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Supporting information 1: H,-TPR
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Figure S1: H,-TPR profiles of CoVO, and CoO catalysts after calcination in air 400°C 3h.



Supporting information 2: Catalytic results

Methane was detected in the products at reaction temperatures of 250 °C and above. The selectivity
of CO conversion to CH, was calculated according to the formula :
Acta 1 RFchy
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where: A;r are the areas of the corresponding GC peaks at a given reaction temperature T (i=CH, or
CO,). RF; is the response factor of the gas i (i=CH, or CO,) determined by external calibration. The
evolution of Scys as a function of the reaction temperature for the two catalysts is shown in Figure
S2. It is clear that CH, selectivity is 0% up to 200 °C but at higher temperatures it increases
considerably for both catalysts. The CoVO, catalyst appears more selective to CH, than CoO,. The
main production path of CH, is CO hydrogenation reaction (reaction 1). Although contribution of CO,
hydrogenation (reaction 2) cannot be excluded, it is less probable than reaction 1, since CO
hydrogenation is more favorable than that of CO,.!

CO hydrogenation: CO + 3 H, - CH, + H,0 (1)
CO, hydrogenation: CO, + 4 H, - CH, + 2 H,0O (2)
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Figure S2: Selectivity to CH, as a function of temperature for CoO, and CoVOi catalysts, based on gas
chromatography (GC) measurements. The tests were performed in a fixed bed reactor in 1%CO, 1%0,
and 50%H, in He-balanced flow; 50 mg of catalyst; 50ml/min of total flow at atmospheric pressure. Each

point was recorded after dwell of 30 min at each temperature.

Enhancement of CH, production with temperature is a well known feature of COPrOx reaction.*™
Apart from temperature, CH, production is influenced by the oxidation state of cobalt and the
abundance of adsorbed hydroxyl groups. In particular, CH; production is promoted on reduced
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cobalt catalysts** and in the presence of high amounts of OH groups.® The NAP-XPS results
presented in the main text of the paper show that above 250 °C the CoOy catalyst is in general more
oxidized than CoVO,, however it contains higher contribution of OH groups as shown by the high
binding energy O 1s component. Unfortunately, the interplay between various factors (temperature,
cobalt oxidation state and adsorbed hydroxyl species) does not allow a comprehensive
understanding of vanadium effect on CH, production.

Supporting information 3: Reactivity of pure V oxide
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Figure S3: CO conversion of H, pre-treated CoVO,, H, pre-treated V,0; and O, pre-treated V;0; as a
function of temperature, based on gas chromatography (GC) measurements. The reaction was performed
in a DRIFT reactor/cell. Experimental Conditions: 1%CO, 1%0, and 70% H. in He-balanced flow; 0.11 g
catalysts; 10ml/min of total flow; atmospheric pressure (1 bar). Each point was recorded after dwell of

30 min at each temperature.

Supporting information 4: XRD
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Figure S4. The ex situ XRD patterns of fresh (top) reduced (middle) and spent (bottom) CoO, and CoVOy

catalysts treated at atmospheric pressure conditions.



Supporting information 5: STEM and STEM-EDX

a) Reduced CoVO, b) Spent CoVO,
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Figure S5a. Representative BF-STEM and the corresponding STEM-EDS analysis images with elemental
mapping (Co and V) of a) reduced and b) spent CoVOj catalyst. Merged images of Co and V maps are

shown. Scale bar, 50 nm.
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Figure S5b. Representative HAADF-STEM and the corresponding ABF-STEM images of a) reduced and b)
spent CoVOy catalyst.



Figure S5c. High resolution BF STEM and the corresponding FFT filtered images (bottom-right) of spent
CoVOy catalysts derived from catalyst areas close to the particles edge. The interplanar spacing is
indicated by two parallel lines. The squares indicate the part of the low magnification image from which

the high-resolution images are derived.

Supporting information 6: Co 2p fitting procedure

Photoemission peaks with complex line profiles, like the Co 2p spectra in their various oxidation
states, can be fitted using two main approaches. The first involves the use of a synthetic line-shape
defined by a combination of individual Voigt-type peaks, each one of them corresponds to a
photoemission or a satellite peak which cannot be resolved in the Co 2p spectrum.” To avoid over-
interpretation, the experimental spectrum should be fitted by using the minimum number of peaks
applying several constrains between them. These constrains include, definition of the peak shape,

relative position, width and intensity ratio.”®

Alternatively, in case that reference materials are available, it is easier to fit the overall spectrum by
using a linear combination of peak line-shapes predefined (measured under identical recording
conditions) on the reference components.?? In this latter case the fitting procedure is simplified since
considerably lower amount of peaks are used. For example in the case that CoO and Co;0, coexist,
the overall Co 2p spectrum should be fitted using 18 individual peaks according to the approach
described by Biesinger et al,” while only 2 peaks are needed (one of each cobalt oxide) when
reference peaks from CoO and Co;0, are available.? Please note that this approach is still credible
even if reference spectra contain a small contribution of different cobalt oxidation states. In this case
errors in the reference spectra will bring a systematic error in the estimation of average cobalt
oxidation state. Systematic errors are less critical when catalysts are evaluated in a comparative

basis, like in the present study.
In this work the Co 2p spectra were fitted using line shapes recorded on reference materials (second
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approach) using CASA XPS vs 2.3.23 software. The reference peak of metallic Co (Co®) was collected
on fully reduced cobalt powder in H, ambient, those of CoO on reduced cobalt exposed in COPrOx
mixture at 150 °C, while the Co;0, on cobalt powders under O, ambient at 350 °C. The acquisition
parameters (photon energy, pass energy, and energy step) were kept identical to those of the
standard samples. During fitting, the full width at the half maximum and the energy difference
between the three reference peaks were fixed. The absolute binding energy and intensity (area) of
each peak were allowed to vary until the difference between their sum and the experimental
spectrum (residual standard deviation, STD) was minimized (typically between 0.8 and 1.6). The
background subtraction was performed using a flexible background shape based on Cubic Spline
Polynomials (spline linear profile) which was allowed to adapt for the eventual differences in the

background profiles between reference peaks and spectra of the catalysts.
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E shift? (eV)
Ca® 1.00+0.05 0
CoO 1.00+0.05 1.9+0.2
Co30, 1.00+0.05 1.2+0.2
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Figure S6: Characteristic examples of Co 2p deconvolution by using reference peak profiles of metallic Co
(Ca%, CoO (Co*) and Co30, (Co?*™). The table contains parameters and constrains applied to the

reference peak line-shapes used for the fitting of Co 2p spectra.

1 The FWHM of the reference component was set as 1.
2 The position of the sharp Co 2ps, component of metallic Co (Co°) at 778.6 eV was used as an internal
reference.
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Supporting information 7: Co Ls-edge NEXAFS
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Figure S7: In situ NEXAFS spectra of Co Ls-edge over CoOy (a) and CoVOy (b) catalysts recorded at
different temperature during COPrOx reaction: 1%CO, 1%0, and 50%H; in He, at 0.5mbar total pressure.

The spectra are recorded on the Total Electron Yield (TEY) mode. Each spectrum was recorded after

about 30 min in the reaction conditions. For clarity all spectra are normalized to the same intensity and

offset to the y-axis.
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Supporting information 8: Comparison of the Co 2p NAP-XPS spectra
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Figure S8: Comparison of the Co 2p spectra of CoOy (red line) and CoVOy (black line) catalysts recorded in
different reaction conditions but with a very similar cobalt oxidation degree. Both samples demonstrate a
characteristic peak at 778.3eV corresponding to Co°. The measurement conditions were: pre-reduction in
H. and measurement under COPrOx mixture at 90 °C for CoO, and measurement in H; at 400 °C for CoVO.

The inset focuses on the Co 2ps/. peak. For clarity the two spectra are normalized to the same intensity
and background.
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Supporting information 9: Depth profile
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Figure S9. (bottom part in yellow background) In situ NAP-XPS Co 2p spectra collected over CoVOy
catalyst using four different photon excitation energies (960, 1020, 1340 and 1620 V) corresponding to
Ekin: 180, 240, 560 and 840 eV. The analysis depth of each photon energy was estimated as 3 times the
inelastic mean free path. The latter was calculated using the QUASES-IMFP-TPP2M Ver.3.0 software. (top
part in green background) Operando NAP-XPS Co 2p spectra of CoO, catalyst recorded using excitation
photons of 1020 eV. All spectra were recorded at 250 °C in COPrOx reaction conditions. For clarity all

spectra are normalized to the same intensity and offset to the y-axis.
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Supporting information 10: V 2p NAP-XPS and V Ls-edge NEXAFS
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Figure S10. (a) In situ V 2p NAP-XPS and (b) V Ls-edge NEXAFS spectra of CoVO, catalysts recorded at
various temperatures during COPrOx reaction: 1%CO, 1%0, and 50%H- in He, at 0.5mbar total pressure.
Each spectrum was recorded after about 10 min in the reaction. All spectra recorded above 100°C look
quite similar, with several small features visible and the dominant spectra peak positioned at ~518 eV.
No shifts are observed with V L; edge spectra of CoVOy at different temperature, confirming the XPS
results which show that V** is the dominant oxidation state of vanadium during COPrOx. For clarity all

spectra are normalized to the same intensity and offset to the y-axis.

Supporting information 11: Depth profile
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Figure S11. The %at. V as a function of the NAP-XPS analysis depth, calculated from measurements with
increasing excitation photon energies. The depth-dependent measurements were recorded at 250 °C in

1%CO, 1%0, and 50%H; in He, at 0.5mbar total pressure and correspond to the long-term stability tests.
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