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A B S T R A C T

CO2 hydrogenation to value added chemicals/fuels has gained considerable interest, in terms of sustainable
energy and environmental mitigation. In this regard, the present work aims to investigate the CO2 methanation
performance of cobalt-based catalysts supported on different metal oxides (MxOy: CeO2, ZrO2, Gd2O3, ZnO) at
low temperatures (200–300 °C) and under atmospheric pressure. Various characterization methods, such as N2

adsorption-desorption at −196 °C, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and tem-
perature-programmed reduction (TPR), were employed to correlate the structural and surface properties of the
materials with their catalytic activity. The results revealed a significant impact of support nature on the CO2

hydrogenation performance. The following order, in terms of CH4 yield (YCH4), was recorded at 300 °C: Co/CeO2

(∼96%) > Co/ZnO (∼54%) > Co/G2O3 (∼53%) ∼ Co/ZrO2 (∼53%). On the basis of the characterization
results, the superiority of Co/CeO2 catalyst can be mainly ascribed to its enhanced reducibility linked to Co-Ceria
interactions. Moreover, Co/CeO2 demonstrated a stable conversion/selectivity performance under subsequent
reaction cycles, in contrast to Co/ZnO, which progressively activated under reaction conditions. The latter is
related with the modifications induced in elemental chemical states and surface composition of Co/ZnO upon
pretreatment in reaction conditions, in contrast to Co/CeO2 sample where a stable surface performance was
observed.

1. Introduction

During the past two centuries, the world’s energy demands have
considerably increased due to the growing population and in-
dustrialization [1,2]. Nowadays, almost 80% of these needs are met by
carbon-containing fossil fuels, such as oil, natural gas and coal leading
to increasing CO2 emissions [1–3]. The dependence on fossil fuels is not
expected to decline sufficiently in the forthcoming years, while the
energy demands are predicted to grow by ca. 35% [1]. On the other
hand, the intensive use of fossil fuels is considered responsible for the
increase of CO2 atmospheric concentration by more than 30% in the
last 50 years [4]. Carbon dioxide constitutes the major greenhouse gas,
contributing to the Earth’s global warming effect and to the acidifica-
tion of the oceans [4].

To efficiently manage the risks associated with global warming, the
anthropogenic CO2 emissions should be limited in order to meet the
challenging targets set by the global Paris Agreement and the EU 2030
Framework for climate and energy. Three main routes could be fol-
lowed toward addressing this issue: i) CO2 emissions reduction [5], ii)
Carbon Capture and Sequestration (CCS) [3,5–8] and iii) CO2 trans-
formation to value added chemicals or fuels [3,6]. The first approach
requires the development of more efficient energy conversion fossil fuel
technologies and/or the switching to renewable energy sources (RES).
On the other hand, CCS faces some major issues related mainly to the
long-term stability of storage locations [3,5–8]. The chemical trans-
formation of CO2 to useful products is among the most viable strategies,
since not only could sustain the atmospheric concentration of CO2 at
acceptable levels but also provides value added chemicals/fuels, such as
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methane and methanol [6,9,10].
However, the CO2 molecule is very stable, requiring an energy de-

manding, catalyst-aided, process for its activation [11,12]. The most
common and sustainable way to activate CO2 involves its interaction
with hydrogen being generated from RES-powered water electrolysis.
This particular process could also serve as a promising approach to
efficiently store the excess electricity from intermittent renewable
sources (solar, wind), which in turn can be transformed via CO2 hy-
drogenation to fuels, such as methane or methanol [3,11,13–15]. In this
regard, the CO2 hydrogenation constitutes one of the most challenging
processes in the field of catalysis [3,11,13–15]. Depending on the cat-
alyst used, a variety of products can be derived, such as methanol [13],
methane (Sabatier reaction) [14], higher hydrocarbons [15] and CO
[11], according to the following reactions:

CO2(g) + H2(g) ↔ CO(g) + H2O(g), ΔH298 = 41.2 kJ/mol (1)

CO2(g) + 3H2(g) ↔ CH3OH(g) + H2O(g), ΔΗ298 =−49.6 kJ/
mol (2)

CO2(g) + 4H2(g) ↔ CH4(g) + 2H2O(g), ΔΗ298 =−165.0 kJ/
mol (3)

xCO2(g) + yH2(g) ↔ CxH2y-4x(g) + 2H2O(g) (4)

In the last few years, a wide variety of materials have been tested as
catalysts for the above reactions. Among them, Cu, Pd and Zn have been
reported as the most active catalysts for reducing CO2 to methanol and
CO (Reactions (1), (2)) [3,13,16–21], while Ni, Rh and Ru are the most
effective for producing hydrocarbons (Reactions (3), (4)) [22–24]. Ni-
based catalysts are much cheaper than Ru and Rh, but they suffer from
deactivation, due to the sintering of Ni particles and carbon poisoning
[e.g.,25,26].

On the other hand, cobalt-based catalysts are widely used in Fischer-
Tropsch synthesis, since they combine high performance for the hy-
drogenation of CO to hydrocarbons with a relatively low cost [3].
However, if CO feed is switched to CO2, then Co-based catalysts are
highly active and selective toward the formation of methane (Reaction
(3)) [3,27–36]. The latter has been ascribed to the weaker adsorption of
CO2 as compared to CO on the Co surface, leading to lower C/H ratios,
which favor the formation of methane instead of higher hydrocarbons
(Reaction (4)) [37].

The conversion of CO2 and the selectivity to CH4 depends on various
parameters, involving among others, the preparation procedure
[29,38,39], the metal loading [30,40,41] and the supporting carrier
[27,30,40]. Especially, the latter is of crucial importance. It has been
well established that the support nature can notably affect the redox
and adsorptive properties of the catalyst, through strong metal-support
interactions, with important effects on the catalytic performance
[14,27,32,42–45]. Suslova et al. [27] showed that apart from the par-
ticle size and oxidation state of Co entities, the catalytic activity and
selectivity of CO2 hydrogenation process can be notably affected by the
nature of the support. The presence or not of a reducible carrier could
modify the local surface structure of Co and consequently, its catalytic
behavior [27].

In the light of the above aspects, the present work aims to system-
atically explore the impact of support nature on the physicochemical
properties and the CO2 hydrogenation activity/stability of Co-based
catalysts, at intermediate temperatures (200–300 °C) and under atmo-
spheric pressure. Four metal oxides (CeO2, ZrO2, Gd2O3, ZnO) of dif-
ferent textural/redox characteristics were employed as supporting
materials. The physicochemical properties of the catalysts were eval-
uated by means of XRD, BET, TPR and XPS techniques to gain insight
into possible structure-activity relationships.

2. Experimental

2.1. Catalyst preparation

Co-based catalysts were prepared through the wet impregnation
method, employing Co(NO3)2·6H2O (Sigma Aldrich, 99.999% purity) as
precursor compound [46]. For the synthesis of bare oxides (CeO2, ZrO2,
Gd2O3 and ZnO), the appropriate stoichiometric quantities of the cor-
responding precursor nitrates (> 99% metal purity, Sigma Aldrich)
were diluted in distilled water to prepare an aqueous solution. The
solution was stirred on a hot plate until water evaporation, followed by
drying overnight at 100 °C and calcination at 600 °C for 2 h. The re-
sulting oxides were then added to the aqueous solution of Co nitrate, at
the appropriate concentration of the desired loading (40 wt.% Co). This
specific loading was dictated from preliminary studies (not included)
concerning the impact of metal loading (20–60 wt.%) on the catalytic
activity. The solvent was removed via heating under continuous stirring
and the sample was then dried overnight at 100 °C and calcined at
600 °C for 2 h.

2.2. Catalyst characterization

Cobalt loading was determined by atomic absorption (AA) spec-
trophotometry on a SPECTRA 220FS analyser. Samples (ca. 0.5 g) were
treated with 2 mL HCl, 3 mL HF and 2 mL H2O2 followed by microwave
digestion (523 K).

Surface area/porosity measurements were carried out using a
QUADRASORB 3SI sorptometer apparatus with N2 as the sorbate at
77 K. The samples were outgassed at 523 K under vacuum
(5 × 10−3 Torr) for 12 h prior to analysis. Specific surface areas were
determined by the multi-point BET method. The total pore volume was
evaluated from N2 uptake at a relative pressure of P/Po = 0.99.

Temperature-programmed reduction (TPR) experiments were con-
ducted in a commercial Micromeritics AutoChem 2950 HP unit with
TCD detection. Samples (ca. 0.15 g) were loaded into a U-shaped tube
and ramped from room temperature to 973 K (10 K min−1), using a
reducing gas mixture of 17.5% v/v H2/Ar (60 cm3 min−1).

The degree of reduction was calculated according to the following
equation:

=
( )

( )
R(%)

Actual H amount

Theoretical H amount

2
mmol

g

2
mmol

g (5)

where the actual amount of H2 is determined by the quantification of
TPR profiles in the low temperature range where the reduction of CoxOy

is mainly taking place, whereas the theoretical H2 corresponds to the

Table 1
Textural and structural characteristics of Co/MxOy samples.

Co/Gd2O3 Co/ZrO2 Co/CeO2 Co/ZnO

Cobalt loading (wt.
%)a

37.6 41.7 42.3 39.8

Surface area (m2 g
−1)b

19 14 29 4.7

Total pore volume
(cm3 g−1)

0.08 0.06 0.11 0.04

Crystallite size of
metallic Co after
reduction (nm)

n.d.c−31.3d 45.9c−34.2d 42.2c−27.4d 47.3c−40.9d

Cobalt dispersion
(%)e

3.2 2.9 3.6 2.4

a Determined by atomic absorption (AA) spectrophotometry.
b Determined by the multi-point BET method.
c Determined by the Scherrer equation (XRD).
d Determined by TEM.
e Determined by Eq. (9) using the particle size from TEM.
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stoichiometric amount of H2 required to completely reduce Co3O4 ac-
cording to (Eq. (6)):

+ → +Co O 4H 3Co 4H O3 4 2 2 (6)

assuming negligible reduction of oxide carriers in the low tem-
perature range [41].

XRD analyses were conducted with a Philips X’Pert instrument using
nickel-filtered Cu-Kα radiation. Samples were scanned at a rate of 0.02°
step−1 over the range of 5° ≤2θ ≤ 90° (scan time = 2 s step−1).

Transmission electron microscopy (TEM) analyses were conducted
in a JEOL JEM-4000EX unit with an accelerating voltage of 400 kV.
Samples were prepared by ultrasonic dispersion in acetone with a drop
of the resulting suspension evaporated onto a holey carbon-supported
grid. TEM images were obtained over used samples, i.e. over samples
subjected to reaction conditions (see below).

The particle size was calculated from TEM images. The mean par-
ticle size evaluated as the surface-area weighted diameter (ds), and was
calculated according to:

∑

∑
=d

n d

n d
s

i i i

i i i

3

2
(7)

where ni represents the number of particles with diameter di
(Σini ≥ 200).

The X-ray photoelectron spectroscopy (XPS) measurements were
carried out in an ultrahigh vacuum (UHV) spectrometer described
elsewhere [47]. Spectra were recorded with a VSW Class WA hemi-
spherical electron analyzer using a monochromated Al Kα X-ray source
(1486.6 eV). Survey and high resolution XP spectra were recorded in
constant pass energy mode (100 and 44 eV, respectively). An electron
flood gun was used to compensate for differential surface charging of
insulating samples, while the C 1s of adventitious carbon at 285 eV was
used as a reference of the binding energy scale. The surface atomic ratio
was calculated using the integrated XPS peak areas, normalized to the
atomic sensitivity factors.

2.3. Catalytic evaluation studies

Experiments were carried out in a tubular quartz reactor (45 cm
length and 1 cm diameter). The catalyst (0.6 g), with a particle size in
the range of 250–500 μm and without dilution, was placed on a fritted
quartz plate located at the end of the reactor. The temperature of the
catalyst was measured with a K-type thermocouple (Thermocoax)
placed inside the catalyst bed. The entire reactor was placed in a fur-
nace (Lenton) equipped with a temperature-programmed controller.
Reaction gases were Praxair certified standards of CO2 (99.999%
purity), H2 (99.999% purity) and N2 (99.999% purity). The gas flows
were controlled by a set of calibrated mass flowmeters (Brooks 5850 E
and 5850 S).

The experimental procedure followed for the activity and stability
tests is described in the following. Prior to the reaction, all samples
were reduced in situ in a hydrogen stream (10% vol) diluted with ni-
trogen at a flow rate of 25 cm3 min−1. The temperature was increased
at a heating rate of 10 °C min−1 up to 450 °C, and kept constant for 2 h.
Then the sample was purged in N2 flow and the temperature decreased
to 200 °C. The reaction was then carried out at atmospheric pressure in
the temperature range of 200–300 °C. The feed contained a CO2/H2

mixture (CO2/H2 molar ratio = 1/9) with PCO2 = 10 kPa,
PH2 = 90 kPa and a total flowrate of 75 cm3/min. Gases were mon-
itored by a micro gas chromatograph (Varian CP-4900). Product’s se-
lectivity (Si) was calculated as shown in Eq. (8) considering the fol-
lowing chemical species: CO, CH4, C2H6, C3H8 and CH3OH. It should be
noted that under the present reaction conditions, the selectivity to
higher hydrocarbons was always lower than 5%.

∑
=S (%) n xr

n xr
x100i

i i

i i i (8)

where ni is the number of carbon molecules and ri the formation rate of
product i, respectively.

To gain insight into the intrinsic reactivity of Co/MxOy catalysts, the
turnover frequency (TOFi, min−1) for each product (i) was also calcu-
lated according to the equation:

=
×

−
− − −

TOF (min )
r (mol min g ) A (g mol )

D /100i
1 i

1
Co

1
Co Co

1

Co (9)

where ri is the formation rate of product i, ACo is the atomic mass of Co
(58.93 gCo mol−1), and DCo is the Co dispersion. The dispersion of co-
balt, DCo, was calculated based on the Co particle size obtained by TEM
analysis, according to the following equation [48]:

=
× ×

× ×
×D (%) 6 A n

ρ N d
100Co

Co S

Co Av Co (10)

where ns is the number of Co atoms at the surface per unit area
(1.51 × 1019 at m−2), ρCo is the density of cobalt
(8900 × 103 g m−3), NAv is the Avogadro’s number (6.023 × 1023 at
mol−1) and dCo is the average Co particle diameter determined by TEM.

Motivated by the progressive activation under reaction conditions
and in order to examine the stability performance, indicated samples
were imposed to successive heating/cooling cycles during reaction. In
particular, after the completion of the 1st cycle of catalytic evaluation
measurements, the sample was cooled down to room temperature under
N2 flow, remaining at this stage for 12 h. Then, the catalytic behavior
was again explored (2nd cycle) by increasing the temperature up to
300 °C. The following nomenclature was used throughout the text in
relation to the state of catalysts: fresh (as prepared samples calcined at
600 °C for 2 h), reduced (fresh catalysts imposed to reduction at 450 °C
for 2 h under 10% v/v H2), used (after the completion of the 2nd cycle
of catalytic activity measurements).

Fig. 1. XRD profiles prior (a) and after (b) the reduction for the dif-
ferent supported catalysts.
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Fig. 2. TEM images and metal particle distribution of (a, b) Co/ZnO, (c, d) Co/CeO2, (e, f) Co/ZrO2, and (g, h) Co/Gd2O3 used samples.
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3. Results and discussion

3.1. Textural and structural characteristics

Table 1 summarizes the main textural characteristics of as prepared
(fresh) Co-based samples, in terms of surface area and total pore vo-
lume. It is evident that the Co/CeO2 sample possesses the highest BET
area (29 m2 g−1), followed by Co/Gd2O3 (19 m2 g−1) > Co/ZrO2

(14 m2 g−1) > Co/ZnO (4.7 m2 g−1). These differences could be rea-
lized by taking into account the different structural characteristics of
the supporting carriers, as will be discussed below.

Fig. 1a shows the XRD patterns of as prepared (fresh) Co-based
samples. To gain insight into the impact of reduction pretreatment, the
corresponding XRD patterns of reduced samples are comparatively
shown in Fig. 1b. In Table 1, the mean crystallite size of metallic cobalt
phase as determined by the Scherrer equation and TEM images is also
presented. Cobalt particle size and dispersion values are in agreement
with BET area results: the higher the particle size, the lower the surface
area.

Regarding the fresh samples, the cobalt oxide (Co3O4, JCPDS 78-
1970) was the predominant phase of cobalt entities detected in Co/
CeO2 and Co/ZrO2 samples. This inorganic compound is a mixed oxide
with cobalt valences of +2 and +3. It generally adopts the normal
spinel structure with Co2+ ions in tetrahedral interstices and Co3+ ions
in the octahedral interstices of the cubic close-packed lattice of oxide
anions [49]. However, for the Co/ZnO catalyst, the binary spinel of
Co3O4 was found. It is listed as CoCo2O4 (JCPDS 80-1545), to distin-
guish among the double and triple positively charged ions at the tet-
rahedral site [50]. The other peaks that appear in the diffractograms
were related to the different supports. Zinc oxide (JCPDS 80-0075)
showed a hexagonal system and cerium oxide a cubic system (JCPDS
81-0792). For zirconium oxide, there were reflections peaks of two
different systems: monoclinic system (JCPDS 07-0343) along with the
tetragonal system (JCPDS 88-1007). Finally, Co/Gd2O3 catalyst showed
an amorphous structure, hindering the precise identification of different
phases, although the presence of Co3O4 may be sensed.

A comparison between the XRD patterns of fresh (Fig. 1a) and re-
duced (Fig. 1b) samples reveals various new reflections at 41.78°,
44.36°, 47.30° and 51.28°, which are attributed to the cubic metallic
cobalt (JCPDS 01-1259). The Co/ZnO catalyst showed some peaks of

cobalt oxide (CoO) with cubic structure (JCPDS 78-0431), demon-
strating an incomplete reduction of cobalt oxide under the present re-
duction conditions. This could be assigned to the formation of a hardly
reducible ZnCo2O4 phase, which it is possible to be formed at a mod-
erate cobalt content [51]. This compound shows a cubic structure
(JCPDS 23-1390) with peaks similar to those of CoCo2O4. Therefore, its
presence cannot be discarded. On the other hand, there were no oxide
peaks in the Co/CeO2 and Co/ZrO2 samples, suggesting their complete
reduction. Finally, as commented above, Co/Gd2O3 XRD spectrum is
unclear and hence it is impossible to deny or confirm the existence of
oxides or other compounds.

TEM images are shown in Fig. 2. All catalysts exhibit a Gaussian
distribution of particle size, with the maximum following the order of:
Co/ZnO > Co/ZrO2 > Co/Gd2O3 > Co/CeO2. Thus, the Co/ZnO
sample showed the highest particle size and Co/CeO2 exhibited the

Fig. 3. TPR profiles of Co/MxOy samples.

Table 2
TPR characteristics of Co/MxOy samples.

Sample Main peaks (°C) Co3O4 content (mmol/g)a H2 consumption (mmol/g)b H2 theoretical (mmol/g) Reduction degree (%)

Co/Gd2O3 199 364 497 2.1 7.4 8.5 87
Co/ZrO2 341 – – 2.4 7.9 9.4 84
Co/CeO2 310 362 – 2.4 8.7 9.6 91
Co/ZnO 367 415 – 2.3 7.1 9.0 79

a Determined by atomic absorption (AA) spectrophotometry.
b Determined by the quantification of H2-TPR profiles.

Fig. 4. Conversion of CO2, selectivity toward CH4 and CO and TOF of CH4 for the Co/
MxOy catalysts during CO2 hydrogenation. Reaction conditions: CO2/H2 = 1/9 and W/
F = 0.008 g min cm−3.
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lowest, confirming the difference in the BET area between the samples.

3.2. Redox properties

Fig. 3 depicts the TPR profiles of the Co/MxOy samples. In Table 2,
the main TPR peaks are summarized. The Co/ZrO2 catalyst exhibited
only one reduction peak at 341 °C, probably due to the superimposition
of the successive reduction processes of Co+3 to Co+2 and Co+2 to Co0.
For the Co/ZnO catalyst, two reduction peaks were observed, located,
however, at higher temperatures as compared to Co/CeO2. These peaks
could be ascribed to the stepwise reduction of cobalt oxide entities with
different interaction with the support as well as to the possible con-
tribution of support reduction. Finally, the Co/Gd2O3 catalyst showed a
wide reduction profile consisting of three broad peaks. This can be at-
tributed to the complex metal-support interactions and support porous
structure, resulting in differently reducible cobalt species [44,52].

To gain insight into the impact of support nature on the reducibility
of Co-based samples, the amount of H2 consumption (mmol g−1) was
also estimated from the quantification of TPR profiles (Table 2). The

reduction degree of Co-based samples, i.e., the ratio of the actual H2

consumption to the theoretical amount of H2 required for the complete
reduction of Co3O4 in each sample, follows the order: Co/CeO2

(91%) > Co/Gd2O3 (87%) > Co/ZrO2 (84%) > Co/ZnO (79%). The
lowest reduction degree of Co/ZnO catalyst is in agreement with the
appearance of cobalt oxide phases in the XRD patterns of reduced
samples (Fig. 1). As explained above, the unreduced cobalt oxide could
be due to a hardly reducible ZnCo2O4 phase formed during the calci-
nation of the Co/ZnO catalyst. This phase could be also responsible for
the reduction temperature shift to higher values for this catalyst [51].
This compound can be reduced in two steps, i.e., ZnCo2O4 to CoO fol-
lowed by CoO to Co [53–55].

3.3. Catalytic evaluation studies

The impact of support nature on the CO2 hydrogenation perfor-
mance of Co/MxOy samples, in terms of CO2 conversion, selectivity and
TOFCH4, is shown in Fig. 4. Significant differences, both in the CO2

conversion and the selectivity to various products, were observed

Fig. 5. Catalytic stability of the Co/MxOy catalysts during CO2 hydrogena-
tion. Reaction conditions: 300 °C, CO2/H2 = 1/9 and W/
F = 0.008 g min cm−3.

Fig. 6. Conversion and selectivity performance of Co/CeO2 (a)
and Co/ZnO (b) in two subsequent catalytic evaluation tests:
catalytic assessment upon temperature increase (1st cycle) fol-
lowed by cool down to room temperature under N2 flow (12 h),
and reevaluation (2nd cycle). Reaction conditions: CO2/H2 = 1/
9 and W/F = 0.008 g min cm−3.
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amongst the Co/MxOy samples, implying the key-role of the support on
the CO2 hydrogenation activity. In particular, the Co/CeO2 sample
demonstrated the optimum performance in terms of CO2 conversion
(97.0% at 300 °C), followed by Co/Gd2O3 (67.4%) > Co/ZrO2

(57.6%) > Co/ZnO (55.1%). It is worth noticing that the conversion
performance follows the same trend as the reduction degree of Co/
MxOy catalysts (Table 2), implying a possible reducibility-activity cor-
relation, as will be further discussed below. Regarding the selectivity to
various products, both Co/CeO2 and Co/ZnO are highly selective to CH4

(> 90%) at all temperatures examined (200–300 °C). On the other
hand, the selectivity towards CH4 of Co/ZrO2 and Co/Gd2O3 follows a
similar sigmoidal trend; progressively increasing with the temperature
at the expense of CO. At 300 °C the following CH4 yields (the product of
CO2 conversion and methane selectivity) are obtained: Co/CeO2

(∼96%) > Co/ZnO (∼54%) > Co/G2O3 (∼53%) ∼ Co/ZrO2

(∼53%). Higher hydrocarbons (ethane and propane) as well as me-
thanol were also observed at the lower temperatures examined, but
with selectivities lower than 5%. Interestingly the TOF values for me-
thane formation follow the same trend with the achieved CH4 yields. In
particular, at 300 °C, the following activity order, in terms of TOF

values were recorded: Co/CeO2 (2.0 min−1) > Co/ZnO
(1.8 min−1) > Co/Gd2O3 (1.3 min−1) ∼ Co/ZrO2 (1.3 min−1). The
temperature of 300 °C was selected to carry out a 24-h stability test for
all catalysts (Fig. 5). All samples exhibited stable performance, with
insignificant variations in the values of CO2 conversion and CH4 se-
lectivity.

Motivated by the incomplete reduction of Co/ZnO under H2 flow
(Fig. 1, Table 2) as well as by its inferior conversion performance
compared to CeO2-based samples, the catalytic behavior of these two
samples was further assessed through successive heating/cooling reac-
tion cycles (see Section 2) to reveal the impact of pre-treatment under
reaction conditions (CO2/H2 mixture) on the methanation performance.

Fig. 6 shows the conversion and selectivity performance of Co/CeO2

and Co/ZnO during the two subsequent cycles. It is evident that both
CO2 conversion and selectivity to CH4 and CO were not altered in the
case of Co/CeO2 sample, implying the establishment of a stable per-
formance upon the completion of the 1st cycle. In total contrast, the
CO2 conversion of Co/ZnO was notably increased in the 2nd cycle,
indicating a progressive activation under reaction conditions. At the
same time, the selectivity to CH4 was decreased at lower temperatures

Fig. 7. XPS spectra of Co/ZnO sample imposed to
different pre-treatment in the Co 2p (a), Zn 2p (b) and
O 1s (c) region.
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during the 2nd cycle, in contrast to 1st cycle where it remains almost
stable (> 90%) in the whole temperature range. It should be also no-
ticed that the catalytic behavior of the used Co/ZnO is practically the
same to the one obtained with the fresh Co/Gd2O3 and Co/ZrO2 sam-
ples (Fig. 4); at low temperatures the CO2 conversion to CO is favored at
the expense of CH4, whereas at high temperatures the opposite is true.
Thus, this behavior seems to be predominant for the metallic cobalt
active phase under atmospheric pressure. The latter is further con-
firmed by the XPS findings (see below) which imply an increased po-
pulation of reduced Co species on the surface of the used Co/ZnO cat-
alyst.

However, a different behavior was observed for Co/CeO2 catalyst.
At low temperatures and high CO2 conversion conditions, the se-
lectivity to CH4 is favored. This could be understood taking into account
the mechanism of the CO2 hydrogenation reaction in relation to the
specific characteristics of the ceria support. On the one hand, it is likely
that CO2 hydrogenation to methane proceeds through CO2 adsorption
and dissociation into CO and O ad-species and the subsequent hydro-
genation of adsorbed CO [56]. CO2 adsorption takes place preferably on
the metal-support interface, while CO2 dissociation proceeds on the

active metal surface. On the other hand, the presence of hydroxyl (-OH)
groups on partially reduced ceria favors the formation of formate spe-
cies, which are considered as active intermediates toward methane
formation [56–58]. The latter could explain the superiority of cobalt-
ceria catalyst to convert the chemisorbed CO to methane in the tem-
perature range explored. In a similar manner Ni/CeO2 catalysts showed
the highest CH4 yield at low temperatures compared to α-Al2O3-, TiO2-
and MgO-based catalysts, which was attributed to the high surface
coverage of ceria by CO2-derived species in conjunction to its enhanced
redox properties [59,60]. In view of the above, Ceria-based mixed
oxides have been recently denoted as one of the most promising carriers
for CO2 methanation due to their unique redox/surface properties
[60,61].

3.4. Surface chemistry elucidation

To gain further insight into the impact of pretreatment procedure
(fresh, reduced, used) on the catalytic performance of Co/CeO2 and Co/
ZnO samples, XPS analysis was next carried out. Valuable insights in
relation to elemental chemical states and surface composition can be

Fig. 8. XPS spectra of Co/CeO2 sample imposed to
different pre-treatment in the Co 2p (a), Ce 3d (b)
and O 1s (c) region.
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obtained. Fig. 7 depicts the Co 2p, Zn 2p and O 1 s XPS spectra for fresh,
reduced and used Co/ZnO sample. The Co 2p spectrum of the fresh
sample is characterized by a main peak at ca. 779 eV, accompanied by a
low intensity satellite and a spin-orbit doublet Co2p1/2–Co2p3/2 of
about 15 eV. These features point to the formation of Co3+ species in
Co3O4-like phase [41,62,63]. Reduction pretreatment results in an in-
creased intensity of satellite peak at ca.786 eV as well as in an upward
shift of Co 2p peaks by about 0.5 eV. These findings suggest the partial
reduction of Co3+ to Co2+ in octahedral sites [64–68]. Interestingly,
after reaction conditions (used catalysts) an even higher upward shift
(by ca. 1.0 eV) is observed, implying a more efficient reduction of co-
balt oxide species. The latter is further verified by the increase of spin-
orbit doublet Co2p1/2–Co2p3/2 to 15.6 eV, as compared to 15.0 and
15.1 eV over fresh and reduced samples, respectively [69].

At the same time the Zn 2p3/2 peaks shown in Fig. 7b remain
practically unaffected upon the different treatments. It is known that
the Zn 2p doublet is not particularly sensitive to modifications of the
chemical environment around Zn atoms [70], and even in cases of
mixed Zn1-xCoxO oxides fails to give measurable binding energy shifts
as compared to ZnO [71].

Fig. 7c depicts the corresponding O 1s XPS spectra for fresh, reduced
and used Co/ZnO sample. The fresh sample is characterized by two
main components at ca. 530 and 531.5 eV. The low binding energy (BE)
peak (OI) at 530 eV can be ascribed to the lattice oxygen, whereas the
one at high BE (OII) at 531.5 eV is related to adsorbed oxygen species,
hydroxyl/carbonate groups and oxygen vacancies [72]. The high BE
band gains in intensity on reduced and especially on used samples,
implying an increase on the relative population of particularly active
surface oxygen species and/or oxygen vacancies at the expense of lat-
tice oxygen [69].

The present results reveal a dynamic change of Co/ZnO surface
under reduction (H2) and particularly under reaction (CO2/H2) condi-
tions, which may be accounted for the differences obtained between the
1st and 2nd catalytic cycle (Fig. 6). No complete reduction is achieved
by the H2 reduction procedure prior the 1st cycle catalytic evaluation,
in complete agreement with the XRD and TPR results, which imply the
existence of partially oxidized CoO phase after the reduction treatment.
However, a progressive reduction can be achieved under reaction
conditions (1st cycle test), resulting in a progressive activation and thus
enhanced catalytic performance during the 2nd cycle.

The corresponding XPS spectra for Co/CeO2 sample are depicted in
Fig. 8. The Ce 3d and O 1s spectra slightly affected by the pretreatment,
whereas the Co 2p spectrum follows a similar behavior to that obtained
for Co/ZnO sample (Fig. 7). These findings could be considered re-
sponsible for the stable performance of Co/CeO2 sample upon the
subsequent cycles (Fig. 6), as further demonstrated below.

In Table 3, the surface content of all chemical elements was calcu-
lated using the corresponding core level peaks, properly normalized to
the photoemission cross section and assuming a homogeneous dis-
tribution arrangement model. It is evident that minor changes in the

surface content occur in the Co/CeO2 samples upon the different
treatments. However, the Co/O and Co/Zn atomic ratios are con-
siderably increased over the used Co/ZnO sample, as compared to the
reduced one, implying an enrichment of catalyst surface to Co species.
Hence, Co/ZnO pretreatment under reaction conditions results in an
increased population of reduced Co species on the catalyst surface,
which could be accounted for the differences observed between the 1st
and the 2nd cycle of catalytic measurements. In view of this fact, it was
revealed by means of ambient pressure XPS that the active phase of
Co3O4 oxide during the CO2 hydrogenation to CH4 is metallic cobalt
[73].

4. Conclusions

The CO2 hydrogenation process was investigated on Co/MxOy (M:
Ce, Zr, Gd and Zn) catalysts at temperatures between 200 and 300 °C
and under atmospheric pressure. The results revealed the superiority of
Co/CeO2 catalyst, which exhibited an up to 100% conversion of CO2 to
methane. In terms of methane production yield, the following order was
found: Co/CeO2 > Co/ZnO > Co/ZrO2 > Co/Gd2O3. The improved
catalytic performance of Co/CeO2 sample could be mainly ascribed to
its superior reducibility linked to Co-Ceria interactions. Moreover, Co/
CeO2 catalyst demonstrated a stable performance in terms of CO2

conversion and CH4 selectivity upon subsequent reaction cycles. In
contrast, Co/ZnO was progressively activated under reaction conditions
due to the enrichment of catalyst surface to metallic cobalt.
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