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Based on our previous investigations, it turned out that the Co304 material is a promising catalyst in the ambient
pressure CO2 methanation. This work aims at understanding the Pt-Cobalt-Oxide surface interaction and its effect
on the catalytic performance. The incorporation of Pt nanoparticles into the mesoporous Co304 (Pt/m-Co304)
Basic sites and commercial Co304 (Pt/c-Co304) improves the catalytic activity of both catalysts by a factor of ~ 1.4 and ~
In situ DRIFT spectra 1.9 respectively at 673 K. The same tendency towards the increased basicity was also observed. Morphology-
XPS induced surface basicity was previously shown to play a key role in determining the catalytic activity of free-
standing supports. From HR-TEM (-EDX), EXAFS, CO2-TPD, and CO chemisorption measurements it was
established that during the pre-treatment, Co-Pt alloy particles partially covered by the CoxOy layer are formed. It
has been postulated that this structure transformation generates new basic centres, the amount of which per unit
surface area is significantly larger for Pt/c-Co304 and this in turn is responsible for the higher enhancement effect
of the Pt/c-Co304 catalyst in the CO2 methanation. This study emphasizes the importance of the surface structure
exploration for the dynamic catalytic systems in order to reach maximum activity and selectivity in the COy
methanation.

Co-containing catalysts with the active Cobalt phase are particularly
active in the conversion of carbon dioxide to methane [6-8], however,
modification of Cobalt species can shift the selectivity towards carbon

1. Introduction

The rapid development of technical and technological applications

over the past few centuries has been accompanied by the utilization of
carbon fuels, injudicious deforestation, and the decrease of green spaces.
This has brought about an increase in the amount of carbon dioxide in
the Earth’s biosphere, which is associated with the adverse effects on
climate change [1,2].

The major hurdle for CO; utilization is the thermodynamic stability
of the carbon dioxide molecule and the high endothermicity of its
involvement in chemical interactions [3-5]. Heterogeneous catalytic
hydrogenation not only opens a perspective way to involve cheap, safe,
and renewable CO, source into a chemical interaction but also allows
the production of valuable synthetic fuel components, such as methane.
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monoxide [9,10], methanol [11] or even light olefins [12]. The detailed
research in the field proposed such factors as morphology [9], surface
orientation [13], catalyst support [10], chemical state of Co species
[8,14] ensemble effect [15] to be decisive in determining the activity
and selectivity of CO5 methanation over Co-based catalysts. The Cobalt
oxide containing catalysts, including their Pt metal-modified structures
are in the focus of heterogeneous catalytic and electrocatalytic appli-
cations, therefore their morphology and surface chemistry character-
ization are the subject of recent investigations [16-18].

In our previous work [14], we have studied bulk and surface prop-
erties of mesoporous and commercial Co304 material (m-Co304 and c-
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Co304 correspondingly) to derive the catalytic performance correla-
tions, which is further impeded by the structural complexity and
dynamism of the Co304 system under reductive CO5 hydrogenation
environment. Though both supports showed high CHjy-selectivity,
notable differences in reducibility, basic character, and tendency to form
oxygen vacancies were observed, which resulted in distinct mechanisms.
Emergence of additional formate route contributing to the overall
methane production on m-Co304 was attributed to the presence of
morphology-induced weak basic sites, aiding for the CO, adsorption.

The deposition of size-controlled Pt nanoparticles improved the
catalytic activity of both catalysts with the slight decrease in methane
selectivity [14]. This may be simply assigned to the effects of Hy-spill-
over and/or to the increased number of active centres at the Pt/support
interphase responsible for CO formation [19,20]. However, the increase
in the catalytic performance was considerably higher than increase in
the CO selectivity, which means that Pt nanoparticles contribute to the
CH,4 formation as well. Moreover, the enhancement effect of Pt nano-
particles was not equal and more pronounced in the case of c-Co304.
This suggests more complex interactions of Pt nanoparticles with the
Co304 support than mere creating a new interphase.

Thus, this study focuses on utilizing m-Co304 and c-Co304 supported
1 % 5 nm Pt nanoparticles catalysts to probe the enhancement effect of
Pt nanoparticles in the CO, methanation. The resulting catalysts were
denoted as Pt/m-Co304 and Pt/c-Co304. A detailed understanding of the
catalysts’ structure was obtained by a combination of surface sensitive
and bulk techniques such as X-Ray Photoelectron Spectroscopy (XPS),
In-Situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS), X-Ray Absorption Fine Structure Spectroscopy (XAFS), High
Resolution Transmission Electron Microscopy (HR-TEM), High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM). We found that during the pre-treatment process a for-
mation of the complex structure occurs, in which Co-Pt alloy particles
are partially covered by CoxOy islets. We suggest that this structural
rearrangement creates new basic centres, which are responsible for the
higher enhancement effect of the Pt/c-Co304 in the CO5 methanation.

2. Material and methods
2.1. Preparation of the catalysts

Details for all the experimental procedures are given in our previous
work [14]. Shortly, the synthesis of 5 nm Pt nanoparticles was con-
ducted through polyol method by combining 50 mg of HyPtClg-6H20
and 220 mg of PVP, each dissolved in 10 ml of ethylene—glycol. After
thorough mixing, the particles were precipitated with 40 ml of acetone,
washed, and redispersed in 10 ml of ethanol.

Mesoporous cobalt oxide (m-Co304) was prepared through hard
template method by mixing 4.65 g Co(NO3)2-6H20 in 8 ml of water with
a suspension of 4 g KIT-6 silica in 50 ml of toluene [21]. After the
evaporation of toluene, the precipitated product was dried and calci-
nated at 573 K for 6 h. The silica template was completely removed by
several washing steps using 2 M aqueous NaOH solution.

Pt nanoparticles incorporation onto the Co304 supports was carried
out by sonication process at the 40 kHz ultrasound frequency with 80 W
power output for 3 h. The nanocomposite particles were collected by
centrifugation, thereafter, washed three times with ethanol and dried
overnight at 353 K.

2.2. Catalytic measurements

The catalytic reactions were carried out at 1 atm pressure in a fixed-
bed, continuous-flow reactor (8 mm i.d.), the temperature of which was
controlled by a thermocouple. Typically, the reactor contained 200 mg
of slightly compressed pellets as a catalyst and the dead volume of the
reactor was filled with quartz. In the reacting gas mixture, the CO5:Hy
molar ratio was 1:4. The reactant gas mixture CO2:H; (molar ratio was
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1:4) was introduced into the reactor with the total flow rate of 50
ml-min~. Agilent 4890 gas chromatograph, equipped with Equity-1
capillary and Porapak QS packed columns as well as with thermal
conductivity and flame ionization detectors to assure complete separa-
tion and quantification of the gases, was used. Before the catalytic ex-
periments, the as received catalysts were oxidized in Oy atmosphere at
573 K for 30 min and thereafter were reduced in Hy at 573 K for 60 min.
Pre-treatment conditions were the same for all other characterization
measurements unless otherwise stated.

2.3. Characterization techniques

XRD studies of the fabricated catalysts were performed on a Rigaku
MiniFlex II instrument with a Ni-filtered CuK, source in the range of 260
= 20-80°.

For XPS analysis, samples were pre-treated in the modified pre-
chamber of Kratos Analytical XSAM800 instrument and then exposed
to the CO5:Hy gas mixture at 400 °C for 30 min. The XP spectra were
obtained with a Kratos Analytical XSAM800 instrument equipped with a
non-monochromatized Mg Ka X-ray source and the X-ray gun operated
at 144 W. All high-resolution spectra were charge corrected for the
aliphatic component of the Cls spectrum region having peak maximum
at 284.8 eV.

The temperature-programmed desorption (TPD) measurements were
performed in a BELCAT-A apparatus using a reactor (quartz tube with 9
mm outer diameter) that was externally heated. Pre-treated catalysts
were cooled in flowing He to 323 K and equilibrated for 15 min. The
samples were flushed with CO5 for 30 min and then flushed with He for
15 min at 323 K. The reactor was heated linearly at a rate of 10 Kemin !
up to 573 K. The CO;, consumption was detected by a thermal conduc-
tivity detector (TCD).

The DRIFTS analyses were carried out in ‘Agilent Cary-670’ FTIR
spectrometer with ‘Harrick Praying Mantis’ diffuse reflectance attach-
ment. The sample was pre-treted, cooled down to room temperature
under Helium flow and background spectrum was registered. At room
temperature, a CO5:Hy mixture and He stream with total flow rate of 40
ml'min~! was fed into the DRIFTS cell. The catalyst was heated linearly
up to 673 K with a heating rate of 20 K'min ' and IR spectra were
measured at 50 K intervals.

TEM images of the samples presented on a carbon coated copper grid
were provided by FEI TECNAI G2 20 X-Twin high-resolution trans-
mission electron microscope (equipped with electron diffraction) oper-
ating at an accelerating voltage of 200 keV. For high-resolution
experiments, a Cs-corrected Thermofisher Themis 200 microscope
with an accelerating voltage of 200 keV was used. EDS maps were
recorded using Super-X EDX detectors in STEM mode.

Co K-edge and Pt Lyj-edge X-ray absorption fine structure (EXAFS)
spectroscopy measurements were carried out at room temperature at the
XAFS beamline of ELETTRA synchrotron in Trieste (Italy). The powder
sample was pelletized with boron nitride. The EXAFS spectra were
collected in the energy range 6.5-8.9 keV for Co K-edge in transmission
mode as well as 10.3-12.7 keV for Pt Lyjj-edge in fluorescence mode. A Si
(111) double-crystal monochromator was applied. The data analysis
was carried out by using “EXAFSPAK” program package. The 3.0-13.0 A
data range for K® Fourier transform (FT) was applied, while 1.5-4.5 A
for Co and 1.4-3.5 A for Pt distances were simulated.

3. Results and discussion
3.1. Catalytic activation in CO2 methanation

Pt nanoparticles were loaded onto Co304 supports by the sonication
process. The loaded Pt nanoparticles were well distributed all over the
surface of supports with the average particle size of 4.8 + 0.5 nm and
4.6 + 0.9 nm for Pt/m-Co304 and Pt/c-Co304 accordingly (Fig. 1a, b).
Mesoporous structure with nanorod morphology was replicated during
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Fig. 1. Representative TEM images of Pt/m-Co304 and Pt/c-Co30,4 with the Pt size distribution histograms (a, b) and corresponding XRD patterns (c, d).

the preparation of m-Co304, while commercial c¢-Co304 was previously
shown to have no ordered structure [14]. Textural properties of the
supported catalysts were not significantly altered by the 1% Pt nano-
particles loading in harmony with the literature data [22] (Table S1). As-
prepared catalysts were also studied with XRD to identify the sample
composition. The observed peak positions are in a good agreement with
the Joint Committee on Powder Diffraction Standards (JCPDS) database
values. The reflections of Pt were not detected in either case due to its
low loading and high dispersion. Like the pristine support, Pt/m-Co304
exhibited peaks assigned exclusively to the Co304 cubic spinel phase at
20 = 31.3, 36.9, 44.8, 59.4, and 65.36° (JCPDS card no. 43-1003)
(Fig. 1¢) [14,23]. The major phase in Pt/c-Co304 was also cubic spinel
Co304 with additional peaks at 20 = 38.6 and 55.8° corresponding to the
(222) and (422) crystal planes. Similar to the c-Co304, cubic CoO phase
was detected in the case of Pt/c-Co304 by the most intensive reflection at
20 = 42.5° of (200) crystal plane (JCPDS No. 43-1004) [24] (Fig. 1d).

As-prepared catalysts were subjected to the CO, methanation at
ambient pressure in the 473 K — 673 K temperature range (Fig. S1a). As
shown in Fig. 2, free-standing Co30O4 supports show notable catalytic
performance [14], however, their activity is further improved in the
entire temperature range by Pt nanoparticles loading, which comes
together with the deterioration in methane selectivity (Fig. S1b). Pre-
vious studies revealed that Pt nanoparticles have weak interaction with
CO2 molecules and favour RWGS pathway, which could be an expla-
nation for the increased CO selectivity [19,20]. On the other hand, Pt
nanoparticles also aid in hydrogen spillover [25,26], thus, promoting
the catalytic activity. Apart from the improvements in catalytic activity,
Pt nanoparticles also contribute to the stabilization of the catalysts by
slowing down their deactivation. This is particularly apparent in the
case of Pt/c-Co304 (Fig. Sla, Fig. Slc). It is also perceptible that Pt

enhancement effect is bigger in the case of c-Co304 and is more pro-
nounced with the increase in the reaction temperature. At 673 K, Pt
enhancement effect represented as the CO, consumption rates ratios
reaches ~ 1.9 times for Pt/Co304 whereas for Pt/m-Co30y4 it is ~ 1.4
(Fig. 2d). Pt enhancement effect was also calculated in terms of CHy
selectivity and is represented as the CH4 formation rates ratios at 673 K
in the Fig. S1d.

3.2. Preliminary characterization of Pt/Co304 system

Examination of surface species present on a catalyst during a cata-
lytic process is crucial for unravelling the reaction network. With this
aim, the same way as for free-standing supports, XPS measurements
were also performed and evaluated over Pt-loaded catalysts [14]. Co 2p
positions and their assignments agree well with the literature findings
[27,28]. The results are summarized in Table 1 and the Co 2p spectra are
given in Fig. S2. Regarding the changes in the oxidation state of Co
species, the same tendency was observed as for the pure supports: Pt/c-
Co304 is more easily reduced by the pre-treatment process; after COy
hydrogenation reaction the Co?* state dominates in Pt/m-Co304 catalyst
(80.53%) while the Pt/c-Co304 is mostly reduced [14]. Comparing to
the free-standing supports, generally the reducibility of the catalysts is
improved, most probably due to the Hy-spillover effect [29,30].

It is also interesting to note that after CO methanation the fraction of
Cobalt oxide phase is increased compared to pure supports. Thus, c-
Co304 was shown to be very prone to reduction and was 100% reduced
by the reaction conditions [14] while in the Pt nanoparticles loaded
sample, Cobalt oxide phase remains after CO; methanation with the
metallic Co proportion comprising just 74.83%. This was also confirmed
by the means of Temperature Programmed Oxidation (TPO), which is



A. Efremova et al.

Q
—

(=2
—

25000 25000
i 583 K 7 673K
= :
"o 20000 § 2 200004 §
:
£ 15000 @ 15000
2 s
: 5
§ 10000 & 10000
:
2 5000 S 5000
<} o
o o~
& ol 3 0
(8] » QN Oo» O» ‘oo" O» O»
005 SJO‘» S)os 006 00” $l 3] 00'5 '00'5
[ S s [
& & &8 o R
c) 00 583 K d) - 673 K
- S
- N £
R 80+ [T
>
E 60 - qE,
§ v g ~1.9 x
= 8 |~1.4x
o c
20- o
fre)
o
e L or ov
0% 0% 0% 0% o oM
o & & \\(,5-’ % o>
& < & <

Fig. 2. CO, consumption rate over m-Co304, Pt/m-Co304, c-Co304, Pt/c-Co304
at 583 K (a), 673 K (b), their CHy selectivity at 583 K (c), and Pt enhancement
effect represented as the CO, consumption rates ratios at 673 K (d).

Table 1
Surface atomic concentrations and ratios as determined by XPS on the pre-
treated and reacted catalysts.

XPS DATA
Co(0), % Co(ID), % Co(IID), % Oads/Olatt

m-Co304 pre-treated 34.20 48.10 17.70 1.22
Pt/m-Co304 pre-treated 40.97 42.25 16.78 1.99
m-Co30,4 reacted 24.81 68.80 6.39

Pt/m-Co304 reacted 19.47 80.53 0.00

c-Co304 pre-treated 46.67 54.33 0.00 1.78
Pt/c-Co30,4 pre-treated 54.59 45.41 0.00 1.65
¢-Co304 reacted 100.00 0.00 0.00

Pt/c-Co304 reacted 74.83 25.17 0.00

commonly applied to study thermal oxidative behaviour of the materials
(Fig. S3). Pure c-Co304 support is characterized by a broad oxygen ab-
sorption band at 353 °C, which is attributed to the oxidation of metallic
cobalt to Co304 [31]. In the literature data, the absorption peak is
located around 393 °C; the difference in the peak position we ascribe to
the differences in the Cobalt oxidation states and structure. The shift
towards lower temperature (~25 °C) for the c-Co304 after the addition
of Pt signifies that Pt nanoparticles facilitate oxidation of the support.
This tendency is observed to a smaller extent in the case of Pt/m-Co304
as well — the fraction of Cobalt oxide phase is increased in the spent
catalyst. The oxidation of the surface of the support after addition of Pt
nanoparticles in COy hydrogenation reaction was reported for other
systems as well, for example, for Pt/Mn0O,-M200 [32].

As mentioned above, the key structural property of m-Co3O4
responsible for its superior activity in converting CO, to methane is the
enhanced basicity [14]. Therefore, it seemed relevant to determine the
influence of Pt nanoparticles on the catalyst basicity. COo-temperature-
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programmed desorption (CO,-TPD) measurements were carried out in
the 323 K-573 K temperature range since weak basic sites found in this
range were determined to assist CO, methanation [14]. Fig. S4 repre-
sents CO2-TPD curves for thermally treated free-standing supports in
comparison with their supported counterparts. Pt nanoparticles incor-
poration resulted in an increased sorption capacity of both catalysts to a
different extent — 2.4 times in the case of Pt/m-Co304 and 4 times for the
Pt/c-Co304. It should be noted that the absolute value of the number of
weak basic sites was the highest for Pt/m-Co304, which may be related
to the catalytic performance in the CO2 methanation. Interestingly, Pt
nanoparticles immobilization generates a new type of hydroxyl groups
(dotted lines in Fig. S4) rather than enhances the already existing ones.
Moreover, for Pt/c-Co30O4 the increase in the peak area was also
accompanied by the shifting in the peak position to higher temperatures
indicating a stronger CO, affinity of the Pt/c-Co304 catalyst.

3.3. Reaction mechanism discussion

Identification of surface adsorbed species is essential in establishing
the mechanism of heterogeneously catalysed reaction. Towards this
goal, DRIFTS spectra were collected at elevated temperatures in the
presence of the reactant mixture/products on both the samples (Fig. 3).
It should be noted that the denoted wavenumbers may vary by + 5 cm ™
within one data set as a function of temperature. The observed bands
formed during CO5 methanation and assigned to them adsorbed species
are listed in Table S2.

In the spectra of Pt/m-Co304 (Fig. 3a), two strong twin-bands at
3750-3550 cm ! belong to the combined tones of gas and adsorbed CO;
molecules [33] and indicate high CO, adsorption due to the increased
number of weak basic sites as shown by CO,-TPD results. The formation
of the main product — methane — is detectable at 1305 cm™! and 3016
em™! from 473 K as in the case of free-standing m-Co304 [14]. The
assignment of observed IR bands was carried out based on the assign-
ment proposed previously for pure Co304 supports [14] as well as on the
publications reporting the formation of relevant surface species under
similar conditions mentioned below.

During CO2 methanation among other peaks, two bands develop at
room temperature positioned at 1645 em ! and 1215 ecm ™! which af-
terwards simultaneously completely disappear at 423 K. Those vibra-
tional modes were assigned to bicarbonate species generated by the
interactions of CO2 with the weak basic sites — surface hydroxyls
[34,35]. From 423 K bicarbonate species are transformed to formate
species at 2848 cm_l, 1575 cm_l, and 1376 cm™' [14]. The formate
intermediate was reported to play an important role in the CO5
methanation [35-40]. The formate species can be hydrogenated to
hydrocarbons:

HCOO,) — HyCOH(y) — HyCy) + OHgy (€8]
HzC(a) + 2H(a) - CH4(g) (2)

Moreover, a broad peak at 1970 cm ™" is detected from 373 K. This
band is assigned to the bridge bonded or hydrogen-perturbed CO spe-
cies, which could emerge from formate species [37,38,41].

Apart from formate pathway, methane formation additionally occurs
through the RWGS mechanism in the case of Pt/m-Co304 as well. This is
apparent from the small intensity linearly adsorbed CO peak at 2076
cm_l, which shifts to lower wavenumbers upon increasing the temper-
ature. Its appearance at low temperatures indicates that CO; may un-
dergo dissociative adsorption on the surface of Pt/m-Co304:

COZ(g) - CO(a) + O(a) (3)

At high temperatures, CO selectivity is considerably increased.
Gaseous CO may originate from the decomposition of formate species:

HCOO(,) — CO) + OH, “
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Fig. 3. In-situ DRIFTS spectra of Pt/m-Co304 (a) and Pt/c-Co304 (b) obtained during CO, hydrogenation.

This reaction step (eq. (4)) was considered recently in COy + Hj
reaction in several cases, for example on NiO, Pt/NiO [37], on Ru/Al;O3
[36], on Au/TiOy [42] on Co/MnOy [41] Furthermore, formate pro-
duced by adsorption of HCOOH on metals [43], on oxide and supported
metal catalysts [44,45] decomposes to CO and COs.

Besides reactive intermediates, several types of carbonate species
were also distinguished in the case of Pt/m-Co304. Bands at 1506 cm ™,
1349 cm™!, 993 cm ™! are referred to the monodentate form of carbonate
species [14,46,47] while those at 1456 cm !and 1124 cm ™! belong to
polydentate carbonate species [14,48].

In the case of Pt/c-Co304 catalyst, the reaction is initiated at 473 K
revealed by the appearance of the methane related bands at 1305 cm ™
and 3016 cm™! (Fig. 3b). It is noteworthy, that CO, adsorption is
significantly enhanced in this case as opposed to non-loaded c-Co304
support, which is reflected in the emergence of two twin-bands at
3750-3550 cm ™ '. For the ¢-Co304, these bands in the corresponding
spectral region were completely missing [14]. This is justified by the
substantial grow of weak basic sites (x 4 times more on Pt/c-Co304 as
shown by the CO,-TPD data), which greatly assists in COy adsorption
and hence improves its subsequent conversion.

Major surface species detected for Pt/c-Co304 were linearly adsorbed
CO molecules which appeared at 2076 cm™!. The formation of adsorbed
CO takes place through RWGS mechanism according to the equation (3).
Even though no other intermediates with considerable concentration
could be identified, the increase in the weak basic sites implies that
hydroxyl groups are present on the surface. The enhanced CO, adsorp-
tion most likely originates from the interaction of surface OH groups and
the CO5 molecules with the formation of bicarbonate species. Contrary
to the free-standing c-Co304, the formate pathway cannot be excluded
for the Pt/c-Co304 since formate intermediate is able to accumulate on
the oxide surface [49].

The possibility of carbon route, in which subsurface carbon is hy-
drogenated to methane, was also considered. This mechanism was
established to operate on a Cobalt Fischer-Tropsch catalyst [50]. To
investigate the validity of this reaction pathway in the case of Pt/c-
Co304 catalyst, switching experiments were conducted (Fig. 4). Firstly,
reaction gas mixture (COy + Hjy) was introduced to the pre-treated
catalyst at 498 K. The course of the reaction was monitored by
following the bands at 1303 cm ™! and 3016 cm™! the appearance of
which indicates methane formation. Once the reaction is initiated,

498 K

© 3
. - R -
3 8 H2
8
§ COsy
g COo+Hy
c
2 H2
<

COo+Hp

T T v T ) T . T T T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm'1)
Fig. 4. In-situ DRIFTS spectra obtained by performing following switches over
the pre-treated Pt/c-Co304 at 498 K: CO, + H; reactant gas mixture exposure;

only H, flow exposure (CO, flow removed); only CO, flow exposure (H, flow
removed) for 1, 5 and 25 min.

linearly adsorbed CO peak at 2076 cm™! also emerges. Then the CO
flow was eliminated and only the hydrogen flow was let to the surface. If
deposited carbon was active and could be converted to methane, the
methane formation would occur even in the absence of the carbon
source. However, the corresponding methane features were not detec-
ted. The reactant gas mixture was afterwards introduced again, and the
intense methane formation was observed. When the H, flow was
removed, methane formation quietened. Repeated exposure of the sur-
face to the Hj stream did not result in the formation of methane, which
implies that no accumulation of active carbon occurs. Overall, it can be
concluded that for Pt/c-Co304 only RWGS mechanism was proven to
provide catalytic activity, nevertheless, the participation of formate
species to produce methane cannot be ruled out.

Interestingly, carboxylate pathway was established for both free-
standing Co3O4s supports, however, no carboxylate species were
observed on Pt nanoparticles supported samples. It was also suggested
that carboxylate intermediate is stabilized by oxygen vacancies domi-
nating on the c-Co304 [14]. For supported catalysts we propose that the
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oxygen vacancies are favourable sites for Pt nanoparticles positioning as
it was calculated for Pt clusters/defective anatase surface [51]. To this
end, the same way as for pure Co304 samples, the ratio Ogs/Olat Was
calculated for supported samples (Table 1), where the peak located at
~531 eV corresponds to surface adsorbed hydroxyl species (O,4s) and
peak at ~529 eV is assigned to lattice oxygen species (Ojatt). The ratio
itself provides an insight into the number of surface oxygen vacancies:
higher ratio indicates more oxygen vacancies. Change in the ratio after
Pt nanoparticles loading may be associated with two factors: increase in
the weak basic sites — hydroxyl species — and decrease in oxygen va-
cancies sites. For m-Co304 value of 1.22 was reported which with the
incorporation of Pt nanoparticles has increased to 1.99. The increase in
the value maybe mainly attributed to the increase in weak basic sites,
since the number of oxygen vacancies was not significant in this case. In
the case of Pt/c-Co304, the value slightly dropped from 1.78 to 1.65. The
decrease of the value denotes the decrease in the number of oxygen
vacancies, and this consequently can serve as an indirect proof that Pt
nanoparticles are preferably positioned in V, sites.

The main route for carbon formation observed by TEM in both the
cases is suggested to be the direct C-O bond cleavage in adsorbed CO:

CO@ = C ) + Hw (5)

3.4. Discussion on the active sites and characterization of spent catalysts

In the catalytic systems comprised of the noble metals supported
mesoporous metal oxides, noble metals or noble metal/metal oxide
interphase are most commonly referred as active sites in the COg hy-
drogenation reaction [52,49,53]. It is well known that CO readily ad-
sorbs on Pt sites [54]. Moreover, CO adsorption does not occur on Co304
surface above room temperature [55]. Therefore, carbon monoxide
chemisorption can provide a powerful surface sensitive technique to
investigate surface structure changes of Pt nanoparticles. Carbon mon-
oxide was firstly adsorbed on thermally treated Pt/Co304 catalysts (pre-
treatment process includes oxidation with subsequent reduction at 573
K) at RT and after He flush was subjected to programmed heating similar
to the CO2 methanation conditions (Fig. S5). In the 2200-2000 cm!
wavenumber range, in which linearly adsorbed CO is expected to
appear, no peak was detected [55] (Fig. S5). To track the formation of Pt
nanoparticles in each case, more detailed CO chemisorption analysis
was carried out (Fig. 5). Here, both Pt/Co304 samples were firstly
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oxidized at 573 K, flushed with Helium, and subjected to the CO
adsorption at room temperature (RT) (Fig. 5). The reported spectra show
a strong band at 2094 cm ! resistant to He flushing which corresponds
to Pt>'-CO species [54]. Then the CO was introduced at different
reduction temperatures. In both the cases, the chemisorbed CO band
remains stable with the increase of the reduction temperature, which is
accompanied by the considerable decrease in intensity. The band visibly
disappears after the reduction at 573 K, however, zooming in allows to
register a small intensity adsorbed CO peak (Fig. 5a Inset, 5b Inset). The
smaller availability of Pt sites for the CO adsorption can designate a
common feature of surface processes including encapsulation and for-
mation of a core-shell structure in which during reductive treatment the
particles are covered by other lower surface energy islets, however, they
recover under reoxidation [56,57]. It may be speculated that under the
reductive treatment, a reconstruction of the surface occurs, which leads
to the Pt nanoparticles being covered by Co,Oy overlayer like in the Pt/
CeO; case [58].

The increased strength of basic sites shown by CO»-TPD results and
migration of Pt nanoparticles from the surface shown by CO; chemi-
sorption analysis suggest that some structural changes occur to the
catalysts during the CO, methanation. Therefore, investigation of cata-
lysts’ structures in spent samples containing 1% 5 nm Pt on Co304
particles was performed with High-Resolution Transmission Electron
Microscopy (HR-TEM) along with High-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) and Energy
Dispersive X-Ray Spectroscopy (EDS).

Fig. 6. represents the typical result for the spent Pt/m-Co304. Elon-
gated crystalline carbon nanofibers were observed, at the end of which
Co-containing particles were located in the size of 10-50 nm (Fig. 6a).
Based on HAADF STEM and EDS studies, Platinum was dissolved in Co-
containing particles (Fig. 6b, 6¢, 6d). The majority of Co-containing
particles show the presence of Platinum. However, due to the low
Platinum content, in some places of the EDS map it was visible on the
carbon membrane as an artefact. (Fig. 6d red square). These areas were
dark in the HAADF image, so the presence of unique Platinum grains is
excluded.

In the case of Pt/c-Co304, a few nm amorphous carbon layer was
detected on the surface of Pt/c-Co304. Most of the Co-containing par-
ticles were larger than 100 nm in size. The EDS mapping images reveal
the presence of the overlapped matrix between Co and Pt, in which Pt
forms crystals of a few nm that are directed to the surface of the large Co
particles (Fig. 7b, 7c). Pt crystal phase could not be clearly identified,
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Fig. 5. CO chemisorption analysis. IR spectra of Pt/m-Co304 (a) and the Pt/c-Co304 (b) obtained during CO adsorption over oxidized catalysts at different con-

ditions. Inset: zoomed black square region of Pt/m-Co304 (a) and Pt/c-Co304 (b).
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Fig. 6. Representative TEM image (a); HAADF STEM image (b); EDS elemental maps of Co (c); and Pt (d) of spent Pt/m-Co304.

Fig. 7. HR-TEM image (a); marked HR-TEM image (b); HAADF STEM image (c); EDS elemental maps of Co (d); and Pt (e) of spent Pt/c-Co304.

most likely because it is alloyed with Co. The formation of Co-Pt alloy
layer on large Co-containing particles is shown in the Fig. 7d, 7e.
Altogether, the formation of structured carbon on mesoporous Co3zO4
and amorphous carbon on bulk Co304 (in our case bulk morphology is
very close to the morphology of c-Co304) after COy hydrogenation re-
action was shown previously for free-standing supports [59]. The EDS
results suggest the alloy formation for both Pt/c-Co304 and Pt/m-Co304.
Formation of a Co-Pt alloy can additionally be supported by such com-
plementary technique as XPS. However, the deconvolution of Pt 4f XPS
spectra of the catalysts after pre-treatment has led to ambiguous results.
To confirm the formation of alloyed structure as well as to characterize
the oxidation states and coordination environments of Co in the Pt/m-
Co304, X-ray absorption fine structure (EXAFS) spectra were recorded.

EXAFS spectra were fitted in order to evaluate data on the Co K-edge
(Fig. S6a). The spectra contain Co-O with interatomic distance centred
in 2.05 A and coordination number of 5.7 (Table 2), indicating the
dominant presence of Co(I)-O (octahedral) species. The fitted data
coincide well with those of Co(II)-O bonds in CoO or Co304 compounds
[31,60]. In addition, other Co-O distances in the first coordination
sphere of the cobalt were verified. The identified modulus was shifted
towards the longer interatomic distances (2.27 f\) and belongs to the Co
(IIN-O (tetrahedral) species with average coordination number of 3.1.
X-ray absorption spectra (XAS) data, which clearly showed the
appearance of the Co(II)-Co(III) or Co(II)-Co(Il) interatomic distances
with coordination number of 3.8, are similar to those of the neigh-
bouring shells of the Co304 compounds [31]. Further quantitative
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Table 2
EXAFS data on the metal (ions) in the spent Pt/m-C0304.

EXAFS data on the Co K-edge

Fitted interatomic Nmx  Rmx 62(A%2) Eg(eV) F-factor

distances A)

Co(ID-O0 5.7 2.05 0.0012 -2.5511 19.53% (total:
(octahedral) 24.12%)

Co(IIN)-0 3.1 2.27 0.0045 -5.6414
(tetrahedral)

Co(0)-Co(0) 7.7 2.58 0.0050 0

Co(II)-Co(I1/11I) 3.8 3.35 0.0160 -3.8200

Co(ID)-0 22.8 3.59 0.0250 -5.6011

EXAFS data on the Pt Li-edge

Pt(IV)-O 4.1 2.08 0.0011 -2.1302 18.35% (total:
(octahedral) 34.10%)

Pt(0)-Pt(0) 11.1 2.98 0.0350 0

Pt(0)-Co(0) 5.9 2.52 0.0230 1.7100

Pt(IV)-0 23.0 3.48 0.0350 -2.0914

analysis revealed that there is a Co—-Co bonding in the spent Pt/m-Co304
[28]. The simulations also exhibited a significant decrease in N¢o_co
compared to the reference metallic Co, which represents a similar phe-
nomenon as in the case of the previously studied cobalt(-oxide) sup-
ported noble metal systems, and indirectly indicates the possibility of an
alloy formation [61].

On the basis of the evaluation of the measured EXAFS oscillations on
Pt Lyj-edge (Fig. S6b), having average coordination number of 11.1, it
was possible to identify a Pt-Pt distance centred in 2.98 A (Table 2).
There is no-reacted metallic Platinum compound in the composite after
the catalytic reaction [62]. The scattering of the catalyst in the high
coordination spheres are related to the modulus of FCC Platinum. To
evaluate the measured data, interatomic distance of 2.08 A with octa-
hedral sphere in the first coordination shell is considered. This distance
is assigned to the Pt(IV)-O bonding which demonstrates the partial
oxidation of the Pt nanoparticles [63]. Additionally, the presence of
Pt-Co heteroatomic bonds in the spent catalyst was detected [64].
Considering the previously studied linearly correlations about the
compositions and interatomic distances in Pt-Co alloys (Vegard’s law),
the 9:1 of Co:Pt actual molar ratio could be given for alloy by calculating
2.52 A distance which is very similar to that of values reported
[28,65,66].

XAFS results have verified the presence of Co(0)-, Co(II)-oxide- and
Co(II)-oxide-containing species as well as the formation of Cog-Pt; alloy
in the spent Pt/m-Co304 sample. Even though the Pt-Pt bond was
registered, TEM (-EDX) analysis results clearly exclude the presence of
free Pt nanoparticles on the surface. Therefore, invidual Pt nanoparticles
are assumed to remain in the bulk of the catalyst.

On the whole, Co-Pt alloy with high Co content maybe suggested in
both cases. By the means of the CO2-TPD analysis, it was found that Pt
nanoparticles incorporation increased the number of weak basic sites,
more significantly for the Pt/c-Co304 (Fig. S4). This was also reflected in
the increased CO, adsorption shown by the DRIFTS spectra (Fig. 3).
Based on the literature data, formation of Pt-Co itself is not responsible
for the basicity alteration. In turn, hydroxyl groups can exist on an oxide
surface [67]. From Fig. S4 it is also observable that Pt nanoparticles
incorporation results in the generation of a new, same for both catalysts,
type of hydroxyl groups. Considering this, a different type of Cobalt
Oxide — CoxOy — was involved in the basicity improvement. We propose
that Co-Pt alloy particles were partially covered by the CoxOy overlayer
as it was suggested from the CO chemisorption analysis results. Alloying
with Cobalt can increase Platinum surface energy [68] and enable the
Co-Ptalloy to be covered by CoxOy. This structure reconstruction process
may be responsible for the creating energy favourable sites for the
adsorption of water, thus, generating surface hydroxyl groups and
increasing basicity. Discussing the matter, it can be easily spotted that
higher basicity enhancement in the case of Pt/c-Co304 did not lead to
the best catalytic performance. In this regard, we must suggest that the
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beneficial impact of the basicity increase onto the catalytic activity
manifests itself not in a linear fashion but reaches some saturation.

Unlike free-standing support, which was completely reduced during
the reaction, Pt/c-Co304 showed some CoO on the surface. This oxida-
tion is suggested to happen around partially covered Co-Pt alloy parti-
cles. For Pt/m-Co304, Cobalt oxide was dominating with smaller
proportion of metallic Co. Hence, partially covered by CosOy overlayer
Co-Pt alloy particles are represented to be dissolved in CoO. Formate
species stemmed from the interaction of carbon dioxide with weak basic
sites were additionally generated on the Pt/m-Co304 catalyst. Normal-
izing the amount of emerged with the Pt incorporation hydroxyl groups
to the BET surface area, it can be determined that more active centres are
located on the Pt/c-Co304, which explains the higher enhancement ef-
fect of Platinum in the catalytic activity in this case.

Combining HR-TEM (-EDX), EXAFS, XPS, CO,-TPD, DRIFTS data and
the results of the CO chemisorption analysis, we propose the following
sketch (Fig. 8.), illustrating the structure and mechanisms operating for
the catalysts during CO5 methanation reaction.

4. Conclusions

The incorporation of 1% 5 nm Pt nanoparticles onto m-Co304 and c-
Co304 allowed higher CO, consumption rates, slightly diminishing their
CHy4 selectivity in the CO3 hydrogenation reaction. The catalytic activity
enhancement effect was more significant in the case of Pt/c-Co304, and
it was accompanied by the more pronounced increase in the number of
weak basic sites. By the means of XPS, it was found out that after pre-
treatment, Pt nanoparticles facilitate the reduction of the catalysts
through Hp-spillover, however, after CO, methanation, the oxidation of
the catalysts is improved. HR-TEM, EDX and EXAFS results suggest the
Co-Pt alloy formation in both cases. From the carbon monoxide chem-
isorption analysis, it was discovered that during the reductive pre-
treatment Co-Pt alloy particles are partially covered by CoOy over-
layer. It has been speculated that this structure rearrangement creates
new basic centres. Thus, Pt/c-Co304 with abundant weak basic sites
demonstrated great COy capture capacity far exceeding that of the c-
Co304, which resulted in the larger catalytic activity enhancement ef-
fect. While RWGS pathway was the only one proven to operate in the
case of Pt/c-Co304, in the case of Pt/m-Co304, formate intermediate
additionally contributes to the CO5 conversion, thus, the activity of Pt/
m-Co304 is the best. Unlike the free-standing supports, carboxylate route
was not established for Pt-loaded catalysts, presumably due to the fact
that oxygen vacancies stabilizing the carboxylate species are favourable
sites for Pt nanoparticles. In present study, we pointed out that the
combination of bulk- and surface-sensitive techniques provides a useful
insight into the nature of metal-support surface interactions in the Pt/
Co304 system. The obtained information is crucial for the elucidating of
structure-catalytic activity correlations, which aids the design of active
centres with desired characteristics for important industrial processes.
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