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ABSTRACT

Thermo-catalytic bio-SNG (CH,4) production is one of the useful tools for converting waste to gaseous fuels
through CO; conversion. To abundant properly, however, efficient, robust and cost-effective catalysts would be
required. Bimetallic systems based on transition metals seem to be promising candidates for this task. The CoCu
bimetallic system with in-situ generated interfaces was synthesized and used as a catalyst for CO, methanation.
The in-depth analysis of the structure-activity-selectivity relationships involving XRD, (NAP-)XPS, EXAFS and
TEM-EDX revealed that the co-existence of Co®, CoO, and Cu® in the proper distribution on the surface can ensure
the selective production of methane. To fine-tune the surface composition of the bimetallic systems, a systematic
alteration of the Cu:Co ratio in the precursor spinel structures must be performed. Cug4Co2604 derivative,
stabilizing subsurface Cu(I)-O specimen, showed the best performance with high activity (12,800 nmol g~! s71)
and a remarkable selectivity of 65-85% for methane in a wide temperature range (250-425 °C). In studying the
mechanistic aspects of methanation, it has been shown that the hydrogenation of active carbon at the surface or
below the surface is the key step for the production of methane. So far, this cobalt-catalyzed sub-step has been
proposed in catalytic Fischer-Tropsch syntheses.

1. Introduction

on the combination of different noble and transition metals and their
oxides such as Cu, Pt, Rh, Ce, Co, Fe, Ni, Zn or Mn etc. have already been

Bimetallic structures with intimate metal-promoter interactions are
well-known advanced multifunctional materials [1]. Their applications
range from groundwater remediation [2], ocean fertilization [3] and
bio-nano applications [4,5] to heterogeneous catalysis [6-8] due to their
higher efficiency compared to monometallic systems, which is closely
related to the promoter effect [9]. Based on this phenomenon, consid-
erable progress has been achieved nowadays in the thermo-catalytic
valorization of CO and CO; [10], especially in their hydrogenation to
methane [11]. These processes are becoming increasingly important as
the market for SNG and bio-SNG, which can also contribute to climate
protection, is growing strongly [12]. A number of active catalysts based
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introduced [13-17]. As far as green chemical approaches are concerned,
the focus has recently shifted to the application of the more suitable,
non-expensive and non-toxic transition metal compounds [18,19]. As of
yet, the issue of replacing the most active supported Rh and Ru catalysts
has not been resolved, especially in industry [20]. This could change
with the development of efficient bimetallic systems.

However, when using bimetallic systems, it remains a challenge to
properly understand the structure-composition-performance relation-
ships and consequently to rationally design the catalyst formulation
[21]. Moreover, in most cases, the use of easy-to-regulate impregnation
methods that can provide well-ordered active surfaces is not an option,
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as they cannot be used to ensure the necessary tight metal-promoter
interactions [22]. For this purpose, simple co-precipitation or the
well-known sol-gel methods have found to be useful. With the intro-
duction of these methods, the surface composition and the (co-)exis-
tence of the active surface specimens have become variables that depend
on the reaction conditions of the synthesis procedures and the molar
ratios of the precursors [23]. Spinel oxide structures have often been
used as catalyst precursors for the preparation of these bimetallic cata-
lysts [24]. Previously, it has been reported that the catalytic perfor-
mance of these systems —prepared from spinel oxides — can be fine-tuned
by altering the preparation method of the precursor or the molar ratio of
metal ions in the oxide phase [25].

Both copper- and cobalt-based catalytic systems appear to be
promising candidates to play a key role in the commercialization of COy
[26-30]. However, it has been shown that not only the catalytic activity
but also the selectivity of these composites strongly correlates with the
formation, co-existence and transformation of certain crystalline phases
(CuO - Cuy0 — Cu [31]; Co304 — CoO — Co) [32]. In addition, the use
of promoters or carriers can also alter which phase appears to be active
depending on the quality of the second component [30]. Weckhuysen
and co-workers have recently shown that, contrary to the paradigm of
metallic cobalt as the only active phase, an efficient CoO-based catalyst
can be synthesized if one finds the appropriate support or promoter, in
this case TiOy [33]. It is noteworthy that all other catalysts studied,
except for the aforementioned CoO/TiO,, work more efficiently when
they contain metallic cobalt. Besides, Luo and co-workers have recently
shown that cobalt/cobalt oxide composite catalysts can play the main
role in CO, hydrogenation without using any promoters or supports.
However, this requires fine-tuning of the surface composition. They
found that this fine-tuning can be achieved if spinel oxides (Co304_x) are
used as precursors [32].

Although CuCo alloys and bimetallic Cu-Co composites have shown
to be active and selective catalysts for promoting CO hydrogenations
[34-36] as well as low-temperature CO,-to-alcohol conversions in the
slurry phase [37-40], few studies have addressed heterogeneous cata-
lytic CO; conversions in the gas phase [41,42]. Moreover, these studies
have reported the negligible activity of copper-cobalt alloys even under
relatively high gas pressure conditions. But in these cases, the molar
ratios of the active species in the precursors were approximately one.
However, from the much better studied hydrogenations noticed above,
it appears that the catalytic performance of CuCo alloys can be readily
altered by changing their surface composition. Recently, Zhao and
co-workers determined the optimal surface composition and metal dis-
tribution to maximize the alcohol yield in a slurry-phase CO5 hydroge-
nation [39]. They found that the enrichment of copper centers on the
surface combined with moderate segregation resulted in maximum
alcohol yield. However, there is no information on how to tune the
surface properties of CuCo alloys to achieve an efficient catalyst for CO,
hydrogenation. Furthermore, it is also not clarified whether the use of
spinel oxides as precursors of the actual catalyst can produce what kind
of catalytic surface and whether there is a possibility to control their
composition.

These caveats motivated us to find the optimal surface composition
of a Cu-Co(CoOy) bimetallic system to achieve the maximum CHy yield
in a heterogeneous catalytic CO, hydrogenation in the gas phase. To
modify the surface composition of the catalyst candidates, the initial
molar ratio of the cations is systematically changed during the synthesis
of CuxCo3_x04. By combining different surface-sensitive (DRIFTS, XPS,
TEM-EDX) and bulk-sensitive (Raman, XRD, EXAFS) as well as analyt-
ical (ICP-MS) methods, a well-established relationship between the
structure of the precursor spinels, which is dictated by the initial molar
ratio of the cations, and the surface composition of the catalysts and
their catalytic performance can be identified.
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2. Experimental part
2.1. Materials

Co(NO3)s x 6Hs0 (>98%), Cu(NO3)s x 6Hs0 (99%), citric acid
(99%) were purchased from Sigma-Aldrich, while the applied gases (Ha,
CO3, He; 99.99%) were purchased from Messer Hungary as compressed
gases. All chemicals were used as received without further purification.

2.2. Catalyst preparation, activation and regeneration

The MyCos_x04 (M = Cu, Co) spinel oxides were synthesized by a
simple sol-gel method. In a typical procedure, the starting materials Co
(NO3)2 x 6H20 (c = 0.2-0.29 M) and Cu(NO3), x 6H20 (¢ = 0.01-0.1
M) were dissolved separately in distilled water of 25 ml. They were then
mixed for 10 min and citric acid (¢ = 0.44 M) was added to the solution
at room temperature with constant magnetic stirring. The resulting
mixed solution was stirred vigorously at 80 °C for 2 h until the gel was
formed. It was then heated at 110 °C until a powder was formed. The
precursor thus prepared was then calcined at 550 °C for 5 h with a ramp
of 5 °C/min to obtain the final products. The as-prepared spinels are
referred to in the text as s-Cos, s-Cug.1C02.9, s-Cug 4C02.¢ and s-CuCos
(Table 1), where "s" stands for spinel and the initial molar ratios of
copper-to-cobalt are given in the abbreviations.

Prior to the catalytic experiments, the as-prepared catalysts were
activated in the reaction chamber. First, the freshly prepared pellets
were 30-minute-long oxidized in an O, atmosphere at 300 °C which was
followed by the second, reductive step in which the pellets were reduced
in Hy at 300 °C for 60 min. The pre-treatment conditions were the same
for all other characterization measurements.

After using s-Cug 4Cog.6 at 300 °C, the spent sample was regenerated
based on the literature processes [43]. The obtained residue was
re-oxidized in Oy during a 180-minute-long treatment at 400 °C, which
rearranged the reordered spinel structure. Subsequently, the regener-
ated sample was reused under the same activation and reaction condi-
tions as described above.

2.3. Catalytic measurements

The CO, hydrogenation reactions were performed at a pressure of 1
atm in a continuous-flow fixed-bed reactor (8 mm i.d.) combined with a
thermocouple for accurate control of the reactor temperature. The
reactor typically contained 200 mg of slightly compressed pellets as
catalyst and the dead volume of the reactor was filled with quartz. In the
reaction gas mixture, the molar ratio of carbon dioxide to hydrogen was
1:4. The gas mixture was introduced into the reactor at a total flow rate
of 50 ml/min. To follow the reactions, an Agilent 4890 gas chromato-
graph was used, equipped with Equity-1 capillary and Porapak QS
packed columns, as well as thermal conductivity and flame ionization
detectors.

2.4. Characterization methods

Powder X-ray diffractograms (XRD) were recorded in the range 26 =
5-80° with a Rigaku Miniflex II instrument at a scanning speed of
4°min! using Cu Ko radiation (A = 0.15418 nm) at 40 kV, 30 mA. The
characteristic reflections were identified based on the database JCPDS-

Table 1

As-prepared structures with their nominal Cu:Co ratios and labels.
As-prepared composite Nominal Cu:Co ratio Labeled as
Co304 — s-Cog
Cup.1C05.904 0.1:2.9 s-Cup 1Coz9
Cup 4C02.604 0.4:2.6 s-Cug 4Co26
CuCo,04 1:2 s-CuCoy
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ICDD (Joint Committee of Powder Diffraction Standards- International
Centre for Diffraction Data).

An Agilent 7900 inductively coupled plasma mass spectroscope (ICP-
MS) was used to determine the actual molar ratios of the metallic
components in the spinel oxides. The Aristar® multi-element calibration
standard was used for quantitative analysis.

A gas adsorption analyzer (Quantachrome NOVA 3000e) at a liquid
nitrogen temperature of —196 °C was used to determine the specific
surface area (Sggr) of the prepared spinels. Prior to the measurements,
each sample was degassed at 250 °C for 2 h under vacuum. The evalu-
ation of the results was based on the Brunauer-Emmett-Teller equation
(BET).

The temperature programmed reduction (TPR) measurements were
performed in a BELCAT-A apparatus using an externally heated reactor
(quartz tube with an outer diameter of 9 mm). Prior to the measure-
ments, the catalyst samples were treated in oxygen at 200 °C for 30 min.
Afterwards, the samples were cooled down to room temperature in
flowing N». Then the oxidized samples were flushed with N3 containing
10% Hj for 30 min, flushed with Ny for 15 min and the reactor was
heated linearly from 50 °C to 800 °C at a rate of 10 °C/minute. Hy
consumption was monitored with a thermal conductivity detector
(TCD). The flow rate was 50 ml/min in all cases.

The CO,-temperature-programmed desorption (CO,-TPD) was per-
formed in a BELCAT-A apparatus using an externally heated reactor
(quartz tube with 9 mm outer diameter). Prior to the measurements, the
spinels were pre-heated as described above. Thereafter, the samples
were cooled in flowing He to 50 °C and equilibrated for 15 min. The
samples were flushed with CO3 for 30 min and then flushed with He for
15 min at 50 °C. After that, the reactor was heated linearly at a ramp of
10 °C min! up to 650 °C. The CO, consumption was measured by a
thermal conductivity detector (TCD).

Raman spectra were recorded using a Bruker Senterra II Raman
microscope. Spectra were recorded using a light source of 532 nm
wavelength and 12.5 mW laser power. For each sample, 32 spectra were
collected and averaged with an exposition time of 6 s.

Co K-edge and Cu K-edge X-ray absorption spectroscopy (XAS)
measurements were performed at room temperature on the XAFS
beamline of the ELETTRA synchrotron in Trieste (Italy). Prior to the
measurements, the powder samples were pelletized with boron nitride.
The XAS spectra were recorded in the energy range of 6.5-8.9 keV for
the Co K edge and 8.6-9.9 keV for the Cu K edge, respectively, in
transmission mode. A Si (111) double crystal monochromator was used
during the measurements. The software package "EXAFSPAK" was used
to analyze the collected data. The data range of 3.0-13.0 A for the k®
Fourier transform (FT) was used, while the range of 1.2-4.5 A was used
for the interpretation of the X-ray absorption fine structure (EXAFS)
oscillation.

A Kratos XSAM 800 instrument was operated with a Mg Ko X-ray
source of 120 W power (12 kV) to record ex-situ X-ray photoelectron
spectra (XPS). The pre-treatment and reaction were carried out in the
modified pre-chamber of the instrument, where the samples could be
treated without exposing them to atmospheric moisture and oxygen.
During the measurement, the chamber pressure was ~2 x 10”8 mbar.
The high-resolution spectra were recorded with a pass energy of 20 eV
and a step size of 0.1 eV. Data analysis was performed with CasaXPS
software version 2.3.25 [44].

Near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS)
and Auger spectroscopy (AES) measurements were performed with the
SPECS system at Charles University in Prague. A monochromatic Al Ko
X-ray source was used for excitation and a hemispherical PHOIBOS 150
energy analyzer with a differentially pumped electrostatic pre-lens
system was used for spectrum acquisition. The spectra presented here
were obtained with a constant pass energy of 20 eV, while the back-
ground pressure in the analyzer was ~ 5 x 10~° mbar. All experiments
were performed in the mbar range. The binding and kinetic energies
were referenced to the Fermi level, and CasaXPS version 2.3.25 was used
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for data analysis [44].

Transmission electron microscopy (TEM) images of the pre-treated
and spent catalysts were taken with a Philips CM20 instrument at an
accelerating voltage of 200 kV, and a Cs-corrected scanning/trans-
mission electron microscope from Themis was used. The TEM-EDX
mapping was monitored by the Super-X detectors of the Themis in-
strument at 200 kV. Morphology of each sample were characterized with
using a FEI TECNAI G2 20 X-Twin high-resolution transmission electron
microscope (equipped with electron diffraction) operating at an accel-
erating voltage of 200 keV.

3. Results and discussion
3.1. Characterization of the as-prepared oxides

Three catalyst candidates with different initial molar ratios of metal
ions and a pure Co30y4 structure for comparison were synthesized and
characterized by fundamental techniques (Fig. 1, Table S1). The XRD
patterns of the as-prepared copper-containing cobaltites (Fig. 1 (A)) are
analogous to those of a phase-pure cubic spinel structure identified in
the JCPDS database (PDF#23-1237). The ICP-MS analysis verified that
the molar ratios of the cations are almost identical to the initial ratios
(Table S1), supporting the fact that the synthesis of the spinel structures
were successful [45]. Each solidified product has a semi-regular round
cubic shape (Fig. 1 (F)) and a relatively low specific surface area
(Table S1; ~20 m2/g) except for s-Cos owning 110 m?/g specific surface
area.

Raman spectroscopy is a suitable method to distinguish the struc-
tural polymorphs of spinels from each other (Fig. 2). Co304 possesses a
normal spinel structure with Co?" ions in the tetrahedral positions and
Co®* in the octahedral positions [46]. As a result, the fingerprint-like
Raman bands (Ay; Fa.; Fi,; Eg; Tag) appear at band positions 690,
620, 521, 481 and 194 em™! [47,48]. While Raman bands in the higher
energy range (> 600 cm™) are sensitive to changes in the octahedral
positions, those that can be found in the lower energy range (<
600 cm™!) are markers for changes in tetrahedral positions. Because of
theoretical reasons, copper(II) cations can occupy both coordinatively
different positions in the spinel structures, which can even induce the
transformation of the normal spinel structure into an inverse or mixed
spinel structure. There is a reason that copper-containing spinels usually
have inverse or mixed spinel structures. Given different values of the
crystal field stabilization energy (CFSE) of the copper and cobalt cations,
mixed spinel structures are most likely to form with copper and cobalt
cations in both positions [49]. In agreement with this suggestion and
with literature data, the characteristic bands of the copper-cobaltites
shifted significantly to the lower energy range, indicating the develop-
ment of mixed spinel structures. However, no significant shift was
observed when the original Co:Cu ratio of 2.6:0.4 was used. This should
be considered as a marker for the existence of an almost normal spinel
structure with a slight structural distortion. This distortion is probably
related to the Jahn-Teller torsion.

3.2. Catalytic performances of the activated spinels

With the phase-pure spinel oxides in our hands, their catalytic per-
formances were tested in a CO5 methanation reaction (Figs. 3, S1, S2;
Table S2). After reductive and oxidative pre-treatment of the pure ox-
ides, which was carried out in the reaction chamber, all activated
samples promoted reductive conversion of CO,. However, the catalytic
capabilities of the active samples differed significantly from each other,
and the observed changes in catalytic behavior can be readily related to
the differences in the initialized cation ratios. First of all, it can be
observed that the values of the onset temperature (Fig. S1) are partic-
ularly dependent on the copper-cobalt ratio (Fig. 3 (B)). By inserting
copper ions into the spinel structure, lower initial temperatures could be
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Fig. 1. XRD patterns (A) and TEM images (F) of the as-prepared s-Coz (B), s-Cug.1C02.9 (C), 5-Cug 4Co2¢ (D) and s-CuCoy (E).

690
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Raman shift (cm ™)

Fig. 2. Raman spectra of the as-prepared s-Cosz (black), s-Cug1Coz9 (wine-
colored), s-Cug 4Co46 (cyan) and s-CuCo, (blue).

obtained, but the temperature decrease is not linear with the introduced
copper values. The s-Cug4Coy¢ derivative — with a copper-to-cobalt
ratio of 0.15 — has the most reduced initial temperature (250 °C) and
selectively produces methane at this temperature (Table S2). Moreover,
the maxima of CO, consumption rates of the different bimetallic systems
were in the order of s-Coz < s-Cug.1C05.9 < s-CuCos < s-Cug 4C09 ¢ in the
temperature range of 250-450 °C. This order also corresponds to the
onset temperatures and methane selectivities, respectively. When the
reaction temperature was increased from 300 °C to 550 °C, the COy
consumptions should have increased due to the lower thermodynamic
limitation, while methane selectivity decreased in agreement with pre-
viously reported results [23]. And this occurred in the temperature
range below 450 °C. In contrast, when the temperature was further
increased, there was a significant decrease in the consumption rates,
except for s-Cog, in addition to the complete CO selectivity. This can be
explained by the dynamic change of the active surface as a function of
the reaction temperature or by the appearance of the amorphous carbon
layer that can cover the active sites. See the last chapter for a more
detailed explanation. However, the experienced differences in the

activity and selectivity of the spinel derivatives compared to each other
remain. For example, the s-Cug 4Co2 ¢ derivative still produced signifi-
cant amounts of methane even at 425 °C, in contrast to the other de-
rivatives, which yielded methane up to 350-375 °C. Therefore, it can be
assumed that the catalytic ability of the spinel derivatives depends on
the original composition of the samples.

When the consumption rates were determined as a function of re-
action time to determine the robustness of the catalysts by maintaining
the temperature at 300 or 550 °C (Fig. 4, Table S3), both the selectivities
and the remarkable activities of the spinel derivatives were maintained.
It became clear that the s-Cug 4Coo ¢ derivative is able to maintain its
methane selectivity upon catalytic hydrogenation at 300 °C even for 6 h.
It can be concluded that copper-containing bimetallic systems act as
robust catalysts for CO, methanation. Moreover, spinel oxide structures
with detectable amorphization can be reconstructed by a simple
regeneration process, which was verified by XRD (Fig. S3). However, the
amorphization of the original structure does not affect the catalytic
ability of the catalysts (Fig. 4, Table S2). The catalytic markers obtained
with the reconstructed oxides were similar to those collected when using
the as-prepared structures.

3.3. Structural aspects of the activated spinels

In order to understand the reason for the observed differences in
catalytic capabilities, the structural aspects of the pre-treated and spent
catalysts were investigated by a systematic combination of XRD, TPR,
EXAFS, XPS, NAP-XPS and TEM-EDS measurements.

For all copper-containing spinel structures, the XRD patterns (Figs. 5
(A), S4) of both the pre-treated and spent catalysts can be assigned to the
Bragg reflections of a metallic CuCo alloy solidified in a face-centered
cubic (FCC) crystal phase (PDF#15-806). Based on the TPR measure-
ments (Fig. 5 (B)), complete reduction of each sample can indeed be
expected, considering that each copper-containing spinel can be
completely reduced at maximum 260 °C in Hj. Noticeably, significant
baseline shifts of diffractograms were also observed in all cases, prob-
ably indicating the presence of an amorphous phase. No differences
were observed between the XRD patterns of the derivatives that would
indicate phase separation of the copper and cobalt components or sig-
nificant distortion of the FCC structure.

To determine whether the structures are exactly the same at different
copper-content, Cu K-edge (Figs. 6, S5) and Co K-edge (Figs. 7, S5) XAS
measurements (Table S4) were introduced. The first three coordination
spheres of the cations in the as-prepared (black colored in all spectra/
curves) structures can be readily described as cationic centers in spinel
oxides that strengthened that no other phase in the solid catalysts. For
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Fig. 3. Consumption rate (A) and CHy yield (B) of catalytic CO, methanation reactions promoted by activated s-Cug ;Coz2 g (c), s-Cug 4Co2 6 (d), s-CuCox (e) and s-Coz

(f) derivatives on different temperatures.
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Fig. 4. Robustness test of the catalysts. CH4/CO selectivity of catalytic CO,
methanation reactions promoted by activated s-Cup4Cos¢ derivative and
regenerated-activated s-Cug 4Co, 6 derivative (*) at 300 and 550 °C. (Test re-
actions were carried out continuously after the temperature-dependent tests.).

the fitting of the EXAFS spectra of the as-prepared samples, the co-
existence of tetrahedral coordinated Cu(II)/Co(II) centers and Cu(Il)/
Co(IIl) centers in the octahedral positions had to be considered [50].
Noticeably, for fitting the EXAFS spectrum of s-Cug 4Coz6, tetrahedral
coordinated Cu(II) centers are much more represented than any other
case. This is made abundantly clear when taking into account the
reduced coordination number (4.2) and reduced interatomic distance
(1.44 A) that were associated with the copper-oxygen distance in the
first coordination sphere.

However, the EXAFS refinement results also showed that the spinel
oxides undergo only a partial reduction due to the pre-treatment (wine-
colored ones). In each sample, a considerable amount of CoO retained
after the pre-treatment [51], so concerned, that no other specimen can
be considered for describing the coordination sphere of cobalt in the
case of s-Cup 1Coz9. In the other two samples, both CoO and metallic
cobalt co-exist, but CoO phases are in access. This is based not only on
the EXAFS refinements but also on the XANES spectra providing

well-known spectral shapes that are almost identical to those of the CoO
in all cases [52]. Furthermore, the edge positions also indicated the
co-existence of the CoO specimen [53]. As for the copper coordination
spheres, the characteristic interatomic distances of Cu(II)-O disappear
completely and only the interatomic distance between the metallic
centers remains. As a result, the EXAFS region can be fitted with the
known EXAFS parameters of metallic components with face-centered
cubic (FCC) structure [54]. However, there is one exception to this
observation, namely s-Cug 4Cog6. To describe the EXAFS oscillation of
its EXAFS spectrum, an interatomic distance between Cu(I)(cuprous)-O
of 1.64 A must be included in the model [55]. This distance is shorter
than that in pure CupO. Furthermore, only an average coordination
number of 1.2 can be assigned to this specimen, which makes the sep-
aration of a new Cuy0 phase under the influence of the pre-treatment
unlikely. The presence of the Cu(I)-containing specimen in the
s-Cug 4Co2 ¢ sample can be demonstrated even more spectacularly by
analyzing the truly informative XANES region. Indeed, a characteristic
electronic transition in this energy range due to the 1 s-4p electric
dipole, allows the oxidation states of copper to be distinguished. In
particular, a well-established peak in the energy range 8980-8985 eV
develops exclusively in Cu(I)-containing systems [55]. In this range of
our pre-treated or spent samples, weak maxima were detected only for
s-Cug 4Co2 ¢ derivatives. Consequently, the presence of this poorly
defined Cu(I)-O specimen can probably cause significant changes in the
surface composition that led to the observed positive changes in the
catalytic ability of the s-Cug 4Coy ¢ catalyst. However, the presence of
this specimen can readily be attributed to the normal spinel structure, in
which copper cations are stabilized to such an extent that their complete
reduction can be excluded. These findings contradict apparently with
the XRD results exhibiting the exclusive existence of metallic phases. It is
noteworthy that the (powder) XRD method is severely limited in
determining non-crystalline phases, while the XAS method is capable
detecting the average coordination sphere of the metallic centers
regardless of whether they occupy positions in crystalline or amorphous
phases. The apparent contradiction can thus be resolved if the detected
amorphous phases are considered as non-crystalline CoO.

Perhaps more surprisingly, complete reduction of the spinel structure
by catalytic application in a reductive atmosphere and at an altered
reaction temperature — leading to the formation of an alloy or bimetallic
phases — only fully demonstrated for the s-CuCoy structure. In contrast,
for two other spinel derivatives, the persistence of either CoO and/or Cu
(D)-O specimens was found to define the differences in catalytic per-
formance. Based on these findings, the high performance of s-Cug 4Co2.¢
can be associated with the appearance of the Cu(I)-O specimen which
can probably cause significant changes in the surface composition that
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led to the observed positive changes in catalytic ability.

To verify the above statement, ex-situ XPS studies were conducted on
the spinels and their derivatives (Fig. 8). The XPS studies showed that Cu
(ID), Co(II) and Co(III) and the oxygen centers exclusively occupied the

corresponding positions on the surfaces of the as-prepared structures
(Fig. S6.) [56]. Compared to the initial state of the actual surfaces, where
the copper centers are overrepresented as in the bulk, a significant
redistribution of the active surfaces due to the pre-treatment was
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observed, albeit in a significantly different manner from catalyst to
catalyst. In each sample, the copper specimens were reduced completely
during the pre-treatment and remained unchanged during the reaction
[57]. When investigating the influence of pre-treatment on the surface
composition, it was found that the Co 2p 3/2 peak of s-Cug 1Coy. g can be
fitted via considering two components, in particular CoO [58] as well as
(metallic) co’ specimens [59,60]. Moreover, the contribution of the
parameters related to the oxide phases is remarkable (Table S5). The
ratio between the metallic and oxidized cobalt phases is approximately
Co?: CoO = 55:45, but the ratio of copper-to-cobalt has not changed, so
in this case there is an excess of cobalt. It is interesting to note that
Co/CoO catalysts with almost the same molar ratio were found to be
particularly inactive phase for CO, hydrogenation as reported [32,33].
The co-existence of this (CoO) oxide phase on the surface at this level
may offer an explanation for the observed lower activity of this sample.
As aresult of the increase in the initial copper content (s-Cug 4Co2.6), the
active surface area was more reduced. Thus, the presence of the CoO and
Co? specimens can only be realized on the surface of the corresponding
sample. In addition, the metallic component dominates on the surface
(Co% CoO = 70:30) more significantly, which is an advantage over the
s-Cug 1Coq g catalyst. Since the Cu(I)-O specimen cannot be identified by
XPS combined with AES experiments at the surface, in contrast to the
more bulk-sensitive EXAFS measurements, its direct influence on the
catalytic performance can be excluded. Interestingly, no cobalt was
detectable in the investigation of the s-CuCoy derivative sample due to
copper migration, so that the entire surface was covered with elemental

copper. It is known that metallic copper has only moderate activity in
the catalytic RWGS reaction and produces almost exclusively carbon
monoxide [31]. This is in good agreement with the catalytic results,
which demonstrate both reduced activity and increased CO-selectivity
of the CuCoy04 catalyst compared to other copper-containing spinels.
As far as copper migration is concerned, it can be assumed that the
migration of metallic copper is inhibited to some extent in the presence
of the bulk copper(I) oxide, which in the case of s-Cug 4Co2 ¢ is probably
due to the well-known disproportion equation. The disproportion could
determine how many metallic copper centers appear on the surface at a
given temperature. Therefore, in the presence of potential reaction
partner (COy, Hy), the surface composition of s-Cug 4Coz ¢ must change
depending on the reaction temperature. However, at a certain temper-
ature, the structure could solidify, so its catalytic performance would
have to remain unchanged over time. And this is exactly what we
experienced in the robustness tests. Overall, this disproportion could
lead to the formation of the most active Co/CoOy/Cu surface/subsurface
composition for CO, methanation.

After the reaction, each catalyst surface was completely reduced.
While a slight enrichment of metallic copper can be seen for s-Cug.1Cos.9
and s-Cug 4Co2.6, a slight enrichment of cobalt took place for s-CuCos,
likely creating a CuCo alloy on the surface. The ratios of different
components determined by ex-situ XPS measurements are collected in
Table S5. However, the experienced differences remained qualitatively.
Consequently, under the influence of the reaction temperature, such a
significant redistribution of the active surfaces occurred that completely
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new active surfaces emerged, which can be handled as completely
different catalysts. This change can lead to the detected changes in the
catalytic activity of the spinel derivatives at high temperatures.

To determine how the active surface area changes under the reaction
conditions, NAP-XPS studies were carried out on the most efficient, s-
Cug 4Coy ¢ catalyst (Fig. 9 (A, B)). It can be seen that the oxidation and
reduction pre-treatment resulted in an almost completely metallic sur-
face [57,59], as shown by the oxygen content of almost zero. Auger
spectra of Cu LgVV (Fig. 9 (C)) give additional information that Cu is also
in metallic state. Furthermore, the surface layer was enriched with Cu
compared to the initial bulk stoichiometry (Table S6).

Back to the results from NAP-XPS. The reaction at 300 °C did not lead
to any significant changes in stoichiometry, apart from a slight relative
increase in the Cu and O content in the surface layer. However,
increasing the reaction temperature to 450 °C resulted in a further sig-
nificant increase in the copper concentration to 50.8 at. percent, while
the oxygen content remained low, indicating an almost metallic char-
acter of the surface region of the catalyst. All this shows that below
450 °C reaction temperature there are no significant changes in the
active surfaces. In contrast, there may be a redistribution of the surface
leading to the changes in catalytic performance. A more detailed inter-
pretation of the NAP-XPS results can be seen in the Supporting infor-
mation (Section S2.1.2).

To further confirm the fact of surface redistribution, TEM-EDS
measurements were made (Figs. 10, S7 and S8). For this purpose, the
surface ratio of the metallic specimens on the surface of s-CuCo and s-
Cug 4Coy ¢ catalysts was investigated. Due to the pre-treatment, the s-

Cug 4Coy ¢ catalyst showed a "film-like" segregation of the copper sam-
ples, while the s-CuCo, catalyst showed well-distributed copper and
cobalt centers. In this case, this does not contradict the results of the XPS
studies, which showed the absence of the cobalt samples, as XPS is a
more surface-sensitive technique. After the reaction, the situation
reversed, suggesting that the dynamically changing active surfaces are
likely the cause of the differences in catalytic performance. More likely,
the migration of copper onto the surface of the s-Cug4Coz¢ catalyst
occurred gradually throughout the catalytic process — perhaps leading to
the formation of an alloy — while sintering of metallic copper likely
occurred when the s-CuCoy catalyst was used. As a result, the actual
ratio of copper and cobalt centers changed truly. Additionally, the sin-
tered copper centers perform worse compared to the dispersed ones, as
reported earlier [61]. This may mean that the differences that occur in
s-Cug 4Co2 ¢ and s-CuCoy methanation reactions, especially activities, at
low temperature (300 °C) persist even after the temperature is
increased. In addition, due to the sintered surface, large amounts of
carbon residues are also seen (Fig. S8), which will be discussed in more
detail in the next chapter. It is important to emphasize that these sur-
faces are pre-defined by the original structure of the spinels, which is
closely related to their composition. It was, however, excluded that the
changes in the compositions can importantly influence the basicity of
the spinels since the CO,-TPD profiles of the as-prepared structures were
almost identical to each other (Fig. S9) [62].
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Fig. 10. HAADF TEM images (A, D), cobalt (B, E) and copper (C, F) distribu-
tions (detected by TEM-EDS) of pre-treated (A-C) and spent (D-F) s-
Cug 4Cos ¢ structure.

3.4. Determination of the complex reaction network, mechanistic aspects

To identify the possible reaction intermediates and the composition
of the gas phase in the COy hydrogenation reaction, in-situ DRIFTS
measurements were carried out under reaction conditions. It is generally

accepted that the most important steps in CO5 hydrogenation reactions
are the dissociation of hydrogen and the vibrational or electronic acti-
vation of CO,. Hydrogen dissociation is a simple step, especially when
metallic particles are present. CO2 activation depends strongly on the
type of metal and oxide [63,64]. Therefore, we first focus on how CO; is
adsorbed on the three different catalysts, CoOx, s-Cug4Co2¢ and
s-CuCos. The DRIFT spectra after adsorption of CO, and subsequent
heating in He are shown in Fig. S10. On the surface of pure CoOx, both
the characteristic vibrational modes of anchored CO; and various types
of carbonates and carboxylates [64,65] can be seen below 300 °C
without He flashing. When the temperature was increased or
He-flashing was used, the fingerprint region was dominated by the
vibrational peaks of the monodentate carbonates. In contrast, when the
surface of s-CuCoy is examined, the adsorption of monodentate car-
bonates [64] can be detected. Unfortunately, there is no clear evidence
of COy adsorption on the surface of s-Cup4Cos6, only a weak, tiny
vibrational band at 2050 cm™ can be seen [64,65], which is associated
with the adsorbed CO [29]. In separate experiments (not shown) the
interaction of Hy with adsorbed CO, was investigated. For these tests,
the sample, after being exposed to CO; at room temperature, was heated
in Hy. However, the newly formed sample under the influence of
charged Hj could not be determined.

By carrying out in-situ DRIFTS measurements under reaction con-
ditions (Fig. 11), it can be realized that the mechanism of methanation
differs depending on the catalyst used. Analysis of the gas phase
exhibited the formation of methane (1305 and 3016 cm™!) [29,66,67]
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Fig. 11. In-situ DRIFT spectra of CoOx (A), s-Cug 4Co 6 (B) and s-CuCo, (C) spinel structure under reaction conditions of catalytic CO, methanation.

from 250 °C on each catalyst. It is essential to note that no formates of
any kind were detected at either low or high temperatures. The spectra
of s-CuCo, consisted of the linear combined characteristic vibration
bands of carboxylates/bidentate carbonate (1625 cm‘l) and mono-
dentate carbonates (1487 and 1387 cm™) [23,29,64,66,67] those exis-
ted at low temperature. Upon increasing the reaction temperature, the
characteristic vibration bands of both carboxylates and carbonates start
decrease in intensity. Based on these observations, a possible catalytic
RWGS reaction promoted by spinel derivatives was detailed as follows.

Under the influence of hydrogen, the carboxylate (HOCO) can be

converted into methane via the RWGS pathways [68]:
HOCO(a) - CO(a) + OH(a) (@D)]
CO(a) +H(a) - HCO(a) (@3]

In the following steps, the HCO is further hydrogenated by forming
HCO and then reacts readily to form methyl species with hydrogen:

3)
€]

HCO(a) + H(a) - HyCO(a) + 2H(a) ~H3C(a) + OH(a)
H3C(a) + H(a) — CHy(g)

It can be assumed that the carbonates in monodentate, bidentate or
polydentate form are not involved in the reaction sequence. Moreover,
these specimens may occupy certain active sites that may lead to surface
poisoning and thus inhibition of the reaction. Furthermore, the
adsorption of these carbonates probably leads to the formation of an
amorphous carbon layer, which was seen on TEM-EDS when the surface
is enriched with metallic cobalt due to the arrangement of the sintered
copper. This reaction mechanism agrees well with the results of the
structural analysis, which suggests a purely metallic surface as the active
sample for the pre-treated s-CuCo, sample. In fact, metallic copper was
previously identified as an active, but CO selective catalyst for the RWGS
reaction.

Surprisingly, no intermediates are detectable in the analysis of s-
Cug 4Co2.6 and CoOx samples (Fig. 11 (A, B)). Only the determination of
a small amount of CO succeeded exclusively at 200 °C or below. In the
absence of intermediates, it is difficult to say how the reaction took
place. However, it is likely that CO played the key role in the metha-
nations. The main fraction of CO cannot be further hydrogenated, but its
dissociation can occur very rapidly at an active surface, producing sur-
face or subsurface carbon specimens. Since the dissociation of CO on the

10

cobalt surface in the Fischer-Tropsch reaction has already been proposed
[69], the formation of highly active carbon during the interaction of the
reaction mixture with the catalyst surface at an early stage of the reac-
tion is very likely. In order to justify the key role of active carbon,
isothermal experiments were performed at 225 °C.

The fingerprint-like vibrational bands of methane (3016 cm ™) and
CO (2076 cm™) were observed as a function of time (Fig. 12). When the
CO-, flow is closed, the CO band disappears and the CH4 peak remains.
This clearly shows that activated carbon can be converted to methane on
the cobalt or cobalt/copper surfaces. Furthermore, both peaks recover as
expected in a CO, + Hy mixture. In the absence of H; loading, only the
CO band remains. Thus, the actual catalyst is not able to shop activated
(dissociated) hydrogen on its surface.

It follows that the methanations promoted by s-Cug 4Co2 ¢ and CoOx
samples build up a three-step reaction cascade. In the first step,
hydrogen-assisted CO dissociation likely occurs through the formation
of thermodynamically unstable carboxylates and/or bicarbonates that
decompose at the Co/CoOx interface (Egs. (1) and (2)). In the second
step, C-O bond cleavage, adsorbed CO (Eq. (5)) or formyl-like (HCO)
samples are probably involved. This may lead to the formation of active
surface/subsurface carbon. Since a low intensity CO was found in a
narrow temperature range instead of formyl, it is possible that not as
much hydrogen is required for C-O bond cleavage as was assumed when
using cobalt-based Fischer-Tropsch catalysts [69].

CO(a) = C(a) + O(a) 5)

©

In the last step (Eq. (6)), the hydrogenation of the active carbon
probably takes place. The conversion of the active carbon into methane
by alkyl fragments must be an extremely fast process, because no hy-
drocarbon fragments can be seen in the spectra of DRIFT. This rapid
hydrogenation probably takes place at a highly active Cox(Co0);_ site,
as has been reported recently [32]. In this scenario, the metallic cobalt
sample is able to act as an electronic catalytic site providing electrons for
the hydrogenation steps. A more detailed interpretation of the DRIFTS
results can be seen in the Supporting information (Section S2.2).

The proposed mechanism (depicted in Scheme 1) is also supported
by the characterization results. In the case of s-Cug 4C02 ¢, @ well-formed
Cu®/C0°/Co0 surface is formed due to the pre-treatment (XPS, EXAFS).
In its formation, the presence of the subsurface Cu(I)-O specimen likely

C(a) + 4H(a) —» CHy
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acts an important role, as it prevents the complete reduction of the
copper content and thus the enrichment of metallic copper on the sur-
face. It is easy to see that the active sites (Co/CoO) for efficient
methanation are present. When these active sites are no longer acces-
sible at higher temperatures (> 450 °C) due to surface redistribution, the
efficiency of hydrogenation decreases, which may explain the unantic-
ipated decrease in activity of this sample at 550 °C. In this system, the
main contribution of the Cu® centers comes rather from those that can
ensure the formation of the appropriate mixture of metallic and oxidized
cobalt on the surface. However, for this purpose, the ideal copper con-
tent must be found, otherwise more inactive (s-Cug 1C029 — C0304/
Co0/Co/Cu surface) or completely different (s-CuCop — cu® surface)
surfaces will form. Moreover, the Cu® centers are also able to promote
the first step of the mechanism. This is the main reason why this catalyst
has been shown to be about 4 times more active than Co/CoOx catalysts
reported previously [32].

4. Conclusions

It was hypothesized that highly efficient Cu-Co bimetallic catalysts
for thermo-catalytic CO, methanation are generated from spinel oxide
precursors and their surface composition and catalytic performance are
fine-tuned by changing the cation ratio of the spinel precursors. Spinel

11

structures with different copper-cobalt ratios were prepared and inves-
tigated in a CO; hydrogenation reaction following an oxidative-
reductive two-step activation procedure. Each spinel derivative was
able to promote the reaction, but there were significant differences in
both their activity and selectivity. The Cug 4Co2 604 derivative proved to
be the most efficient, robust and regenerable catalyst for the selective
production of methane, even in a relatively high temperature range
between 250 and 425 °C. This high performance was closely related to
the surface composition of the actual (pre-treated) catalyst. It became
clear that neither the highly oxidized surface with cobalt excess
(Cug.1C02.904) consisting of C00/Co° + cu® nor the highly reduced
surface with pure metallic copper (CuCo204) are able to efficiently
promote methanation due to copper migration. For best performance,
the formation of Co/CoO centers on a surface enriched with metallic
copper is required. However, the reducibility of the catalytic surfaces
depends on the composition of the spinel precursor and most likely on
their structure. The most efficient Cug 4C02604 possessed an almost
normal spinel structure in which the Cu(II) centers were almost exclu-
sively in tetrahedral coordinated crystal positions. This may affect the
redox equilibrium and prevent the complete reduction of copper content
leading to the formation of subsurface Cu(I)-containing specimens and
the most active surface composition. In contrast, the other two struc-
tures had mixed spinel structures where the complete reduction of the
copper content occurred in the absence of overstabilization, that was
attached to a normal spinel structure. The investigation of the reaction
mechanism also showed that the mechanistic aspects also changed
depending on the copper content and thus on the surface composition.
While catalysts with lower copper content probably provide the
methane via a three-step cascade reaction consisting of 1, hydrogen-
assisted CO, dissociation, 2, C-O bond cleavage of the adsorbed CO
and 3, hydrogenation of the active carbon at the surface, a "simple"
RWGS reaction was proposed for catalysts with a copper to cobalt ratio
of 1:2. This shows that the active carbon at the surface or subsurface
plays a key role in the mechanism when a lower copper content is used.
This phenomenon is the same as that reported for catalysts with Co/
CoOx active centers in Fischer-Tropsch reactions. Based on this analogy,
we can assume that despite the metallic ratio in the Cug 4Co204 cata-
lyst, the Co/CoOx centers have the most important catalytic function,
but the metallic copper/oxide centers dominate their formation and also
act as co-catalysts in the reaction.
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