth specifying that, even though it was 
not detailed in the experimental sections, the catalysts studied in this 
work demonstrated a remarkable stability overtime, with no sign of 
deactivation. The stability of this kind of formulations was addressed in 
a previous work [19]. For this reason, it was possible to perform the 
kinetic modelling analysis using the data obtained through the reported 
experiments, without the consideration of deactivation coefficients and 

Fig. 3. TPR analysis results of the synthetized catalysts.

Fig. 4. CO2-TPD analysis of all the catalysts and support employed in this work. 
The colored rectangles indicate the strongness of the basic sites being the blue, 
yellow and red areas the zones of weak, medium and strong sites, respectively. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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other mechanisms.
As discussed in section 2.4, the Xu and Froment model was employed 

to fit the experimental data. To investigate the reaction mechanism, the 
Arrhenius plots for each reaction and catalysts were compared (Fig. 8). 
Moreover, the exact values of the kinetic parameters (activation energy 
Ea and pre-exponential factor k0) found for each reaction and catalyst 
are reported in Table 4.

To recall, k1, k2, and k3 refers to the kinetic constant of CO metha
nation, reverse water-gas shift and direct CO2 methanation, respec
tively. From Fig. 8a, it can be observed that all the nickel-based samples, 
both mono- and bimetallic, had a high activity toward the CO metha
nation reaction, reaching k1 values higher than the Ru/CeZr catalyst. In 
addition, the reaction rate towards this reaction seemed to have a weak 
dependence on the operating temperature (at least in the investigated 
range) for the Ni-based catalysts, while a more evident temperature 
influence could be observed for the Ru/CeZr. The kinetic constant k2 of 
the rWGS reaction seems to be even less affected by the temperature 

variation (Fig. 8b). Once again, the ruthenium catalyst demonstrated 
lower activity toward the reaction compared to the Ni-based catalysts, 
although the activity gap was significantly smaller than that observed 
for CO methanation. In summary, varying extents of the reverse water- 
gas shift (rWGS) reaction, indicated by CO production, were observed 
across all catalysts. The Sabatier reaction (Fig. 8c) showed a more 
evident dependence on the temperature for all the investigated formu
lations. The less active catalyst was the monometallic Ni/CeZr, while the 
monometallic ruthenium-based catalyst exhibited a reaction rate com
parable to that of the bimetallic samples. This result is not surprising, 
since Ru is widely recognized as one of the best catalysts for CO2 
methanation [14].

According to the complex and detailed work carried out by Yaccato 
et al. [49], there are two possible mechanisms: 

• CO2 ← fast WGS equilibration → CO → CH4
• CH4 ← CO2 ← WGS → CO → CH4

Fig. 5. SEM-EDX images for catalysts: (a), (d), (g) Ni/CeZr; (b), (e), (h), (j) RuNi/CeZr_TSI; (c), (f), (i), (k) RuNi/CeZr_CIM.
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In the first case, CO and CO2 coexist and continuously shift, and CO 
hydrogenation is preferential. In the second configuration, methanation 
can occur equally from CO2 and CO hydrogenation. The authors already 
suggested - observing a 1 % Ni catalyst - that methanation on nickel sites 
is “shift-assisted”. The results of the present study, with a higher Ni- 
loaded catalysts, seems to corroborate this consideration. Indeed, hy
drogenation of CO is few orders of magnitude higher than CO2 
(comparing Fig. 7a and c). On the other hand, ruthenium clearly follows 
the second proposed scheme, catalyzing in preferential order CO2 hy
drogenation > rWGS ≫ CO hydrogenation.                                          

These observations can be sum-up in the reaction scheme proposed 
in Fig. 9.

Considering both the kinetic analysis and the catalytic test, the dif
ference between the TSI sample and the CIM sample can be better un
derstood. In case of RuNi/CeZr_CIM, a higher metal-metal interaction 
was suggested by TPR analysis, which could have hindered the maxi
mization of CO2 conversion. On the other hand, for RuNi/CeZr_TSI a 

lower interaction of the two metals was deducted by the TPR analysis, 
suggesting that Ru has a higher availability on the catalyst surface, being 
able to convert the maximum amount of CO2 either to methane or car
bon monoxide. Then, the proximity Ni-site further converts CO to 
methane, thus maximizing the methane yield. It is worth nothing that, 
according to this mechanism, CO formation was not inhibited. Hence, 
the selectivity towards methane was at its maximum when Ni-sites were 
able to further perform CO hydrogenation and dropped down at higher 

Fig. 6. CO2 conversion and selectivity to methane for Ni/CeZr and benchmark 
catalysts. Operating conditions: P = 1 bar, SV = 30 NL(hg)− 1.

Fig. 7. CO2 conversion, selectivity and yield to methane for CeZr supported 
mono- and bimetallic catalysts. Operating conditions: P = 1 bar, SV = 60 
NL(hg)− 1.
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temperature when the approach to the thermodynamic equilibrium 
became more significant.

4. Conclusions

This study was devoted to the experimental evaluation of the activity 
of Ni- and Ru- based ceria-zirconia supported catalysts, and to the 
elucidation of the role of each component of the formulation on the 
reaction kinetics. To this aim, a Ni/CeZr sample was prepared and 
compared to more conventional CeO2- and Al2O3- supported catalysts; 
then, mono- and bimetallic catalysts containing Ru were prepared and 
tested.

The mixed oxide CeZr employed as support for Ni-based catalysts 
demonstrated only slight differences in terms of catalytic performances 
compared to CeO2, while it was remarkably more active than alumina. 
The prepared Ni/CeZr catalyst is, however, competitive compared to 
other literature formulations. Ruthenium addition to Ni/CeZr allows to 
enhance the methane yield, although Ru alone had scarce performances 
at the investigated high space velocities. Different interactions are 
established by variating the catalysts preparation method: the tech
niques that allowed to obtain more free ruthenium onto the catalyst 
surface achieved the best results. The efficiency of the catalytic formu
lation is correlated to the balance between the three characteristic re
actions of the system; in bimetallic catalysts, a high ratio between a CO 
activating metal and CO2 activating metal can be beneficial to obtain 
high selectivity. By advancing the understanding of catalyst design for 
CO2 methanation, this work contributes to the development of efficient 
PtG processes, which are essential for large-scale renewable energy 
storage and carbon utilization. These insights help bridge the gap be
tween laboratory research and industrial deployment, facilitating the 

integration of renewable energy into existing infrastructure and sup
porting global decarbonization goals performance of methanation cat
alysts is critical for the efficiency and scalability of PtG systems.

Building upon the promising results obtained in this study, future 
work should focus on two main directions. First, a deeper investigation 
of the Ce:Zr ratio in the support material could provide valuable insights 
into the role of surface oxygen mobility, basicity, and metal–support 
interactions in enhancing catalytic performance. In addition, tailoring 
the Ce:Zr composition may allow for further optimization of dispersion, 
reducibility, and the stabilization of active metal species. Second, the 

Table 3 
Literature review considering catalyst with similar composition tested at 300 ◦C 
and 1 bar under different SV.

Support Active phase SV XCO2 SCH4 Ref.

NL 
(hg)− 1

% %

Al2O3 25 %Ni–20 %Ce 40 68 100 [32]
Al2O3 25 %Ni–5 %Ce 9 72 98 [33]
Al2O3 25 %Ni–5 %Zr 9 15 100
Ce 0.4 %Ru–4 %Ni 40 45 100 [34]
Ni80Ce4Y20 1 %Ru 18 80 100 [35]
Ni0.73Zr0.03Al0.24 15 95 98 [36]
ZrO2 66 mol.% 24 70 98 [37]
ZrO2 20 %Ni 48 90 100 [38]
Zrx-SBA15 10 %Ni 45 35 100 [39]
0.15Zr-CeO2 15 %Ni 12 80 100 [40]
Ce0.8Zr0.2- 

MOF
20 %Co3O4 15 70 98 [41]

Ce0.5Zr0.5 15 %Ni–1 %Ru 24 40 100 [42]
Ce0.8Zr0.2 Ni 20 20 100 [43]
Ce0.2Zr0.8- 

MOF
10 %Ni (one-pot) 24 50 100 [44]

Ce0.8Zr0.2 15 %Ni 12 60 98 [45]
Pr0.1Ce0.9 1 %Ru–10 %Ni 25 80 100 [14]
Ce0.25Zr0.75 45 %Ni a 30 100 [46]
Ce0.8Zr0.2O2 10 %Ni 12 80 99 [47]
CNF 16 %Ni 96 22 96 [13]
HNTs 17 %Ni 7.5 96 97 [48]
Ce0.5Zr0.5 10 %Ni 30 82 100 This 

work
Ce0.5Zr0.5 10 %Ni 60 30 92 This 

work
Ce0.5Zr0.5 0.5 %Ru 60 17 25 This 

work
Ce0.5Zr0.5 0.5 %Ru–10 %Ni 

(CIM)
60 48 98 This 

work
Ce0.5Zr0.5 0.5 %Ru/10 %Ni 

(TSI)
60 69 98 This 

work

a SV not indicated.

Fig. 8. Arrhenius plot for the analysis.
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kinetic model developed under lab-scale conditions should be validated 
at higher technology readiness levels (TRLs) through scale-up experi
ments. Testing the most active formulations, such as RuNi/CeZr_TSI, 
under conditions closer to industrial operation (e.g., higher space ve
locities and extended time-on-stream) would allow for assessing the 
robustness of the observed reaction mechanisms and the applicability of 
the kinetic parameters at larger scales. This approach is essential for 
bridging the gap between fundamental research and practical imple
mentation in Power-to-Gas systems, where catalyst stability, perfor
mance under dynamic loads, and process integration become critical 
factors.

These developments will contribute to a more comprehensive un
derstanding of CO2 methanation over advanced CeZr-supported cata
lysts and support their transition toward industrial deployment in 
renewable energy storage and carbon utilization technologies.
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