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a b s t r a c t

We report on a cobalt/manganese-oxide interface catalyst with outstanding activity and selectivity
towards methane even at high temperatures and ambient pressure in CO2 hydrogenation. The catalyst
was formed from a MnCo2O4-based spinel structure during the oxidative-reductive pretreatment process
just before the catalytic tests. Several Mn-, Fe- and Ni-containing cobaltite spinel and reverse spinel
structures were tested to find the best overall performer. The reusable MnCo2O4-based structure featured
a CO2 consumption rate of ~8500 nmol*g�1*s�1. Even though methane is not the thermodynamically
favoured product, it was produced with ~80% and ~50% selectivity at ambient pressure at 673 K and
823 K, respectively. This unexpected finding is linked to the presence of a unique nanostructured Co/
Mn(II)O catalyst with a surface composition of Mn3.3Co2.0O4.7 formed after the pretreatment activation
step. Over this phase, the reduction of CO2 progresses through bridge bonded formate located at the
Co/Mn2+ interface and this is mostly responsible for high temperature methane formation. This hypoth-
esis is proven here by the reported combination of ex-situ XRD, TPR, HRTEM-ED, HAADF-EDX and in-situ
NAP-XPS and DRIFTS techniques.
� 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

CO2 is a problem and there is a need for chemical activation of
such stable molecule [1,2]. High pressure techniques can lead to
methanol [3] and other high energy fuels [4], however, producing
high-energy-containing products at ambient pressures is challeng-
ing. Beside methanol and C2<-fuel synthesis at higher pressures [5–
7], ambient pressure thermally activated techniques for CO2 hydro-
genation usually produce carbon-monoxide and methane [8–15].
One of the industrial techniques is the combined Power-to-gas
(PtG) technology, where chemical energy carriers are built upon
the peak power production period of the electricity production.
PtG involves the production of hydrogen by water electrolysis
and the methanation (Sabatier reaction) between H2 and CO2 to
produce synthetic natural gas (SNG) [16]. The produced SNG is
easy to store and can be transported in existing natural gas pipe-
lines. Here we present an unusual, noble-metal free Cobalt/
Manganese-oxide catalysts which evolves from a special cobalt-
spinel structure during the catalyst activation having a high
methane selectivity even if at high temperature and ambient pres-
sure. We believe that the Co/MnOx structure is new and also can be
promising for the future CO2 activation chemistry as we found only
a very recent paper about producing liquid fuels by using Co6/
MnOx catalyst [6]. On the other hand, the usage of solid solution
structures for CO2 hydrogenation is still very new and promising
[17].

Having outstanding hydrocracking behaviour, noble-metal-
containing systems have been efficiently applied as catalysts for
CO2 activation [18]. However, because of environmental and eco-
nomic reasons, there is an increasing demand for noble-metal-
free transition metal catalysts [19]. Similarly to Fisher-Tropsch
synthesis, cobalt- and iron-containing systems proved to be suit-
able catalysts in hydrocracking [5,20,21]. Furthermore, both the
catalytic activity and CH4-selectivity of these systems increased
by doping them with other metal ions [22–24]. Nickel, copper
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and manganese ions could positively influence the reaction path-
ways by creating new reaction routes (at high pressure) [25–27].

As noble metals and transition metal-containing mixed oxides
and cobaltites have been efficiently used to catalyse CO2 hydro-
genation. This paper is focusing on the usage of a special nanopar-
ticle/oxide interface structure evolved from different Mn-, Fe- and
Ni-containing cobaltite spinel and reverse spinel structures. The
highly active (CO2 consumption rate = ~8500 nmol*g�1*s�1)
MnCo2O4-based structure was producing methane with ~50%
selectivity at ambient pressure at 823 K, where the reason of the
outstanding methane selectivity is the presence of a special nanos-
tructured Co/Mn(II)O catalyst where the CO2 reaction route is
favoured through the formate pathway towards methane as evi-
denced by ex-situ HR-TEM-EDX, in-situ NAP-XPS as well as in-
situ DRIFTS techniques.
2. Experimental part

2.1. Materials

All the AR-chemical reagents were purchased from Merck and
Sigma-Aldrich and used as received without further purification.

2.2. Synthesis

The spinel-based catalysts were prepared by the thermal
decomposition of the precursor mixed hydroxides described by
Yamamoto et al. [28]. Stoichiometric aqueous solutions of cobalt
nitrate (Co(NO3)2�6H2O; c1 = 0.29 M, c2 = 0.26 M; c3 = 0.2 M) and
other transition metal nitrates (Ni(NO3)2�6H2O or Fe(NO3)3�9H2O
or Mn(NO3)2 � 4 H2O; c1 = 0.01 M; c2 = 0.04 M; c3 = 0.1 M) were
mixed and 1 M NaOH was added dropwise under bubbling Ar to
avoid carbonation. The precipitate was separated by centrifuga-
tion, washed with hot (333 K) distilled water, and dried at 403 K
for 24 h. The thus obtained solid was heated in air at 573 K for
2 h which was followed by composition-dependent dehydration
(TNi = 823 K; TMn = 873 K; TFe = 923 K) on air for 8 h.

2.3. Characterization

X-ray Diffraction (XRD) patterns were recorded on a Rigaku
XRD-MiniFlex II instrument applying Cu Ka radiation (k = 0.1541
8 nm), 40 kV accelerating voltage at 30 mA.

The morphology of the freshly prepared and used samples was
studied by scanning electron microscopy (SEM). The SEM images
were registered on an S-4700 scanning electron microscope
(SEM, Hitachi, Japan) with accelerating voltage of 10–18 kV.

More detailed images, both on the freshly prepared and the
used samples, were captured by transmission electron microscopy
(TEM), and information on the crystal structures was gathered by
selected area diffraction (SAED). For these measurements, a FEI
TecnaiTM G2 20 X-Twin type instrument operated at an accelera-
tion voltage of 200 kV, a Philips CM20 instrument running at an
acceleration voltage of 200 kV and a Cs-corrected (S)TEM of Themis
instrument were used. The TEM-EDS mapping was monitored by
Super-X detectors of the Themis instrument at 200 kV. SAED pat-
terns were recorded and evaluated by using of the ProcessDiffrac-
tion software [29–31].

The specific surface area of the samples was determined by the
Brunauer-Emmett-Teller (BET) method (adsorption of N2 at 77 K).
For these measurements, a NOVA3000 instrument was applied
(Quantachrome, USA). The samples were flushed with N2 at
373 K for 5 h to clean the surface of any adsorbents.

Raman spectra were recorded with a Thermo ScientificTM
DXRTM Raman microscope at an excitation wavelength of
635 nm applying 10 mW laser power and averaging 20 spectra
with an exposition time of 6 s.

Temperature-programmed reduction (TPR) was performed in a
BELCAT-A apparatus using a reactor (quartz tube with 9 mm outer
diameter) that was externally heated. Before the measurements,
the catalyst samples were treated in oxygen at 573 K for 30 min.
Thereafter, the samples were cooled in flowing Ar to room temper-
ature and equilibrated for 15 min. The oxidized samples were
flushed with Ar containing 10% H2, the reactor was heated linearly
at a rate of 20 K/min up to 1373 K and the H2 consumption was
detected by a thermal conductivity detector (TCD).

Infrared spectroscopy measurements (In-situ Diffuse Reflec-
tance Infrared Fourier Transform Spectroscopy (DRIFTS)) were car-
ried out with an ‘Agilent Cary-6700 FTIR spectrometer equipped
with ‘Harrick Praying Mantis’ diffuse reflectance attachment. The
sample holder had two BaF2 windows in the infrared beampath.
The spectrometer was purged with dry nitrogen. The spectrum of
the pre-treated catalyst was used as background. At room temper-
ature, the mixture of CO2:H2 (molar ratio of 1:4) was introduced
into the DRIFTS cell. The tubes were externally heated to avoid
condensation. The catalyst was heated under the reaction feed lin-
early from room temperature to 773 K, with a heating rate of
20 K*min�1 and IR spectra were measured at 50 K intervals. All
spectra were recorded between 4000 and 800 cm�1 at a resolution
of 2 cm�1. Typically, 32 scans were registered. Due to the short
optical path within the DRIFTS cell, the contribution of the reactant
gases was negligibly small, and from gas phase products only the
most intense features were observable.

Near ambient pressure X-ray photoelectron spectroscopy (NAP-
XPS) measurement were carried out using the SPECS system of the
Charles University, Prague. A monochromatic Al Ka X-ray source
was used for excitation, and a PHOIBOS 150 Hemispherical Energy
Analyser coupled with a differentially pumped electrostatic pre-
lens system was used for spectrum collection. Spectra presented
were obtained with a constant pass energy of 20 eV. The in-situ
parameters were performed with the same parameters as men-
tioned above using a total pressure of 5 mbar.
2.4. Hydrogenation of carbon-dioxide in a continuous flow reactor

Before the catalytic experiments (both in continuous-flow reac-
tor and in ambient pressure XPS chamber) the catalysts were oxi-
dized in O2 atmosphere at 573 K for 30 min and thereafter were
reduced in H2 at 573 K for 60 min to create the active form of
catalysts.

The catalytic reactions were performed in a fixed-bed
continuous-flow reactor (200 mm long with 8 mm i.d.), which
was heated externally. The dead volume of the reactor was filled
with quartz beads. The operating temperature was controlled by
a thermocouple placed inside the oven close to the reactor wall,
to assure precise temperature measurement. For catalytic studies,
small fragments (about 200–500 lm, but no bigger than 1 mm)
of slightly compressed pellets were used. Typically, the reactor fill-
ing contained 150 mg catalyst. In the reacting gas mixture, the CO2:
H2 molar ratio was 1:4, if not denoted otherwise. The CO2:H2 mix-
ture was introduced with the aid of mass flow controllers (Aal-
borg), the total flow rate was 50 ml/min. The reacting gas flow
entered and left the reactor through an externally heated tube in
order to avoid condensation of the products. The analysis of the
products and reactants was performed with an Agilent 4890 gas
chromatograph using a Porapak QS packed column which was con-
nected to the TCD and an Equity-1 column was connected to the
FID (flame ionization detector).
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3. Results and discussion

Cobaltite-based spinel structures were synthesized by a
hydrothermal method using different ratio of Fe, Ni and Mn to
achieve a mixed oxide spinel structures.

For MnxCo3-xO4, several well-defined diffraction peaks are
observed at 2h values of 31.2�, 36.8�, 38.8�, 44.6�, and 59.9�, corre-
sponding to the (2 2 0), (3 1 1), (2 2 2), (4 0 0), and (5 1 1) planes of
cubic MnxCo3-xO4 structure as identified by JCPDS database, respec-
tively (PDF#23-1237) (Fig. S1) [50]. The diffraction peaks of NixCo3-
xO4 are slightly shifted to lower 2h compared to those of MnxCo3-
xO4, indicating a slight increment in the unit cell size due to the sub-
stitution of Mn to Ni. For NixCo3-xO4, the characteristic peaks at
31.1�, 36.4�, 38.4�, 44.3�, and 58.8� 2h values can be assigned to
(2 2 0), (3 1 1), (2 2 2), (4 0 0), and (5 1 1) crystal planes, respectively
(PDF#02-1074) [51]. These diffraction peaks indicate the presence
of spinel nanocrystallites (PDF#75-0035) [52]. The diffractions of
iron-containing and pure Co3O4 systems give rise to the same peaks
as Ni-containing systems and those were indexed in accordance
with spinel phases, revealing a well-crystallized cubic spinel-type
phase (JCPDS # 02-1073).

Micro-Raman spectra of the MnxCo3-xO4, NixCo3-xO4 and FexCo3-
xO4 samples recorded using 635 nm excitation are shown in Fig. 1.
The five Raman lines observed in the spectra at around 690, 610,
510, 480, and190 cm�1 are assigned asAg

1; F2g2 ; F2g1 ; Eg andT2gmodes,
respectively [32]. The Raman peaks in the region of 660–720 cm�1

reflect the nature of the tetrahedra in cobaltites, while those in the
460–640 cm�1 region reflect the nature of the octahedra [33]. The
shifting of the peak at around 480 cm�1 in the spectrum of FexCo3-
xO4 may be attributed to the high degree of disorder at the octahe-
dral sites due to the shifting of iron ions from octahedral sites to
tetrahedral sites [34]. Both XRD and Ramanmeasurements confirm
that a mixed spinel oxide structure was successfully synthesized in
case of the iron-containing system. Significant differences in the
Raman peaks of NixCo3-xO4 and MnxCo3-xO4 compositions could
not be observed compared to the peaks of pure cobaltite, indicating
the formation of inverse spinel system.

It is interesting to note, that the ratio of themetal ion (Fe,Mn, Ni)
and cobalt ion in the spinel samples has a significant effect on the
Fig. 1. Raman spectra of MnxCo3-xO4, NixCo3-xO4 and FexCo3-xO4 showing the presence of
nickel cobaltite as well as iron-cobaltite, respectively.
structureonboth themicro- and themesoscale. SEM images showed
that spinels with a fraction ratio metal ion: cobalt ion formula (i. e.
Me0.4Co2.6O4,Me0.1Co2.9O4) have irregular cauliflower-like structure
in the mesoscale, while the MeCo2O4 mixed oxide and the pure
cobaltite structure exhibit semi-regular, rounded cubic shape mor-
phology (Fig. S2). Similar phenomena were found in the research
of layered double hydroxide (LDH) structure with MeCo2O4 compo-
sitions [35,36,37]. SEM-EDX measurements provided semi-
quantitative information about the composition of the catalysts
and these data are in accordancewith the initial concentration ratio,
thus confirming the resulted spinel structures (Table S1).

On the other hand, TEM images showed that in the case of spi-
nels with a fraction ratio metal ion: cobalt ion formula (i. e. Me0.4-
Co2.6O4, Me0.1Co2.9O4) the particle size was between 50 and 500 nm
(Fig. 2). However, in the case of the MeCo2O4 mixed oxide and the
pure cobaltite structure, a more porous primary and secondary
structure was observed in the micropore regime, which correlates
well with the high surface area, (90–110 m2/g, 2–3 times higher
values compared to other catalysts) of these catalysts (Table S1).
As XRD calculation showed, the primary grains with an average
size of ~20 nm were aggregated into bigger clusters.

3.1. Hydrogenation of CO2 over cobaltites

Ni, Fe and Mn-containing cobaltites and Co3O4 spinel as refer-
ence were tested in CO2 hydrogenation to form carbon-
monoxide, methane, and ethene at 573–823 K in a fix bed flow cat-
alytic reactor at ambient pressure. The summarized catalytic activ-
ity results, demonstrated by consumption rates and conversions,
and collected on Figs. 3 and S3, respectively.

In the case of the reaction tested at 573 K, the pure cobalt-spinel
was proven to be active (1410 nmol*g�1*s�1), as well as the iron-
containing systems, except for the Fe0.1Co2.9O4 composition. The
manganese-cobaltites are more than 2 times more active com-
pared to the Co3O4 at this temperature. The nickel-spinels did
not exhibit considerable activity. In the presence of pure and
manganese-containing cobaltites, the formation rate increased
appreciably by increasing the temperature to 673 K, and the
MnCo2O4 solid solution had the highest activity among these cata-
inverse spinel as well as mixed oxide spinel structure in the case of manganese- and



Fig. 2. TEM images of the as-synthetized spinel structures.
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lysts (5100 nmol*g�1*s�1). Furthermore, this activity of the
manganese-based catalysts is superior to those reported in the lit-
erature (Table S2). The activity of the iron-containing systems
approached 3500 nmol*g�1*s�1 (that of the Co3O4), in addition,
the nickel-spinels showed higher activity compared to the pure
cobaltites in case of NiCo2O4 and Ni0.4Co2.6O4. Furthermore, all
modified cobaltites were more active than the pure spinel at
823 K. The highest activity (~8500 nmol*g�1*s�1) was achieved
using the MnCo2O4 catalysts at 823 K, which can be denoted as
an outstanding performance compared to the results from earlier
studies (Table S2). Some of the catalysts mentioned in Table S2.
presented higher activity towards methane in CO2 activation than
our MnCoO4 catalysts at 400 �C [38,39], however, those catalysts
are losing CH4-selectivity rapidly at higher temperature while
Mn-based cobaltite spinel structure still has significant CH4-
selectivity even at 873 K.

The superior activity was slightly reduced after regeneration of
the catalysts at 873 K (oxidation by O2 followed by 573 K reduction
with H2 conditions for two consecutive tests) (Fig. S4), where the
restitution of the pristine MnCoO4 crystal structure was evidenced
by XRD (Fig. S5).

Not only the activity of the cobaltite was influenced by the
incorporation of transition metals, but also its selectivity (Fig. 4).
The pure cobaltite had 92% selectivity for methane at 573 K. How-
ever, 60% methane selectivity was detected at 673 K and only CO
was formed at 823 K. On the contrary, one of both the
manganese-, and iron-containing systems demonstrated 100%
methane selectivity at 573 K, moreover, up to 90% methane selec-
tivity was observed in case of Fe0.1Co2.9O4 even at 673 K. Further-
more, all modified spinels produced measurable amounts of
methane at 823 K. The MnCo2O4 structure exhibited ~50% methane
selectivity at ambient pressure and at 823 K. Table S2 shows that
this ambient pressure and high temperature methane selectivity
is outstanding compared to other noble metal-free or even
noble-metal containing catalysts.

The ethene selectivity is also increased considerably relative to
the Co3O4-catalysed transformation (about 3%) for Ni0.1Co2.9O4

(52%) and FeCo2O4 (18%). It should be noticed that the selectivity
value is important for the iron-containing compound since the for-
mation rate is practically zero for the other compound.

XRD analysis of the spent catalysts showed that All nickel-,
manganese- and the iron-containing spinel catalysts lost their
structure after the CO2 hydrogenation reaction (Fig. S5). The new
reflections at around ~42–45� and ~51–53� 2h values indicate the
reduction of the metals in the structure. The peaks are assigned
to reflections from the (1 1 1) and (2 0 0) plates of the face centred
cubic crystal structure [40]. In the case of the nickel-containing
systems, alloy formation can be assumed, whereas the double
peaks in the case of the FexCo3-xO4 cobaltite prove that iron and
cobalt metal crystallized in a pseudo-cubic cell [41]. The used
structure of manganese-containing systems could be separated to
well-characterised part as fcc MnO and fcc metallic Co.

H2-TPR experiments (detailed explanation in the supporting infor-
mation, Fig. S6.) showed that the reducibility of the pure Co3O4 spi-
nel structure is drastically changed when other metals were
incorporated into the structure. Also, the concentration of the used
metals has a great influence on the structure modification under H2

atmosphere. These variety of reductions under the reaction condi-
tions has a great influence on the catalytic activity and special
selectivity.

As the MnCo2O4 structure-based catalysts showed dramatically
high performance as well as high methane selectivity even at high
temperature this structure was examined in details as reported in
the following sections to understand their catalytic activity on the
molecular level.

4. In-situ investigation of the MnCo2O4 structure
4.1. Near ambient pressure XPS measurements

MnCo2O4 spinel structures were examined in detail for molecu-
lar level understanding of the high activity and selectivity towards
methane of such catalysts even at high temperature. As the chem-
ical state of the surface layer of a catalyst has a decisive role in the
reactivity, the MnCo2O4 sample was characterized under operando
conditions (during the catalytic reaction) by NAP-XPS in order to
reveal the oxidation state of the topmost few nm (Fig. 5). The
assignment of the observed peaks was performed based on previ-
ous studies summarized here.

For cobalt, the 2p region was collected. It is known from litera-
ture that metallic cobalt is characterized by asymmetric 2p3/2 and
2p1/2 peaks at 777.9–778.5 eV, and at 792.95–793.5 eV, respec-
tively, with a peak separation of 15.05 eV. CoO is characterized
by Co 2p3/2 and 2p1/2 main peaks at 780–781 eV and 795.5–
796.5, respectively, with a peak separation of 15.5–15.9 eV. Strong
shake up satellites are also present in the Co 2p region of CoO at
~786.5 eV and at ~802 eV. For Co3O4, which contains both Co3+

and Co2+ ions, the main 2p3/2 and 2p1/2 peaks can be found at
slightly smaller binding energies compared to CoO (at ~779.6 eV,



Fig. 3. Consumption rates of CO2 hydrogenation over MnxCo3-xO4, NixCo3-xO4 and FexCo3-xO4 cobaltites at 573 – 823 K.
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Fig. 4. Selectivity of CO2 hydrogenation over cobaltites at different temperatures. (Green: methane; red: CO.) (The black horizontal lines show the selectivity of the pure
Co3O4 spinel catalysts towards methane).
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and ~794.6 eV, respectively), and the satellite structure is much
weaker, but broadened up to higher binding energies. The spin
orbit split for Co3O4 is relatively small (~15.0 eV) [42–45].

As regards manganese, previous studies revealed that metallic
manganese gives rise to 2p3/2 and 2p1/2 peaks at 638.8 –
639.2 eV, and 650.0 – 650.2 eV, respectively with a spin orbit split
of 11.2 eV [46–48]. The Mn 2p region of MnO is characterized by
2p3/2 and 2p1/2 peaks at 640.6–641.7 eV, and 652.2–653.3 eV,
respectively. Importantly, a strong shake-up satellite is also pre-
sent at the high binding energy side of both peaks at a distance
of ~5.7 eV [46,49,50]. The binding energy of the Mn 2p3/2 peak
for Mn2O3 is higher by ~0.9 eV (641.9 eV), and the shake-up satel-
lites are more separated from the main peaks (by ~10.5 eV) [46].
Since the satellite of the 2p3/2 peak overlaps with the 2p1/2 peak,
the satellite of the 2p1/2 peak is much easier to observe. For
MnO2 the 2p3/2 and 2p1/2 peaks were found at 641.9–642.4 and
653.7–654.1 eV, respectively. The shake-up satellite of the 2p1/2

peak was found at a distance of 11.8 eV. The spin orbit split for
the oxidized forms is 11.6 – 11.8 eV [51–53]. While metallic Mn
can be easily distinguished from Mn oxides based on the binding
energies, the difference between chemical shifts for various oxides
is not particularly large. Therefore, investigation of the satellite
structure is crucial. In order to corroborate analysis, the Mn 3p
region was also collected. The (typically) unresolved Mn 3p peak
can be found at 48.3 eV, 49.3 eV, 49.7 eV, and 50.4 eV for MnO,
Mn3O4, Mn2O3 and MnO2, respectively, with an asymmetric line
shape [53].

In our case, first a spectrum was registered after the oxidation
and reduction pretreatment, performed at 573 K. The spectrum
was collected in 1 mbar of H2 (at 573 K) in order to avoid reoxida-
tion due to background gases (Fig. 5 top curves). Considering peak
positions, satellite structure and doublet separation, the Co 2p
region measured after oxidation and reduction is dominated by
Co2+ with a minor contribution of metallic Co (Fig. 5/A). Although
we cannot completely rule out the presence of Co3+ traces, based
on the Co 2p region it is safe to conclude that the surface layer of
the MnCo2O4 spinel essentially decomposed to some Co2+ contain-
ing form, and Co metal. Peak fitting yielded a Co0/Co2+ atomic ratio



Fig. 5. (a) XPS spectra of MnCo2O4 collected after oxidation and reduction at 573 K (recorded at 573 K in 1 mbar H2); (b) XPS spectra collected in 2.5 mbar CO2 + H2 (1:4) at
743 K. A: Co 2p region, Shirley baselines were subtracted. B: Mn 2p region; C: Mn 3p region.
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of 0.10, not considering possibly different concentration gradients
along the surface normal. The metallic peak shape and peak posi-
tion were taken from a reference sample containing metallic cobalt
and almost no O, and was kept fixed during fitting. For the Co2+

main peaks and satellites, Voigt line shapes were used. A Shirley
baseline was subtracted. The Mn 2p3/2 and Mn 2p1/2 peaks were
observed at 641.2 eV, and 653.1 eV, respectively, while the corre-
sponding shake up satellites appeared at 647.0 eV, and 659.1 eV.
Based on the main peak positions and the distance of satellites
from main peaks, it is safe to conclude that Mn can be found pre-
dominantly in Mn2+ oxidation state after pretreatment. The bind-
ing energy observed in the Mn 3p region (48.05 eV) is also
compatible with the assignment to Mn2+. Contrary to Co, the
amount of metallic Mn (with expected peak positions at
639.0 eV, and 650.1 eV) is obviously negligible. Using Shirley base-
lines, Scofield cross sections and inelastic mean free path (imfp)
values of Seah and Dench, assuming homogeneous elemental dis-
tribution, the surface composition was estimated to be MnCo4O5,
after subtracting metallic Co contribution. This is in accordance
with the observed oxidation states (Mn2+ and Co2+), but clearly
indicates the enrichment of the surface region in Co, even if metal-
lic Co is not considered.

The chemical state of the surface during catalytic reaction was
analysed collecting a spectrum in the reaction mixture, 2.5 mbar
CO2 + H2 (1:4), at 743 K, started 30 min after gas admission. Pro-
nounced changes were observed in the Co 2p region, as shown
by trace b in Fig. 5/A. The metallic Co contribution was greatly
enhanced, while the Co2+ features decreased a lot. Peak fitting
yielded a Co0/Co2+ atomic ratio of 1.54. On the other hand, only
minor changes were observed in the peak shapes/positions in the
Mn 2p and Mn 3p regions. The slight shift of the Mn 3p peak up
to higher binding energies suggests some oxidation of manganese,
but the satellite structure in the Mn 2p region clearly indicates the
dominance of Mn2+. Although the gas pressure during spectrum
collection was higher than that applied after pretreatment, the
Mn peaks significantly increased. The overall Mn 2p/Co 2p area
ratio increased by 88% as an effect of reaction. In the same way
as it was done for the state after reduction, the stoichiometry of
the oxidized part was deduced also under reaction conditions
using XPS peak areas. First the metallic Co 2p part was subtracted
from the Co 2p area. The mean oxide stoichiometry was obtained
to be Mn3.3Co2.0O4.7, in reasonable agreement with the observed
oxidation states. It should be noted that possible concentration
gradients were neglected, and it is not possible to discriminate
based on XPS data, whether Mn and Co form a mixed oxide or sep-
arate phases. Anyhow, we feel safe to conclude that the oxidized
part of the surface turned to be enriched in manganese during
reaction conditions with a structure of Mn3.3Co2.0O4.7, while after
pretreatment it was enriched in cobalt with a structure of MnCo4-
O5. One reason for it is that the major part of Co was reduced to
metallic state, and consequently removed from the oxide.

4.2. TEM and TEM-EDS analysis of used catalysts

Structural and morphological changes of MnCo2O4 during the
catalytic process were investigated by ex situ transmission elec-
tron microscopy. The morphological properties were not changed
significantly after the treatment in H2 atmosphere at 573 K
(Fig. 6). The aggregation of the particles is also discernible after
the reduction while the particle size was also similar
(38 ± 11 nm) compared to the non-treated MnCo2O4

(42 ± 14 nm). After the CO2 hydrogenation reaction, nanoparticles
(metallic Co) were observed covered graphitic and carbon while
bigger nanoparticles (MnO) where covered mostly by amorphous
carbon due to the coke formation after the CO2 hydrogenation
reaction.

In the case of the as-synthetized MnCo2O4, the measured d-
spacing of 0.472 and 0.290 nm can be assigned to the (1 1 1) and
(2 2 0) planes of the MnCo2O4 phase which are in good agreement
with the XRD results (PDF#23-1237).

This structure was modified by the treatment in hydrogen
atmosphere. Insets of Fig. 6/e. show the presence of 0.257, 0.204
and 0.213 nm d-spacings that correspond to the (1 1 1) crystal
plane of cubic MnO (PDF# 75-0257), the (1 1 1) of Co (PDF# 15-
0806) and (2 0 0) planes of CoO phase (PDF#75-0533). This agrees
well with the results of near ambient pressure XPS measurements
that showed the presence of MnO, metallic cobalt and CoO during
the treatment of the catalyst in hydrogen atmosphere. Further-
more, a presence of MnCo2O4 was also discernible due to the
0.472 nm lattice spacing of its (1 1 1) plane (PDF#23-1237). These
results confirm the transformation of the original spinel structure
to a mixed-oxide phase.

HRTEM and STEM-EDS studies showed that mostly smaller Co
nanoparticles and bigger MnO nanoparticles were formed after



Fig. 6. TEM images of MnCo2O4 (a, d) as-synthetized, (b, e) after the reduction step (300 �C O2 for 1 h followed by 300 �C H2, 1 h) and (c, f) after CO2 hydrogenation 523 –
823 K.
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the catalytic reduction of CO2 (Figs. 6c, S8, S9). On the surface of
the Co and MnO nanoparticles, hexagonal graphitic as well as
amorphous carbon was formed, respectively. The lattice spacing
of the covering layer in the Co nanoparticles was determined to
be 0.338 nm (inset of Fig. 6f.) which corresponds to the (0 0 2) crys-
tal plane of graphite phase (PDF#01-0640). It is interesting to note,
that ~10–15 nm of structured graphitic cover was formed around
the Co nanoparticles, however just 2–5 nm thick amorphous car-
bon layer was determined around Co/MnO catalyst part and pure
MnO-based support (Fig. S8).

SAED techniques integrated with the usage of the Pro-
cessDiffraction software showed that after the reaction metallic
Cobalt as well as MnO phase was formed (Fig. S7).

Mn as well as Co cation distribution is homogeneous in case of
the as-prepared catalyst evidenced by ex-situ HAADF-EDX
(Fig. S8). Upon applying the heat treatment, a homogeneous mixed
oxide system could be seen. Mostly without accumulation of any of
the metals, but in some of the grains the Co and Mn segregation
can be shown (Fig. S9). However, in the case of the used catalyst,
separated cobalt and manganese-based nanostructures were
formed, where some of the smaller Co-based structures are con-
nected to the bigger Mn-based species, and also some of the Co
grains are segregated from the Mn-based grains. Based on TEM,
XRD and NAP-XPS it is obvious that Co-metal nanoparticles were
formed and some of them were embedded into the structure of
MnO species to form the special catalyst having outstanding per-
formance in CO2 hydrogenation towards methane (Fig. 7).

4.3. Mechanism and moderating effects

For catalytic reactions, the exploration of surface species
formed during the catalytic processes plays a decisive role in the
understanding of the reaction mechanism. In our experiments
DRIFT spectra were taken at increasing reaction temperatures (lin-
ear heating; 20 K/min) in the presence of CO2:H2 mixture with a
1:4 vol ratio using the spectra of spinels without reactants as a
background. In this way we could detect the adsorbed species on
the surface and the gas phase products formed during the catalytic
reaction [6,12,54,55]. The assignment of IR bands and the detailed
description is based on the vibrational fingerprints of relevant sur-
face species, which were reported in the previous publications.

MnCo2O4 spinel structures were examined in detail for under-
standing of the high activity and selectivity towards methane of
such catalysts even at high temperature. The formation of vibra-
tionally or electronically activated CO2 (denoted as CO2

*�) is gener-
ally accepted in CO2 transformation reactions [56–58]. The
activated surface species reacts further in different ways according
to the oxidation states of active sites of the catalysts.

CO2ðgÞ ! CO2ðaÞ* ð1Þ
When CO2:H2 mixture was introduced to the spinel catalysts a

strong band appeared at 1623 cm�1 and some weaker ones at
1417 and 1220 cm�1 at 300 K, as represented in Fig. 8 for MnCo2-
O4. These bands correspond to the bicarbonate (HCO3

�) species and
can be assigned to m2(OCO)a, m3(OCO)s and d4(COH), respectively
[12,59,54]. Different kind of carbonates can be also identified at
~1515, ~1478, 1417, 1371 and 1025–1062 cm�1 [55]. Overtones
of gas phase CO2 and OH bond modes appeared between 3600
and 3727 cm�1 (not shown). Bicarbonate structures may be formed
via coordination of a bent CO2

d� towards an oxygen atom in the
presence of hydrogen [12,60].

CO2ðaÞ* + OHðaÞ ! HCO3
�ðaÞ ð2Þ

When the sample is heated to 473 K, the intensity of bicarbon-
ate peaks significantly decreased. The bands due to monodentate
(and polydentate) carbonates remained at 1501–1515, 1371 and
1062–1025 cm�1, which are presented up to high temperatures.
Even at low temperature, a shoulder (later peak) at 1533 and
1344 cm�1 started developing due to formate, attributable to ma(-
OCO) and mS(OCO) modes in bidentate structure [15,60,61,62].
From 473 to 573 K a band also appeared at 1585 cm�1, its intensity
increased with rising temperature and shifted to 1578 cm�1

(Fig. 8). This band corresponds to bridge bonded formate
[14,55,63]. As it can be seen also in the figures, C-H stretch for for-
mate at 2830 cm�1 is also detectable with the combination mode



Fig. 7. Schematic view of the transformation of MnCo2O4 spinel structure (A) to the Co/MnO nanostructure (C) through the mixed oxide phase (B).

Fig. 8. DRIFTS spectra of MnCo2O4 structure under reaction conditions (CO2:
H2 = 1:4, 298–673 K).
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at 2712 cm�1. In previous studies [15,60,54] of CO2 methanation,
bicarbonates (HCO3

�) were found to be intermediate precursor in
the formation of formate. It is remarkable that from 573 K IR bands
of gas phase methane are detectable on the spectra. A weak vibra-
tion is detectable at 1751 cm�1 which may attribute to adsorbed
formyl (HCO) species [55,64].

As regard of the reaction mechanism of CO2 hydrogenation one
may argue first that the activated CO2 is in an anionic or radical
form directly dissociates to adsorbed CO with the help of hydrogen
[65–67].

H2ðgÞ ! 2HðaÞ ð3Þ

CO2ðgÞ ! CO2ðaÞ* ð4Þ

CO2ðaÞ*+HðaÞ ! HOCOðaÞ* ð5Þ

HOCOðaÞ*+HðaÞ ! COðaÞ + H2OðaÞ ! COðgÞ + H2OðgÞ ð6Þ
This kind of reverse water–gas shift reaction mechanism was

suggested in CO and CO2 hydrogenation on several supported met-
als for example on Pt/SiO2, Pt/TiO2 [68] and Pt/Ni/NiO15. In our
case, the CO formation can be explained through this way. The
other realistic CO formation route is the decomposition of biden-
tate formate [15,69,70,71]. We suggest that the most part of the
CO produces via the decomposition of formate at low temperature
regime:

HCOOðaÞ ! COðaÞ + OHðaÞ ! COðgÞ + H2OðgÞ ð7Þ
Methane (and/or carbon) formation can be originated from the
hydrogen assisted C-O cleavage in CO or HnCO [65–67].

CO2ðaÞ* + 2HðaÞ ! HnCOðaÞ + OHðaÞ ð8Þ

HnCOðaÞ + HðaÞ ! CHx + OHðaÞ ð9Þ

CH3ðaÞ + HðaÞ ! CH4ðgÞ ð10Þ

CH2ðaÞ + CH2ðaÞ ! C2H4ðgÞ ð11Þ

HxCOðaÞ ! CðaÞ + OHðaÞ ð12Þ
This reaction route could be valid in certain extent in the pre-

sent case, especially where metallic particles form during the
pre-treatment or under catalytic reaction (see XRD, TPR and XPS
sections). As tentatively adsorbed formyl was identified at
1751 cm�1 in our DRIFTS experiments, therefore we suggest that
a fraction of reaction may proceed partially according to the above
mentioned reaction mechanisms.

It is revealed from catalytic measurements, that methane for-
mation is dominant at higher temperature and gas phase methane
vibrations (DRIFTS) appeared also with high intensity from 573 K,
and the intensity of the IR band due to C-H stretch of formate also
increased significantly from 573 K to 673 K. (Fig. 8). For further
analysis, the DRIFT spectrum obtained at 673 K is deconvoluted
and displayed in Fig. S9.

At high reaction temperature, Co(0) and Mn(II) states are dom-
inant as evidenced by NAP-XPS (Fig. 5). At the same time, a new
formate group could be detected at 1585–1578 cm�1 which can
be attributed to ma(OCO) mode in bridge bonded formate [14,55].
We believe that catalytic data and spectroscopic observation are
correlated, namely the bridge bonded formate located at Co/Mn2+

interface environment responsible mainly for methane formation.
The metallic Co plays an important role in the dissociation of the
hydrogen and in the activation of the CO2. On the other hand, the
Mn2+ at the interface may have high ability to bond the formate
(appeared at 1578–1585 cm�1) and the metallic Co could deliver
sufficient amount of hot hydrogen atoms, which could rapture
the C-O bond in formate species. These features may stress that
bridge bonded formate existed at high temperature at the interface
is a key intermediate in high temperature methane formation on
MnCo2O4:

HCOOðaÞ + 2HðaÞ ! H2COHðaÞ ! H2CðaÞ + OHðaÞ ð13Þ

H2CðaÞ + 2HðaÞ ! CH4ðgÞ ð14Þ
As the band for gas phase methane increased somewhat higher

extent (1.6) than that of formate, we suggest that beside the
formate-route, the methane formation proceeds partially via
hydrogenation of formyl species predominantly on bare metallic
Co particles (steps 9, 10), too.



Fig. 9. Schematic of the proposed mechanism of CO2 hydrogenation towards CH4 on the Co/MnO interface formed under reaction conditions in the case of the MnCo2O4 spinel
catalysts.
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Coke formation detected by TEM can be described by the subse-
quent dehydrogenation of CH2(a) on metallic Co which is a well-
known process on this metal [72]. The hydrogen formed in dehy-
drogenation desorbs molecularly at high reaction temperature:

H2CðaÞ ! CðaÞ + H2ðgÞ ð15Þ
In Summary, from the NAP-XPS, XRD, STEM, HAADF-EDX mea-

surements we can conclude that during the pretreatment as well
as the CO2 hydrogenation a metallic Co/Mn(II)O nanoparticle struc-
ture forms from the initial MnCo2O4 spinel structure (Fig. 9). The
oxidized part of the surface turned to be enriched in manganese
during reaction conditions, while after pretreatment it was
enriched in cobalt. One reason for it is that the major part of Co
was reduced to metallic state, and consequently removed from
the oxide. We believe that this special Co/MnO interface play an
important role in the high activity and outstanding CH4 selectivity
even at elevated temperatures.

On the other hand, DRIFTS studies showed that the mechanism
of the CO2 hydrogenation follows the ‘formate route’ instead of the
‘perturbated CO’ pathway usually observed on metal/oxide inter-
faces. The formed Co/MnO interface are responsible for the activa-
tion of the formate intermediers on the surface, which in turn
produces methane even at high temperatures where usually the
CO formation is favourable evidenced by the thermodynamics of
the CO2 hydrogenation reaction.

5. Conclusions

In this study, MnxCo3-xO4, NixCo3-xO4 and FexCo3-xO4 cobaltite-
based spinel structures were prepared. Mixed spinel as well as
inverse spinel structures were formed evidenced by XRD and
Raman techniques. All the spinels were tested in CO2 hydrogena-
tion reaction at ambient pressure in the range of 573–823 K in a
gas phase flow reactor. MnCo2O4 structure had the highest activity
among these catalysts (5100 nmol*g�1*s�1). Furthermore, this
activity of the manganese-based catalysts is superior to those
reported in the literature.

The pure cobaltite had 92% selectivity for methane at 573 K.
However, 60% methane selectivity was detected at 673 K and only
CO was formed at 823 K. On the contrary, both the manganese-,
and iron-containing systems demonstrated 100% methane selec-
tivity at 573 K, moreover, up to 90% methane selectivity was
observed in case of Fe0.1Co2.9O4 even at 673 K. Furthermore, all
modified spinels produced measurable amounts of methane at
823 K. The MnCo2O4 structure exhibited ~50% methane selectivity
at ambient pressure and at 823 K, which is unique compared to the
literature. This activity and selectivity is slowly decreased after >3
h run and the catalyst can be reactived by thermal treatments sev-
eral times.

In-situ as well as ex-situ techniques (XRD, TEM, HAADF-EDX,
NAP-XPS, DRIFTS) helped us to understand the structure of the
MnCo2O4 as well as the reaction mechanism under reaction condi-
tions on the molecular level. Hence, during the CO2 hydrogenation
reaction a metallic Co/Mn(II)O nanoparticle structure forms from
the initial MnCo2O4 spinel structure. DRIFTS studies showed that
the mechanism of the CO2 hydrogenation follows the ‘formate
route’ instead of the ‘perturbated CO’ pathway usually observed
on metal/oxide interfaces. We believe that the formed Co/MnO
interface are responsible for the methane production even at high
temperatures. In the future, we will produce other Co/MnOx struc-
tures towards high activity and selectivity usage.
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