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ive phase of CoO-based thin-film
catalysts in order to tune selectivity in CO2

hydrogenation†

Niloofar Mohammadpour, * Hanna Kierzkowska-Pawlak, Jacek Balcerzak
and Jacek Tyczkowski

In this study, we prepared CoO-based thin films deposited on Kanthal steel wire gauze meshes by plasma-

enhanced chemical vapor deposition. X-ray photoelectron spectroscopy (XPS) analysis revealed a structure

characterized by a combination of cobalt oxide and metallic cobalt embedded within a carbon matrix. Our

primary objective was to gain insights into the roles of Co0 and CoO in CO2 hydrogenation reactions. To

achieve this, the performance of the thin-film CoO-based catalyst with an initial atomic ratio of CoO/Co0 at

10.2 was compared with two series of the thin-film catalysts that underwent pre-reduction processes at

350 °C for durations of 30 and 60 minutes, resulting in atomic ratios of CoO/Co0 at 3.1 and 1.1,

respectively. Subsequently, catalytic tests were conducted in a continuous flow stirred tank reactor

operating at temperatures ranging from 250 °C to 400 °C. Our findings indicate that CoO plays a significant

role in activating the CO2 methanation reaction which can be due to the high hydrogen coverage of CoO,

while Co0 is the active phase in the reverse water–gas shift reaction. Results highlight the importance of

oxidized cobalt for hydrogen adsorption and dissociation in CO2 hydrogenation for CH4 formation.
1 Introduction

Cobalt/cobalt oxide-supported catalysts have been widely
applied in CO/CO2 hydrogenation reactions.1,2 The diverse
chemical states of cobalt (Co0, Co2+, Co3+) in such catalysts,
contribute to distinct behaviour in CO2 hydrogenation reac-
tions,3,4 impacting product distribution.5 However, the exact
nature of the active form of cobalt-based catalyst in CO2

hydrogenation remains a subject of ongoing debate among the
scientic community.6 Some researchers claim that the metallic
form is active phase,7,8 while others argue that the active phase
is present in an oxidized state.2,9 These debates can be due to
the interplay of factors like particle size, the complex interac-
tions between the active phase and the support material,10,11

and the crystallographic structure of different forms of
cobalt.12,13 In addition, different mechanisms can be followed
based on the active phase state. Melaet et al.2 synthesized
a series of Co catalysts supported on TiO2 and SiO2. Their
investigation revealed that cobalt oxide nanoparticles sup-
ported on TiO2 exhibited better conversion rates and CH4

selectivity in the CO2 hydrogenation compared to reduced
catalysts containing metallic cobalt nanoparticles. Conversely,
aculty of Process and Environmental

, Wolczanska 213, 93-005 Lodz, Poland.

dz.pl
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764
fully reduced cobalt oxide supported on SiO2 demonstrated
increased activity in CO2 hydrogenation and greater selectivity
towards CH4. These ndings emphasize the signicant inu-
ence of supports and the chemical state of cobalt in tailoring the
distribution of products.

Recently, ten Have et al.14 established the hypothesis that
cobalt and cobalt oxide can both be active phases by partici-
pating in different reaction mechanisms. Based on their nd-
ings, metallic cobalt participates in a dissociation pathway via
CO formation as an intermediate species. Cobalt oxide, on the
other hand, enables an associative route that forms carbonate,
formate, and formyl species as intermediates.

The outcomes of some research support the synergetic effect
of Co and CoO in the activity of supported cobalt catalysts in
CO2 hydrogenation.1,15 Zhao et al.16 prepared self-supported
catalysts containing a mixture of Co0 and CoO. These catalysts
were subjected to a pre-reduction process at varying tempera-
tures, resulting in different ratios of metal/metal oxide. They
found that catalysts with a higher CoO content exhibited
superior performance in CO2 hydrogenation due to high CO2

adsorption on CoO sites, which facilitated the formation of
formate and carbonate as intermediates for CH4 production.
Whereas metallic cobalt played a role in the subsequent
hydrogenation step. They concluded that the most effective
catalyst for CO2 hydrogenation contains a lot of CoOmixed with
Co0. Although in the reported research16 there was no effect of
the third solid phase applied as a support, variations in the
reduction temperatures can also affect the nanostructure of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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active phase, inuencing its behaviour during the reaction
which was not considered.

In our group, cold plasma-prepared nanocatalysts based on
cobalt oxides for CO2methanation have been developing.9 What
makes our research unique is the thin-lm form of these cata-
lysts facilitating deposition on various structured supports like
ne meshes. This feature offers wide possibilities for practical
applications of plasma-prepared catalysts in structured reac-
tors, providing effective heat transfer properties crucial for
carrying highly exothermic reactions such as CO2 hydrogena-
tion to methane.9,17 Our previous research demonstrated that
the plasma-prepared thin-lm CoO-based catalysts are very
active in the CO2 methanation reaction.9 Subsequent research
aimed to further investigate the structure–activity relationships,
revealing that the excellent performance of CoO-based catalysts
is attributed to the formation of nanoscale heterojunctions.
Here p-type CoO nanocrystallites interact with the n-type carbon
matrix, creating spatial charge regions—negative on the CoO
and positive on the carbon matrix—which enhance and stabi-
lize catalytic activity towards CH4 production.17

Herein, we have attempted to control the distribution of CH4

and CO products in CO2 hydrogenation by subjecting the CoO-
based thin lm to the pre-reduction process with different
durations, resulting in a change in the oxidation state of cobalt.
By controlling the pre-reduction time, we essentially manipu-
late the relative amounts of CoO and Co0 present on the catalyst
surface. In contrast to the most reported studies, we could
reasonably assume the absence of interactions between the
support and the active phase because the thin lm covered
uniformly the structured support, preventing its direct contact
with the reaction mixture.

2 Experiments
2.1 Catalyst fabrication

The deposition of a CoO-based thin lm on the calcined Kant-
hal steel wire gauze meshes (FeCrAl alloy, TermTech) was
carried out in a parallel-plate radio frequency reactor (RF 13.56
MHz) using the plasma-enhanced chemical vapor deposition
(PECVD) method, which was described in detail in our previous
paper.18 A scheme of the PECVD setup is provided in Fig. S1.† To
fabricate the CoO-based thin lm, cyclopentadienyl (dicar-
bonyl) cobalt(I) (CPCo(CO)2, Strem Chemicals) served as the
precursor of the deposited material, and argon (99.999%, Linde
Gas) was used as the carrier gas.

The procedure began with argon etching of supports
including four pieces of Kanthal steel meshes, pre-calcined in the
air at 900 °C for 48 h to obtain a segregated a-Al2O3,19 with
a diameter of 3 cm dedicated for the catalytic test, and similarly
thermally pre-treated Kanthal steel plates for XPS (X-ray photo-
electron spectroscopy) analysis. Subsequently, the thin lm
growth occurred over 30 minutes, utilizing a discharge power of
60 W, with argon gas and precursor ow rates set at 0.71 and
0.096 sccm, respectively. The resulting thickness of the as-
deposited lms was approximately 650–750 nm. The thickness
of the lms wasmeasured by the interferencemethod, which was
explained in detail in the previous paper.20 The deposition
© 2024 The Author(s). Published by the Royal Society of Chemistry
procedure was applied on both sides of the meshes and one side
of the plates. Aer synthesizing the catalyst, to have a stable thin
lm in CO2 methanation, thermal treatment at 400 °C in an
argon gas atmosphere for 30 minutes was conducted.17 The
samples of thin-lm catalysts, which were prepared with this
procedure, were named TT-CoO (thermally treated).

2.2 Catalytic test

The catalytic test was conducted in a gradientless continuous
ow stirred tank reactor (CSTR) constructed based on the
design outlined in reference21 including a heater, a type K
thermocouple near the catalyst bed for temperature control,
and a stirrer operating at rotational speeds up to 3600 rpm.
Schematics of CSTR is shown in Fig. S2.† For each catalytic test,
a thin-lm catalyst deposited on a piece of mesh with a diam-
eter of 3 cm with a geometric surface area of approximately 10
cm2 was loaded into the CSTR reactor. The reactor underwent
helium gas purging (99.999%, Linde Gas) as an initial step.
Following the purging process, the catalytic performance of
three sets of thin-lm catalysts were evaluated.

In the rst set, the CoO-based catalyst denoted as TT-CoO, was
directly tested without any preceding pre-reduction process. A gas
mixture containing H2 (99.999%, Linde Gas) and CO2 (99.99%,
Linde Gas) in a volumetric 4 : 1 ratio, with a total ow rate of 50
sccm, was introduced to the reactor. The reactor temperature was
gradually increased from an initial setting of 250 °C, with a heat-
ing rate of 10 °C min−1. Catalytic performance was assessed over
a temperature range of 250–400 °C in increments of 50 °C. At the
temperature of 400 °C, by keeping the constant volumetric inlet
gas mixture ratio of 4 : 1, the performance of the catalyst at
different inlet gas mixture ow rates of 25, 80, 100, and 125 sccm
was evaluated as well. Gas analysis was carried out 15 minutes
aer reaching each target temperature using gas chromatography
(Shimadzu, GCMS-QP2010 SE) equipped with a Carboxen 1010
column and a dielectric-barrier discharge ionization detector
(BID). Two analyses were conducted at 20 minute intervals.

In the second and third sets, two kinds of CoO-based cata-
lysts, namely R-30-TT-CoO and R-60-TT-CoO, derived from the
source TT-CoO catalyst, underwent pre-reduction processes at
350 °C in pure hydrogen with a gas ow rate of 100 sccm. The
reduction process for R-30-TT-CoO lasted for 30 min, while R-
60-TT-CoO underwent a 60 min reduction. Following the
reduction process, without allowing the catalyst to be exposed
to air, the catalytic tests were conducted using the same
procedure as for the TT-CoO catalyst.

2.3 Morphology analysis

The morphology of the fabricated thin lms was evaluated
using a scanning electron microscope (SEM) – specically, the
Thermo Fisher Scientic Apreo 2 S LoVac. All SEM micrographs
were recorded in high vacuummode using an electron energy of
3.5 keV. The tested samples did not have sputtered coatings.

2.4 XPS measurement

To examine the surface composition and elemental chemical
state of thin lms aer pre-reduction without exposure to the
RSC Adv., 2024, 14, 16758–16764 | 16759

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02355b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 1
1:

54
:1

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
external environment, a reduction process of TT-CoO lms on
Kanthal plates was conducted in a high-temperature gas reac-
tion cell (Cat-Cell, Kratos Analytical Ltd), combined with an XPS
spectrometer, to mimic the pre-reduction processes performed
in CSTR reactor.

The analysis was conducted using the AXIS Ultra spectrom-
eter from Kratos Analytical Ltd, with a monochromatic Al-Ka X-
ray source (at 1486.6 eV). During the high-resolution measure-
ments, the anode's power was set at 180 W, and the hemi-
spherical electron energy analyser was operated with a pass
energy of 20 eV. A charge neutralizer was employed for all
measurements to maintain charge balance. The XPS spectra
were calibrated using the carbon C 1s line maximum set at
284.4 eV, for the sp2 carbon assignment. Shirley's function was
used to subtract the background from the XPS data and the
spectral deconvolution was carried out using the Kratos Vision 2
program (Version 2.2.10, Kratos Analytical Ltd). As mentioned
earlier, thin lms for Cat-Cell reduction and XPS measurements
were deposited onto Kanthal steel plates and were inserted into
the plasma reactor alongside the meshes during the deposition
process. The XPS analysis of all tested catalysts in the reaction
(TT-CoO, R-30-TT-CoO, and R-60-TT-CoO), aer the catalytic
test in the CO2 hydrogenation reaction were done as well.
3 Result and discussion
3.1 Morphology of thin-lm catalysts

Fig. 1 illustrates the morphology of the thin lm catalysts.
Fig. S3 and S4† show the pattern of Kanthal steel meshes, and
Fig. 1 SEM morphology of TT-CoO, R-30-TT-CoO, and R-60-TT-CoO

16760 | RSC Adv., 2024, 14, 16758–16764
the morphology of calcined meshes, respectively. Fig. S4†
reveals a characteristic morphology of the calcined Kanthal
steel support. The surface is extensively covered by a thin layer
of sharp, needle-like features. These features can be identied
as alumina (a-Al2O3).9,19 The plasma deposited thin lm based
on CoO develops on the needle-like structure of the support,
forming grains that resemble cauliower. Aer subjecting a TT-
CoO catalyst to a reduction process, no signicant changes in
the surface morphology are observed.

It is worth mentioning, that in all catalysts, thin lm
precisely covers the wire of the ne mesh, exhibiting strong
adherence to the structured support, as outlined in patents,22,23

providing evidence of its effectiveness. As we have also shown in
previous studies, CoO-based thin lms tested in long-term
catalytic runs show high stability, which, among other
aspects, conrms their strong adhesion to the support.9 More-
over, due to the low thickness of the thin lm, the mesh
remains unblocked. This ensures unobstructed gas ow
through the catalytic system, a key requirement for effective
structured catalysts.
3.2 Chemical structure of the surface

In our previous study,17 we explored the surface and bulk
composition of TT-CoO lms and the present paper continues
this investigation. The XPS wide spectra of the fresh TT-CoO, R-
30-TT-CoO, and R-60-TT-CoO are depicted in Fig. S5.† It should
be noted that the thin lms produced through the PECVD
technique using organometallic precursors include, alongside
thin-film catalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS Co 2p spectra of TT-CoO, R-30-TT-CoO, and R-60-CoO
thin-film catalysts.
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themetal-based phase, a carbon component commonly referred
to as a carbon matrix. Fig. 2 presents the XPS analysis of the Co
2p band, both before (TT-CoO) and aer the reduction in the
spectrometer's Cat-Cell. The deconvolution of the Co 2p3/2 band
reveals two primary asymmetric peaks. The rst peak, located in
the range of 778.2–778.7 eV, was assigned to Co0.24 The second
peak, observed in the range of 780.2–781.0 eV, was attributed to
the oxidized state of cobalt (Co2+ in CoO).9,24 Additionally, an
intense satellite peak was detected in the range of 785.6–
786.2 eV, which serves as a characteristic feature for the
recognition and identication of the CoO structure.24,25 As
a support of CoO structure presence, in our previous research,
XRD analysis of the TT-CoO thin-lm catalyst revealed crystal-
lographic planes of CoO (200), CoO (111), CoO (220), CoO (311),
and CoO (222), indicative of a cubic structure for CoO with an
approximate size of 11 nm. The major planes were CoO (111)
and CoO (200).17

As can be seen in Fig. 2, the pre-reduction process of TT-CoO
catalysts affected the chemical state of Co on the surface. For all
thin-lm catalysts, characteristic features of metallic cobalt
(Co0) and cobalt oxide (CoO) are present; however, the reduction
process increased the intensity of metallic cobalt peak for R-30-
TT-CoO and R-60-TT-CoO compared to TT-CoO. Table 1 shows
Table 1 Atomic ratio of elements and oxidation states of cobalt on the

Thin lm H2 reduction condition Co-loading

TT-CoO — 13.9 � 0.1
R-30-TT-CoO 30 min @ 350 °C 12.6 � 0.4
R-60-TT-CoO 60 min @ 350 °C 14.1 � 1.2

© 2024 The Author(s). Published by the Royal Society of Chemistry
that for fresh TT-CoO the atomic ratio of CoO/Co0 is 10.2, while
aer reduction, it decreased to 3.1 and 1.1 for R-30-TT-CoO, and
R-60-TT-CoO thin-lm catalysts, respectively. Data provided in
Table 1 conrmed, that the C/Co atomic ratio decreased slightly
aer performing the reduction in comparison to the TT-CoO
catalyst. On the other hand, the difference in the C/Co ratio
between R-30-TT-CoO, and R-60-TT-CoO samples is very close to
the experimental uncertainty, while a signicant change is
observed in the CoO/Co0 ratio. This indicates the impact of pre-
reduction duration on the contributions of particular cobalt
oxidation states in the three sets of thin-lm catalysts, without
a simultaneous considerable change in the overall cobalt
loading as detailed in Table 1.

The XPS spectra of the Co 2p band aer applying the catalyst
in the CO2 hydrogenation reaction are presented in the ESI
(Fig. S6b),† demonstrating that the chemical state of cobalt in
the TT-CoO catalyst remains stable aer exposure to the reac-
tion gas. The complete stability of the molecular structure as
well as nanostructure of TT-CoO lms in the CO2 hydrogenation
process was conrmed in our resent study.17

However, the chemical state of cobalt in the reduced cata-
lysts (R-30-TT-CoO and R-60-TT-CoO) alters upon exposure to
the reaction mixture (H2 + CO2), resulting in partial surface
oxidation of cobalt (Table S1†). In both cases, the CoO/Co0 ratio
increases in the spent samples compared to the fresh ones.

Fig. 3 displays C 1s spectra for TT-CoO, R-30-TT-CoO, and R-
60-TT-CoO. C 1s feature can be resolved into several peaks at
binding energies of 284.6, 285.2–285.4, 286.3–287.2, 287.9–
288.5, and 288.6 eV as discussed in detail in the previous
paper.17 Peaks at a binding energy of 284.6 and in the range of
285.2–285.4 are assigned to carbon atoms in sp2 and sp3

hybridization, respectively.26,27 Peaks in the range of 286.3–287.2
and 287.9–288.5 eV and 288.6 are attributed to C–O, C]O, and
COO–R respectively.17,26,27 The main carbon structure in the
studied lms is in the form of C (sp2), which can suggest
a graphite-like structure of carbon. However, XRD analysis did
not reveal the presence of graphite, which indicates the amor-
phous nature of the carbon matrix.17

The conversion of C (sp3) into C (sp2) on the surface aer
reduction at 350 °C can be seen. This conversion involves the
rearrangement of carbon atoms and the transition from an
amorphous sp3-hybridized carbon structure to the sp2-hybrid-
ized structure.28 It was shown in our previous publication, that
the n-type carbon matrix, containing mostly C (sp2) form, has
a signicant effect on the stability of the CoO-based catalyst in
CO2 hydrogenation.17 No other changes were observed in the
carbon structure of the catalysts aer the reduction in H2 gas in
the XPS spectrometer's Cat-Cell.
surface of different thin films

(%) C/Co O/Co CoO/Co0

6.4 � 0.3 2.3 � 0.2 10.2 � 0.9
5.3 � 0.3 1.6 � 0.3 3.1 � 0.4
4.9 � 0.7 0.7 � 0.1 1.1 � 0.1

RSC Adv., 2024, 14, 16758–16764 | 16761
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Fig. 3 XPS C 1s spectra of TT-CoO, R-30-TT-CoO, and R-60-TT-
CoO thin-film catalysts.
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The XPS spectra of the C 1s bond of spent catalysts are
provided in the ESI (Fig. S6a).† Similar to the Co 2p spectra, the C
1s spectra of the TT-CoO catalyst demonstrate stability. However,
for the reduced catalysts, the C 1s spectra reveal the presence of
Co–C bonds (cobalt carbide) in the spent catalysts, which are
located at lower binding energies of 282.2 eV compared to C]C
and C–C bonds.29 Therefore, the pre-reduction of CoO-based
catalysts and subsequent subjecting them to the reaction
mixture, affect the structure of carbon in the carbon matrix.
3.3 Selectivity of CO2 hydrogenation

Fig. 4 shows the comparative performance of TT-CoO, R-30-TT-
CoO, and R-60-TT-CoO in CO2 hydrogenation. The catalytic tests
were conducted at a constant ow rate of a reaction mixture of
50 sccm using a single piece of catalyst: a round mesh with
a geometric surface area of 10 cm2. The results expressed in
terms of CO2 conversion (XCO2

) and selectivity to methane (SCH4
)

demonstrate how the pre-reduction process inuenced the
catalyst's performance compared to a non-reduced TT-CoO.
According to Fig. 4a, the pre-reduction process had minimal
effect on the CO2 conversion, and by increasing the temperature
from 250 to 400 °C, CO2 conversion increased from 3 to
approximately 45%. Fig. 4b illustrates that the selectivity to CH4

is strongly affected by the pre-reduction process and at all
reaction temperatures, pre-reduced catalysts and a non-reduced
TT-CoO catalyst follow different trends. While TT-CoO shows an
increase in CH4 selectivity, rising from 65% to 75% as the
temperature goes up from 250 °C to 400 °C, R-30-TT-CoO and R-
60-TT-CoO catalysts exhibit an initial rise in CH4 selectivity from
60% to 65% and from 50% to 55%, respectively, only in the
temperature range of 250–300 °C. However, this is followed by
a decline, dropping to 57% and 50%, respectively, as the
temperature rises from 300 °C to 400 °C. Therefore, unlike CO2
16762 | RSC Adv., 2024, 14, 16758–16764
conversion, CH4 selectivity is affected by the pre-reduction
process which results in different contributions of Co0 and
CoO on the surface. Fig. 4c conrmed that yields of CH4 at all
temperatures follow the order TT-CoO > R-30-TT-CoO > R-60-TT-
CoO. In Fig. 4d, the direct effect of the CoO/Co0 ratio on CH4

and CO yield is depicted, showing a decrease in YCH4
from 33%

to 22% (an increase in YCO) as the ratio decreases from 10.2 to
1.1. It is apparent that increasing the content of reduced cobalt
(Co0) on the surface of the catalyst leads to a decrease in CH4

production. To explain the observed result, examining the
intermediate reaction products can be valuable. Recently, it was
claimed that CoO more likely favours the formate route (asso-
ciative mechanism of CO2 methanation), and therefore, the
production of CH4 goes through intermediates of carbonate,
formate, and formyl species.14 According to this mechanism, CO
is not an intermediate that is further hydrogenated towards
CH4. However, our research, as depicted in Fig. 5, reveals
a contrary observation. When we increased the total ow rate of
the reaction mixture in the catalytic test from 25 to 125 sccm at
400 °C, the TT-CoO catalyst with the higher amount of CoO sites
exhibited not only decreased XCO2

but also decreased CH4

production, indicating increased selectivity for CO. The
observed result supports that CO is an intermediate in the CO2

and H2 reaction and at lower gas ow rates, leading to higher
contact times, we observed higher CH4 formation and smaller
CO production. Consequently, it is not plausible to claim the
CoO-based thin-lm catalyst follows an associative pathway in
which CO is not an intermediate in CO2 hydrogenation.
Therefore, it is more reasonable to explain that the higher CH4

production in catalysts with higher CoO sites is attributed to the
activation of H2 on the CoO sites. Consequently, it can be
concluded that CoO plays an important role in H2 adsorption
and dissociation, thereby promoting CO2 methanation. It is
noteworthy that, Li et al.30 by calculating the energy prole of H2

dissociation on different planes of CoO and Co0 showed that H2

dissociation on CoO (111) sites is comparable to Co0 (111),
indicating easy dissociation on CoO (111) similar to Co0, both
characterized by low barriers. Considering the fact that, as
mentioned earlier, the major crystallographic site of cubic CoO
in the CoO-based thin-lm catalyst is CoO (111), the higher CH4

production on catalysts with higher CoO sites can be attributed
to the feasible activation of H2 on these CoO sites. This result
stands in contrast to most research that revealed metallic cobalt
as an active phase in the hydrogenation step.3,16,31 Instead, our
results suggest that CoO (rather than Co0) embedded in
a carbon matrix is the active phase for the promotion of the
hydrogenation step and CH4 production. The other reason
behind the high production of CH4 on CoO sites is related to the
enhanced basic nature of CoO sites embedded in a carbon
matrix as demonstrated in our previous research.17 According to
Gao et al.,32 proper basicity of metal oxides can favour the CO2

hydrogenation to methane. Our ndings are also in line with
the study by Parastaev et al.,10 who compared Co-supported
ceria–zirconia catalysts' behaviour in CO2 methanation. They
performed a reduction in hydrogen gas at different tempera-
tures, and they observed less hydrogen adsorbed on the surface
with fewer CoO sites, resulting in lower CH4 production.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 CO2 hydrogenation performance of TT-CoO, R-30-CoO, and R-60-TT-CoO (a) CO2 conversion (XCO2
) as a function of temperature (b)

CH4 selectivity (SCH4
) as a function of temperature (CO selectivity is SCO = 1 − SCH4

) (c) CH4 yield (YCH4
) at different temperatures (d) CH4 and CO

yields (YCH4
, YCO) as a function of the chemical state of cobalt at 400 °C. Reaction conditions: P= 0.1 MPa, total gas flow rate of 50 sccm, H2/CO2

= 4.
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Additionally, metallic cobalt is likely an active phase for CO
production through the reverse-water–gas-shi (RWGS) reac-
tion. As recently shown,33 CO is an intermediate that has been
Fig. 5 CO2 hydrogenation performance of TT-CoO catalyst at
different gas flow rates at 400 °C. Reaction conditions: P = 0.1 MPa,
H2/CO2 = 4.

© 2024 The Author(s). Published by the Royal Society of Chemistry
detected on the metallic cobalt site of a zirconium oxide-based
cobalt catalyst. The present results shown in Fig. 5 further
conrm CO as an intermediate.

These are the rst conclusions of the study however, to
establish a more conclusive explanation of the role of metallic
and oxidized cobalt in the active phases and their participation
in the CO2 hydrogenation reaction, additional experiments on
H2 adsorption and dissociation to gain deeper insight into the
catalyst's behaviour are needed.

4 Conclusions

CoO-based thin-lm catalysts at different ratios of CoO/Co0

were fabricated on the structured support and applied in CO2

hydrogenation. Our results indicate that the catalyst with more
CoO sites is more active toward CH4, whereas the catalysts with
Co0 sites promote more RWGS reaction. The observed perfor-
mance of the catalysts can directly be related to the chemical
state of cobalt because there is no signicant change in the
chemical state of carbon in the carbon matrix aer the reduc-
tion process. Furthermore, because of the thin-lm form of the
catalysts, the effect of support is eliminated. The results high-
light the feasibility of controlling the chemical state of cobalt-
RSC Adv., 2024, 14, 16758–16764 | 16763
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based catalysts toward desired products and the importance of
the active phase for H2 activation in the CO2 hydrogenation
reaction for the production of CH4. In addition, the approach of
using plasma-prepared thin lms on structured reactors offers
a powerful strategy for catalyst development, enabling precise
control over the active phase while leveraging the advantages of
structured supports, such as improved mass and heat transfer
in practical applications.
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