Metal-Oxide Promotion Effects in Inverse Cobalt Catalysts
for Selective CO2 Methanation
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Abstract

Inverse cobalt catalysts provide unique metal-oxide boundary sites for CO, methanation, but
the role of oxide promotion remains unclear. Herein, ZrOx-, CeOx-, and TiOx-decorated Co
catalysts were synthesized and tested for CO, methanation at 220-360C and atmospheric pressure.
The ZrOx-modified Co catalyst showed the highest CH4 formation rate of 7.8 mmol gcat™ h™' at
300, with CO- conversion of 61.4% and CH, selectivity of 96.2%. In situ DRIFTS revealed that
ZrOx promoted the formation and hydrogenation of bicarbonate and formate intermediates, while
CeOx enhanced oxygen storage but favored CO formation at higher temperatures. H;
chemisorption and XPS results showed that oxide decoration modified the electron density of
surface Co and improved the resistance to oxidation. The study demonstrates that inverse oxide
modification can regulate both CO, activation and hydrogenation pathways in cobalt-based
methanation catalysts.
Keywords: CO, methanation; inverse cobalt catalyst; oxide promoter; methane selectivity; metal—

oxide interface; formate intermediate

1. Introduction

CO; methanation provides a practical route for converting captured CO, and renewable Ha
into CH4, which can be stored, transported, and distributed through existing natural-gas
infrastructure. The reaction is thermodynamically favored at relatively low temperatures, but its
kinetics are limited by the high stability of CO; and the multiple hydrogen-transfer steps required
for complete conversion to methane. Raising the reaction temperature accelerates CO; activation
but simultaneously promotes CO formation through the reverse water—gas shift reaction, making
the control of activity and selectivity particularly important in the intermediate-temperature region.
Ru-based catalysts exhibit excellent low-temperature methanation activity, whereas Ni remains
the most widely investigated non-noble metal because of its lower cost and high hydrogenation
ability. Co represents another attractive catalytic metal because it can efficiently dissociate H, and
hydrogenate adsorbed carbon-containing intermediates. Its catalytic behavior, however, is highly

sensitive to particle size, oxidation state, local coordination, and interaction with the surrounding
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oxide phase [1,2]. This sensitivity makes the metal-oxide boundary a central structural parameter
rather than a secondary support effect. Recent studies of inverse oxide/metal catalysts have further
shown that catalytic behavior can originate from ensembles of structurally distinct interfacial sites,
whose local geometry can affect reaction mechanism, reactivity, and deactivation [3]. Such
observations provide a useful conceptual basis for CO; methanation, where the number,
composition, and dynamic state of Co—oxide interfacial sites may determine whether adsorbed
carbon species undergo complete hydrogenation to CH, or are released as CO.

The oxidation state of cobalt is especially important because metallic and partially oxidized
Co sites may promote different reaction pathways. Metallic Co is generally associated with
efficient H, dissociation and often favors CO-mediated methanation pathways involving CO;
dissociation or reverse water—gas shift followed by CO hydrogenation. In contrast, partially
oxidized Co species and Co—O-support configurations can enhance CO; adsorption and stabilize
oxygen-containing intermediates such as carbonate and formate species [4,5]. The relative
abundance of these sites can therefore change the dominant surface chemistry. Metal-oxide
interfaces provide a way to couple the two functions: oxygen-containing sites on the oxide
facilitate CO, adsorption and polarization, while neighboring Co sites provide activated hydrogen
for sequential hydrogenation [6,7]. This cooperation must nevertheless remain balanced. If CO;
binds too weakly, the surface concentration of reactive intermediates remains low; if the oxide
stabilizes bicarbonate, carbonate, or formate too strongly, these species can accumulate as
spectator intermediates and slow subsequent hydrogenation. Effective methanation therefore
requires an interface that activates CO, without excessively stabilizing partially hydrogenated
oxygenates. Among oxide promoters, ZrO,, CeO,, and TiO, offer distinctly different chemical
environments for cobalt. ZrO; possesses tunable acid-base pairs and surface hydroxyl groups that
can facilitate the formation of bicarbonate, carbonate, formate, and methoxy species. Its
interaction with Co can also modify cobalt dispersion and local electron density, potentially
lowering the kinetic barrier for hydrogenation of oxygen-containing intermediates [8,9]. The
balance between monoclinic and tetragonal ZrO,, surface hydroxylation, and oxygen-vacancy
concentration may further influence the adsorption geometry of COz-derived species. CeO;
behaves differently because of its reversible Ce*"/Ce** redox couple and its ability to form oxygen
vacancies under reducing atmospheres. These vacancies can improve CO; adsorption, interfacial
oxygen transfer, and electronic communication with adjacent Co particles [10]. Excessive
reduction, however, may alter the relative contribution of methanation and reverse water—gas shift
pathways, especially at elevated temperature. TiO; typically forms stronger metal-support
interactions with Co and may stabilize partially oxidized cobalt or Co-O-Ti interfacial
configurations [11,12]. Such interactions can promote CO; adsorption and alter intermediate
binding, although excessive TiOx migration or coverage can mask metallic Co sites required for
H, activation and complete hydrogenation. The catalytic effects of these three oxides therefore

arise from different combinations of acid-base chemistry, redox behavior, oxygen-vacancy



formation, and metal-support interaction. The architecture of the catalyst provides another level of
control over these interfacial effects. In conventional supported catalysts, Co nanoparticles are
dispersed on a continuous oxide support, and only the perimeter of each particle directly
participates in metal-oxide interfacial chemistry. In an inverse configuration, nanoscale oxide
domains are deposited on a larger Co surface. This geometry can increase the density of exposed
oxide—metal boundaries while allowing the amount and spatial distribution of oxide coverage to
be adjusted independently from the bulk metal phase. Such an arrangement is particularly useful
for separating the role of the interface from changes in total Co loading. Studies of inverse
oxide/metal systems have shown that nanoscale oxide decoration can modify CO; adsorption,
charge redistribution, intermediate stabilization, resistance to metal sintering, and product
selectivity [13,14]. Importantly, inverse structures may also generate multiple interfacial motifs
rather than a single uniform active site. Small oxide clusters, partially reduced domains,
oxygen-deficient boundaries, and isolated metal-oxygen linkages can coexist under reaction
conditions. Their relative populations may change continuously with H,/CO, ratio and
temperature. The catalytic function of an inverse interface should therefore be evaluated as a
dynamic ensemble of sites rather than as a static structural feature identified only before reaction.
Despite increasing interest in Co-based CO, methanation, direct comparisons of different oxide
modifiers remain difficult. Reported catalysts frequently vary in Co loading, particle size, oxide
fraction, preparation method, reduction temperature, reaction pressure, Ho/CO, ratio, and gas
hourly space velocity. Changes in apparent activity may therefore originate from differences in
exposed metallic Co area rather than from the intrinsic promotion effect of the oxide. Many
studies also rely primarily on CO, conversion and CHa selectivity, while normalized reaction rates,
hydrogen chemisorption data, and extended stability measurements are less consistently reported.
This limits quantitative comparison of intrinsic catalytic performance. Characterization presents
an additional difficulty. Ex situ XPS can identify the oxidation states present after reaction, but Co
may oxidize or restructure during cooling and air exposure. Temperature-programmed techniques
provide information about reducibility and adsorption strength, although they cannot directly
reveal which surface structure is present during steady-state methanation. In situ DRIFTS can
detect bicarbonate, carbonate, formate, methoxy, and adsorbed CO species, but the observation of
an infrared band alone does not demonstrate that the corresponding species lies on the kinetically
dominant reaction pathway. Combining surface-sensitive characterization with Kinetic
measurements is therefore necessary to distinguish active intermediates from strongly adsorbed
spectators. A particularly important unresolved issue is how different oxide domains modify the
competition between oxygenate-mediated and CO-mediated pathways on the same cobalt surface
[15,16]. ZrOx may preferentially stabilize bicarbonate and formate species, CeOx may promote
vacancy-assisted CO- activation and oxygen transfer, whereas TiOyx may exert stronger electronic
and structural control over neighboring Co sites. However, these effects have rarely been

evaluated using ZrOy, CeOx, and TiOx domains deposited on a common Co substrate and tested



under identical reaction conditions [17,18]. Without such a controlled comparison, it remains
difficult to determine whether differences in methane selectivity result from the intrinsic chemistry
of the oxide—Co boundary or simply from variations in Co dispersion, reduction degree, and
available metallic surface area. It is also unclear whether an oxide that improves initial CO;
adsorption necessarily accelerates the subsequent hydrogenation steps required for CH4 formation.
Resolving this distinction is essential because strong CO; activation can be catalytically
unproductive when intermediates accumulate faster than they can be hydrogenated.

In this study, ZrO4-, CeOx-, and TiOx-decorated inverse Co catalysts are prepared using a
common Co platform and evaluated for CO, methanation between 220 and 360C at atmospheric
pressure. The inverse architecture is used to systematically vary the chemical nature of the oxide—
Co interface while minimizing differences associated with the bulk Co phase. H> chemisorption is
employed to quantify accessible Co surface sites and distinguish intrinsic promotional effects from
simple changes in metal dispersion. XPS is used to evaluate changes in Co electronic structure,
interfacial charge redistribution, and resistance to oxidation induced by each oxide domain. In situ
DRIFTS is applied under reaction conditions to follow the evolution of bicarbonate, carbonate,
formate, adsorbed CO, and related surface intermediates and to determine how the three oxide
modifiers influence their formation and consumption. By correlating normalized catalytic rates,
CH./CO selectivity, Co surface properties, and intermediate evolution, the work aims to clarify
how ZrOy, CeOy, and TiOy regulate CO; activation and the subsequent hydrogenation sequence at
inverse Co interfaces. Particular attention is given to whether improved methanation originates
from increased CO; adsorption, accelerated conversion of oxygen-containing intermediates,
stabilization of a favorable Co oxidation state, or suppression of CO desorption through more
efficient interfacial hydrogenation. Establishing these relationships will provide a direct
comparison of three chemically distinct oxide promoters on a common Co surface and help
identify the interfacial properties that control the balance between CH4 formation and the reverse
water—gas shift pathway. More broadly, the study is intended to provide a mechanistic basis for
designing inverse metal-oxide catalysts in which interfacial density and oxide chemistry can be

independently tuned for efficient, selective, and low-cost CO2 hydrogenation.

2. Materials and Methods

2.1. Catalyst Samples and Reaction Conditions

Seven catalyst samples were prepared: unmodified Co, ZrO,/Co, CeO,/Co, TiO,/Co, and
three physical mixtures of Co with ZrO,, CeO,, or TiO.. Co particles were obtained by reducing
Co304 in Hy. The inverse catalysts were prepared by depositing the oxide precursors onto the Co
surface, followed by drying, mild calcination, and H; reduction. The oxide loading was fixed at 5
wt% for all promoted catalysts. CO, methanation was tested in a fixed-bed quartz reactor at
atmospheric pressure. For each run, 100 mg of catalyst with a particle size of 250425 um was

placed between two quartz-wool plugs. The feed contained CO,, Hy, and N at a volume ratio of



1:4:1. N2 served as an internal standard. The total flow rate was 60 mL min™, giving a gas hourly
space velocity of 36,000 mL g cat™ h™'. The temperature was increased from 220 to 360°C in
steps of 20C. Each condition was tested three times.

2.2. Experimental Design and Control Tests

The three inverse catalysts were compared with bare Co under the same reaction conditions.
This comparison was used to determine the effects of ZrOx, CeOy, and TiOx on CO; conversion
and CHa selectivity. Physical mixtures with the same oxide loading were also tested. These
controls helped separate the effect of a close Co—oxide boundary from simple contact between
separate particles. Before each reaction, the catalysts were reduced in 10 vol% H2/N; at 400 C for
2 h. Blank tests were conducted without a catalyst and with oxide-only samples to check
gas-phase reactions and the activity of the oxides. External mass-transfer effects were examined
by changing the total flow rate from 40 to 80 mL min™'. Internal diffusion was checked using
catalyst particles of 150-250 and 250-425 pm. No clear change in the mass-normalized CHj rate

was observed within these ranges.

2.3. Catalyst Characterization and Quality Control

Crystal phases were identified by X-ray diffraction with Cu Ko radiation. Particle size and
oxide distribution were examined by transmission electron microscopy and energy-dispersive
X-ray mapping. The surface states of Co, Zr, Ce, Ti, and O were measured by X-ray photoelectron
spectroscopy. The C 1s peak at 284.8 eV was used for binding-energy correction. The exposed Co
surface area was measured by Hx chemisorption after in situ reduction. Surface species were
monitored by in situ diffuse reflectance infrared Fourier-transform spectroscopy. Spectra were
recorded under CO,/H; flow from 220 to 360C, and a fresh background spectrum was collected at
each temperature. Reaction products were measured by online gas chromatography. CH4 and CO
were analysed with a flame-ionization detector fitted with a methanizer, while CO., H, and N3
were measured with a thermal-conductivity detector. Calibration curves were prepared with
certified standard gases. The difference between the catalyst-bed temperature and the set value
was kept within 1 C. Data were accepted when the carbon balance was between 95% and 105%

and the variation among repeated tests was below 5%.

2.4. Data Processing and Calculation Methods
Gas concentrations were corrected using the Ny internal standard. CO, conversion was
calculated as

COz,in_FCOZ,out

F
XCOZ(%)= XlOO,

CO,,in
where Feo,in and Feo,ou are the inlet and outlet molar flow rates of CO., respectively. CHa

selectivity was calculated on a carbon basis as



I:CH4,out

SCH4(%)= ><100,

FeHg, outtFeo,out

where Fey, oue @and Feo oy are the outlet molar flow rates of CH, and CO, respectively. The
CH, formation rate was calculated by dividing the outlet CH4 molar flow by the catalyst mass.
Results are reported as mean values with standard deviations. Differences among catalysts were
tested by one-way analysis of variance followed by Tukey’s test. A value of p<0.05 was

considered significant.

2.5. In Situ Reaction Analysis and Stability Tests

In situ DRIFTS was used to monitor bicarbonate, carbonate, formate, adsorbed CO, and
methoxy species during reaction. The catalyst was first reduced in H, and then exposed to the
CO3/H; feed at each test temperature. Spectra were collected every 2 min until no further change
was observed. The band areas were compared with the CH, and CO formation rates to identify
species linked to the main reaction pathway. Step-response tests were also carried out by
switching among CO., H, and COa/H; feeds. These tests separated CO» adsorption from later
hydrogenation steps. Catalyst stability was tested at 300 C for 40 h. After the reaction, XPS, XRD,
and TEM measurements were repeated to examine Co oxidation, particle growth, and oxide
movement. A catalyst was considered stable when the CH4 formation rate changed by less than 10%

and no clear phase change was detected.

3. Results and Discussion

3.1. Surface Structure and Oxide—Co Interaction

TEM and elemental mapping showed that ZrOx, CeOy, and TiOx formed small domains on
the Co surface. No large separate oxide particles were observed. This inverse structure created
direct oxide—Co boundaries while keeping part of the Co surface open for H, dissociation. XPS
showed shifts in the Co 2p binding energy after oxide addition, which indicates charge transfer at
the interface. ZrO/Co showed the largest shift, suggesting a stronger electronic effect than
CeOy/Co and TiOx/Co. H2 chemisorption showed that oxide deposition reduced the exposed Co
area. This decrease was smaller for ZrO,/Co than for TiO./Co. TiOy therefore covered more Co
sites, whereas ZrOx formed a more open interface. These structural and surface results are shown
in Fig. 1. Shakil et al. (2026) also found that the activity of Co/CeO, depended on both exposed
Co sites and the metal-oxide boundary. Their results showed that Co surface area alone could not

explain the methanation rate [19,20].
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Fig. 1. Structure, surface properties, and CO, methanation activity of bare and oxide-modified Co

catalysts.

3.2. CO; Conversion and CHjy Selectivity

CO; conversion increased as the temperature rose from 220 to 300C for all catalysts. Above
300, the increase became smaller because the methanation equilibrium became less favourable
and the reverse water—gas shift reaction increased. ZrO,/Co gave the highest activity. At 300 T, it
reached a CH4 formation rate of 7.8 mmol g cat™? h™', a CO, conversion of 61.4%, and a CH4
selectivity of 96.2%, as shown in Fig. 1. The ZrO«/Co physical mixture showed a lower rate
despite having the same oxide content. This result confirms that close oxide—Co contact was
needed for effective promotion. CeO,/Co improved low-temperature conversion, but its CHa
selectivity decreased at higher temperatures because CO formation increased. The Ce*/Ce** redox
pair and oxygen vacancies promoted CO; activation, but strong reduction also favoured CO
release. TiOx/Co showed a smaller increase in CHs production. Its lower activity was related to
stronger coverage of Co and fewer exposed sites for H, dissociation. Similar support effects have
been reported for Co- and Ni-based methanation catalysts, where CeO,, ZrO,—CeO,, and TiO;

changed metal dispersion, basicity, and reaction rates in different ways [21,22].

3.3. Surface Intermediates and Reaction Pathways
In situ DRIFTS showed that the oxide promoters changed both the amount and the reaction
rate of surface carbon species. Bicarbonate and formate bands appeared on all promoted catalysts

after the CO./H; feed was introduced. Their changes with temperature are shown in Fig. 2. On



ZrO/Co, bicarbonate bands formed at low temperature and then decreased as formate bands
increased. The formate signal later declined as CH4 production increased near 300 C. This trend
suggests that bicarbonate was first converted to formate and then hydrogenated to methane. The
rapid loss of formate after switching to H; also supports its role as a reaction intermediate. On
Ce0,/Co, carbonate and adsorbed CO bands remained strong at high temperature, which agrees
with the higher CO content in the outlet gas. On TiO,/Co, formate bands remained over a wider
temperature range, but their slow removal suggests limited hydrogenation. Sebastian et al. (2026)
also detected carbonate, bicarbonate, formate, and adsorbed CO during CO, methanation over
Co/CeO,. Their results showed that associative and CO-based routes can occur at the same time.
Musig et al. (2026) further reported that formate, methoxy, and carbonate species changed with

metal-oxide contact and support type.

3.4. Promotion Mechanism and Catalyst Stability

The results show that oxide promotion depends on more than CO, adsorption. A suitable
promoter must activate CO;, support hydrogen transfer from Co, and avoid excessive coverage of
metallic Co sites. ZrOx provided the best balance among these effects. Its acid—base oxygen sites
promoted bicarbonate and formate formation. The open ZrOx—Co boundary also allowed rapid
hydrogen transfer and further C—O bond removal. CeOy provided more oxygen-storage sites, but
its redox activity increased the CO pathway at high temperature. TiOx formed strong contact with
Co, but its greater surface coverage reduced the number of H; activation sites. During the 40 h test
at 300, ZrO/Co showed only a small decrease in CH4 production. Post-reaction XPS also
showed less Co oxidation than on bare Co. The ZrOy promoter therefore helped maintain a
reduced Co surface in the presence of reaction water. The proposed interface reactions and
stability results are shown in Fig. 2. However, the tests were conducted at atmospheric pressure
and with one oxide loading. Longer tests, different oxide contents, and operando measurements of

the Co oxidation state are still needed under higher-pressure conditions [23,24].
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Fig. 2. Surface species, catalyst stability, and CO» methanation routes at oxide—Co interfaces.

4. Conclusion

Inverse oxide modification changed CO; activation and hydrogenation on Co catalysts.
ZrO,/Co showed the best performance, with a CH4 formation rate of 7.8 mmol g_cat™ h™', a CO>
conversion of 61.4%, and a CH4 selectivity of 96.2% at 300 C. The ZrO,—Co interface promoted
the formation of bicarbonate and formate species and supported their further hydrogenation to
CHs. CeOy improved CO; adsorption and oxygen transfer but increased CO formation at higher
temperatures. TiOy interacted strongly with Co, but partial coverage of metallic Co reduced H»
activation. ZrOy also helped keep Co in a reduced state during the 40 h stability test. This study
directly compared three inverse oxide promoters at the same loading and under the same reaction
conditions. The results show that an effective promoter should improve CO, adsorption, support
hydrogen transfer, and retain enough metallic Co sites. This method may help develop Co-based
catalysts for low-temperature CH4 production. However, the tests were conducted at atmospheric
pressure with one oxide loading. Further studies should examine different promoter amounts,

longer reaction times, higher pressures, and operando measurements of the Co oxidation state.
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