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Abstract

This work examines the impact of the Co/CeQ, catalysts’ surface oxidation state and
composition on the ethanol steam reforming (ESR) reaction performance. To this purpose, in
situ and ex-situ X-ray Photoelectron Spectroscopy (XPS) combined with on-line mass
spectrometry were applied at a wide pressure range (0.2 mbar to 20 mbar). When the reaction
was performed at 0.2 mbar metallic cobalt and partly reduced cerium oxide was found
regardless the catalysts pre-treatment conditions. This surface state favors CO and H
production, indicating that C—C bonds cleavage is the most important pathway in this pressure
regime. A higher reduction degree of ceria gave rise to a higher population of adsorbed
hydroxyl groups, which counterintuitive to the expected behavior, suppressed the activity and
the C—C bond cleavage yield. Under higher pressure (4-20 mbar) gradual oxidation of cobalt
and ceria was noted. The presence of ionic cobalt species appears to enhance CO, and
acetaldehyde yields. On the basis of the present results and available literature a plausible,

pressure-dependent, reaction mechanism is proposed.

Keywords: Ethanol reforming, ceria, cobalt, reaction mechanism, near ambient-pressure

photoelectron spectroscopy.
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1. Introduction

Increasing demand for energy and concerns about the environmental impact of fossil
fuels, call for alternative energy sources and efficient energy carriers. Hydrogen is an ideal
energy carrier and, when is produced from sustainable energy sources, has a relatively low
environmental impact. Among the possible ways of hydrogen production (i.e. reforming of
hydrocarbons, electrolysis, photolytic and biological conversion), the ethanol steam reforming
(ESR) seems to be very attractive [1-7]. Cobalt-based catalysts have become one of the most
promising ESR catalysts because they have comparable activity with noble metals for C—C
bond cleavage in the medium temperatures range, but considerably lower price. Primary
disadvantages of cobalt catalysts, such as sintering or deactivation owing to the coke
formation, can be limited by selection of a suitable support. From the 70°s cerium oxide has
emerged as one of the most prominent oxides in catalysis [8] due to its high oxygen storage
capacity and its ability to form non-stoichiometric sub-oxides CeO,. (0<x<0.5). It was found
that defects in the oxygen lattice of cerium oxide promote CO oxidation [9] and may be
activate water in water-gas shift reaction [10, 11].

The effect of ceria particles size on Co/CeO, catalysts have been thoroughly investigated
by several groups [1, 4, 12-21]. Machocki et al. [12] examined the influence of the support
morphology on the catalytic performance and showed that the size of the support particles has
an effect on the dispersion of the cobalt active phase and hence, on the catalytic activity and
selectivity. The catalyst supported on nano-ceria exhibited 100% ethanol conversion and
water conversion close to the stoichiometric (13%). The effect of the support particle size of
Co/CeQ; catalysts in the ESR was also the subject of Soykal et al. [4] research. After
hydrogen pre-treatment X-ray Absorption Spectroscopy (XAS) studies showed the presence
of almost completely reduced cobalt for the catalyst supported on nano-dispersed ceria and
around 88% metallic phase for the catalyst on micro-dispersed ceria. The authors stated that
the degree of cobalt reduction is related to the cobalt particles size. In all the above studies
high selectivity towards H, and CO, and low amounts of CO, CH4, C,Hs, CH;CHO were
noted. At temperatures below 500°C, severe deactivation of cobalt-based catalyst was
observed, leading Wang and co-workers [19] to study the nature of carbon deposit formed
during the ESR process. Upon the ESR at 450°C cobalt particles were encapsulated by coke.
The deactivation of the catalyst due to coke formation and catalyst encapsulation was
assigned to reactions of dehydrogenation and/or dehydratation of ethanol. Some authors [22]
suggested that the presence of —OH groups on the surface of Co/CeO, facilitate coke-removal.
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The nature of the active cobalt phase during the ESR reaction was the focus of studies
dealing with unsupported [23-25] and supported [5, 7, 26, 27] cobalt catalysts. The Co3;04
spinel phase was not active for the ESR at least in the temperature range of 250 - 350°C [24].
Llorca et al. [23] studied Co3;04 transformation during the ESR and observed progressive
activation of the sample under the reaction feed. Initially, on the oxidized sample, hydrogen
and acetaldehyde were the major products but after 2 h of reaction at 400°C, activation of
cobalt occurred, and almost 100% conversion of ethanol to H, and CO,, was achieved. In the
operando XRD study of de la Pena et al. it was found that a mixture of both CoO and metallic
Co phases was active and very selective in the ESR reaction [25]. However, numerous other
publications assumed that the metallic cobalt is the most active form of cobalt in the ESR [27-
29] even if in some cases, promotes catalyst deactivation [30]. Recently, the idea that different
cobalt oxidation states might favor different reaction paths is gaining ground. Metallic cobalt
is associated to ethanol decarbonylation to CO and CH,4 [30], or formation of the acetaldehyde
[31, 32], while ionic Co®" sites seems to be responsible for selective oxidation of ethoxide
species to acetaldehyde [33]. However, Bayram et al. [34] showed that under the ESR CO,
and H, were the major products even if both forms of cobalt Co” and Co** were present.

Although the crucial role of cobalt and ceria surface state during the ESR reaction is
recognized, definition of the chemical state of the active catalyst remains a key challenge.
Reliable information can be provided when the surface characterization of the catalyst under
working ESR conditions is combined with the evaluation of the catalytic performance. In this
work the Co/CeQO, ethanol steam reforming catalyst was analysed in-situ by synchrotron
based XPS and absorption spectroscopies combined with on-line mass spectrometry. To
account for the pressure limits of this method the in-situ results are completed with higher
pressure XPS studies where the working catalyst is quenched by rapid exposure to vacuum
conditions. These findings reveal some new insights about the role of ceria and cobalt in the

ESR reaction.

2. Experimental Section

The Co/CeO; catalyst was prepared by the impregnation method. The commercial nano-
dispersed ceria support (Aldrich) was initially dried at 120°C for 3 h and consequently
impregnated with a 1/1 molar cobalt nitrate and citric acid solutions. After impregnation, the

catalyst precursor was dried at 120°C for 12 h and then calcined at 400°C for 1 h.



The in-situ synchrotron-based X-ray photoelectron (in situ-XPS) and absorption
spectroscopies (XAS) were performed at ISISS beamline at BESSY in Berlin, in a set-up
described in details elsewhere [35]. The soft X-ray absorption spectra of the Co L3, and
Ce M4 edges were recorded in the Total Electron Yield (TEY) mode. The gas phase
composition was monitored on-line by a differentially pumped quadrupole mass spectrometer
(QMS), which was connected to the experimental cell through a leak valve. The catalyst was
initially pre-treated in the XPS cell in oxygen (0.2 mbar O, at 250°C) to remove all residual
surface carbon. A similar procedure was repeated after each reaction cycle to “refresh” the
surface and eliminate carbon deposit as confirmed by C 1s XPS spectrum. The ESR reaction
was performed in several cycles at the same catalytic specimen under identical reaction
conditions. Prior to any reaction cycle the sample was treated in reducing (0.2 mbar H, at
250°C or EtOH at 420°C) or oxidative (0.2 mbar O, at 250°C) environments. The aim of this
pre-treatment was to induce modifications at the catalysts’ surface state during the subsequent
ESR reaction cycle. This is feasible since the kinetics of surface transformation under the
reaction mixture are relatively slow, allowing for different surface states to maintain for
periods comparable to the XPS acquisition time (e.g. 30 min). In this way under reaction
conditions the predominant bulk characteristics of the catalysts remain similar while the
surface state might vary considerably [36].

The ethanol/water mixture (1/3 mol/mol) with an overall pressure of 0.2 mbar was
introduced after cooling down the sample to 50°C. Consequently the sample was heated to
420°C (by 5C min"), and spectra were recorded after about 15 min, where QMS signal
showed a stable catalytic performance. Spectra were recorded using appropriately selected
photon energies, resulting in photoelectrons with two characteristic kinetic energies (180 and
465 eV) and therefore two different analysis depths (ca. 1.7 and 2.9 nm). Quantitative
calculations were performed taking into account the photon-energy dependence of the atomic
subshell photo-ionization cross-sections.

The ex situ laboratory-based XPS measurements were carried out in an ultrahigh vacuum
(UHV) setup combined with an attached variable-pressure 0.6 | reactor (VPR). The analysis
chamber of the UHV setup is equipped with a hemispherical electron analyzer and a dual X-
ray source. The AlKa line at 1486.6 ¢V was used for the ex situ XPS measurements. The
powder sample was pressed into a 13 mm pellet and mounted on a sample holder with boron
nitrate heater and a temperature sensor attached to it, which can be used both in UHV and
VPR chambers. The gas inlet and gas detection systems were analogous of those in the
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synchrotron-based XPS setup. Prior to the reaction the samples were reduced in hydrogen (10
mbar) at 420 °C during 1h and then exposed to the reaction mixture at various pressures.
Catalytic experiments in the VPR chamber were performed in 3 distinct pressure regimes,
namely 4, 10 and 20 mbar. After about 30 min under ESR reaction conditions at 420°C, the
state of the reacting surface was quenched by cooling down rapidly and pumping off the gas
mixture (p<I1x10” mbar) from the VPR chamber. Consequently the sample was rapidly
transferred under UHV from the reactor to the analysis chamber for XPS characterization.

The conversion of EtOH and H,O under the ESR conditions was calculated from the
change of QMS EtOH (m/e =31) and H,O (m/e = 18) intensities. The product yields were
calculated by the increase of the H, (m/e =2), CO (m/e =28), CH;COH (m/e =29) and CO,
(m/e =44) QMS intensities induced by the catalytic reaction. A correction of the ion current
signals due to fragmentation was also taken into account. Since QMS signals were not
calibrated to the sensitivity factor of each gas, the product yields are used in a % comparative
basis and therefore described as relative (products) yields. For more details about the
calculation method of conversion and the product yields please refer to supporting
information 1. The blank experiment, performed under mbar conditions for the
EtOH/H,0 = 1/3 mol/mol showed low ethanol and water conversions which do not exceed
20% of those found with the catalyst loaded in the reactor. The contribution of the
background conversion was taken into account during the QMS data processing.

Transmission electron microscopy images were obtained with the FEI Titan G2 60-
300 kV microscope at an electron beam accelerating voltage of 300 kV. Elemental mapping
was carried out in the scanning transmission electron microscopy (STEM) mode by collecting
point by point Energy-dispersive X-ray spectra (EDS) at each pixel in the map. More details
about the experimental procedure followed in this paper can be found in supporting

information 1.

3. Results
3.1 Textural and morphological characteristics of the fresh catalyst

Table 1 shows structural characteristics of the ceria support and the cobalt-ceria
catalyst. The total surface area of the CeO, support was about 73 m*/g and after cobalt
deposition decreased slightly to 67 m?/g. The average size of CeO, particles increased from
22 to 30 nm after cobalt deposition, as calculated on the basis of XRD results. The absence of
cobalt-related peaks on the XRD pattern suggests highly dispersed cobalt oxide on the
6



support. The average cobalt crystallite size (in the reduced catalyst) as calculated on the basis

of hydrogen chemisorption measurement was about 14 nm.

Table 1.
Support and catalyst textural characterization results.
Pore Pore Total Support Co Cobalt Average
volume  diameter surface  crystallite  content surface cobalt
(cm®/g) (nm) area size (nm)? (wt.%0) area crystallite
(m*g) (m%*g)  size (nm)®
CeO, 0.331 14.2 72.9 22 - - -
Co/CeO, 0.191 8.8 66.9 30 79+0.3 3.82 14.0

*On the basis of the XRD measurements.
®On the basis of hydrogen chemisorption measurements.

Prior to the XPS measurements the morphology of ceria support and cobalt/ceria
catalyst was examined by AFM, STEM, and STEM-EDS methods. In general, cobalt
deposition did not change significantly the morphology of the support (see Supporting
information 2). The average ceria crystallite size for the Co/CeO, calculated from TEM
images (see supporting information 2) was 24.5 nm close to the result obtained from the XRD
measurements (30 nm). The difficulty in distinguishing between ceria and cobalt oxide
crystallites in the TEM images suggests that cobalt is well-dispersed on the support and does
not form large aggregates. This is further supported by EDS mapping of Ce, Co and O in the
STEM mode (STEM-EDS) shown in Fig. 1. From the compositional image it can be seen that
the distribution of cobalt oxide on the support is almost homogenous, with rare agglomerates.
Although microscopy images were obtained from catalyst already calcined at 400 °C, one
cannot exclude that the morphological characteristics are modified under the reaction
conditions. However, it is recognized that the state of the ESR catalyst prior to the reaction

has a notable impact on the catalytic behavior [15].



Fig 1. STEM image with selected area mapping and STEM-EDS spectrum images showing the elemental

composition of calcined Co/CeO, catalysts.

3.2 The Co/CeO; oxidation state under the ESR reaction at 0.2 mbar

Before the ESR reaction the Co/CeO, catalyst was conditioned in the spectrometer
under oxidative (O;) or reductive (H; or ethanol vapor) gas phase environments. Fig. 2a and b
show the Ce 3d and Co 2p3, synchrotron-based XPS spectra recorded during the various
pretreatment atmospheres and the following-up ESR reaction. In O, the Co 2p;, peak at
779.7 eV (bottom spectrum) is assigned to the Cos;O4 spinel phase [37], as also confirmed by
the Co Ls-edge XAS spectrum shown in supporting information 3 [36, 38-40], while the
Ce 3d peak corresponds to CeO, [41-42] (Fig.2b). In reducing pretreatment conditions
(0.2 mbar H; or ethanol vapors at 420°C) cobalt is fully reduced to the metallic state (Co°) as
shown by the characteristic Co 2p peak at 778.3 eV, while ceria is partially reduced to a
mixture of Ce(Ill) and Ce(IV) (Fig.2a and b). Please note that in EtOH atmosphere the
background of the Co 2ps/, spectrum is perturbated due to severe carbon deposition as will be
discussed below. However the Co L-edge spectrum presented in supporting information 3,
confirms the metallic state of cobalt. In addition the differences in the Ce 3d spectra suggest
that ceria is more reduced in ethanol atmosphere as compared to Ho.

During the ESR reaction (EtOH/H,O = 1/3 mol at 420°C) the Co 2ps,, photoemission
(Fig. 2a) and Co Lj;;-edge XAS spectra (see supporting information 3) [40] are characteristic
of metallic Co’, independently of the prior surface state under the pretreatment atmosphere.
On the other hand, in agreement with previous reports [41], the Ce 3d spectrum corresponds
to partially reduced ceria composed by a mixture of Ce(III) and Ce(IV) oxides (see Table 2)

[42-45]. In contrast to cobalt, the exact valence of ceria does influenced by the pre-treatment,
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as indicated by the small but notable differences in the Ce 3d spectra. It is also interesting to
note that similar oxidation states of Co and ceria were observed even if the pre-treated catalyst
was exposed in the ESR mixtures with H,O excess (1/8 mol/mol) (data not shown), showing

that the mixing ratio has limited effect on the oxidation state under these conditions.

XPS Intensity / a.u.
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Binding Enegry / eV

Fig. 2. Synchrotron-based XPS (a) Ce 3d (hv = 1065 eV) (b) Co 2ps, (hv =960 eV) spectra of the Co/CeO,
catalyst in (from bottom to the top): O, at 250°C, subsequent ESR reaction (2 experiments with different O, pre-
treatment duration), H, at 420°C, subsequent ESR reaction, EtOH at 420°C, subsequent ESR reaction. The ERS

reaction condition were EtOH/H,0 = 1/3 mol/mol at 420°C and the overall pressure was 0.2 mbar.

The quantitative analysis of the XPS spectra provides information about the surface
composition under the ESR conditions. In the results presented in Table 2 the Co 2p to Ce 3d
atomic ratio was used in order to estimate relative modifications on the cobalt surface
distribution, while spectra from different analysis depths can indicate possible surface
segregation or layered structure. Please note that even if the ESR reaction mixture modifies
the oxidation state compared to the pretreatment, the slow kinetics of ceria modification,
induce a “memory effect” on the catalyst and helps to maintain different ceria oxidation states
under ESR. The percentage contribution of Ce(IIl) was determined after deconvolution of Ce
3d spectra into Ce(I1I) and Ce(IV) components. This was done for spectra recorded using two

excitation photon energies and thus two information depths (EK; = 180 eV [information depth
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~1.7 nm] and EK,= 465 ¢V [~2.9 nm]) (supporting information 4). As shown in Table 2
reduced ceria is systematically enhanced at the lower analysis depth, indicating that there is a
gradient of Ce’* species from the surface towards the interior. In addition, the pre-treatment of
catalysts in pure oxygen, hydrogen or ethanol did not have a significant effect on the
measured Co/Ce atomic ratio under the ESR, suggesting that the pretreatment has limited
influence on the surface composition during the ESR reaction. Finally, comparison of the
Co/Ce peak area ratio in the two analysis depths does not show substantial differences.
Accordingly one can rule out extended surface segregation phenomena and propose
homogenous mixing of cobalt and ceria in the outer 3 nm of the catalyst. Overall, our results
reveal that under the ESR conditions the surface oxidation state and composition of the
catalyst adapts primarily to the ESR reaction mixture and is moderately influenced by the

prior oxidation state.

Table 2: The percentage of Ce (III) species as well as the Co/Ce and C/(Ce+Co) surface atomic ratios obtained
by in-situ synchrotron XPS measurements of Co/CeO, catalyst during ESR. Prior to the reaction the catalyst had
undergone different pre-treatments in O,, H, or EtOH. Spectra were measured using selected photon energies, so

as to obtain measurements at two different information depths (i.d.).

Pro-treatment _ Ce(1I11) (%) Co/Ce’ C/(Ce™+Co)
i.d. 1.7nm 2.9 nm 1.7 nm 2.9 nm 1.7 nm
0, 250°C" 41.6 28.3 0.15 0.18 0.10
H, 420°C? 44.9 33.4 0.15 0.16 0.02
0, 250°C? 51.1 37.7 0.14 0.16 0.02
EtOH 420°C* 64.1 43.5 0.17 0.18 3.36

*Ce = Ce,05+Ce0,, - Estimated information depth, Mpre-calcined sample treated at the indicated conditions for 60 min,
@Sample treated at the indicated conditions for 30 min, ®Pre-reduced sample treated at the indicated conditions for 10 min,
®Sample treated at the indicated conditions for 10 min.

The O 1s and C 1s core level spectra recorded during ESR reaction on samples which
were subjected to different pre-treatments are shown in Fig. 3. Analysis of the O 1s peak
indicate three O 1s components at 530.0, 531.2 and 533.0+0.1 eV due to ceria lattice oxygen
(Oyat), adsorbed hydroxyl [7, 46-48] and water [46-48] species respectively (the addition of
both hydroxyl and water species is abbreviated as OHgags). Please note that the O 1s
components at 533 eV has been also assigned to surface lattice defects [49, 50], however this
is less likely here since the relative intensity of 533 eV component is not increasing for more
reduced samples. The C 1s region (Fig. 3b) recorded under ESR conditions shows a broad

peak at 289.5 eV due to the Ce 4s core level and a peak at 284.8+0.2 eV typically assigned to
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graphite and/or C=C [51, 52] and —CHj species [53]. Oxygenated carbon species (e.g. COs*
[54]) are not observed and therefore their contribution to the O 1s spectra should be excluded.

The relative amount of Ojy and OHggs species can be estimated from the O 1s peak
analysis and combined with the ceria oxidation state (Ce(IIl)) as shown in Fig. 3c. As
expected, the Oj/Ce ratio decreases when ceria is reduced, while the OHygs/Ce ratio
increases, with the only exception of the state in which severe carbon deposition occurred
(Ce(III) ca. 62%). The increase of relative amount of OHggs species with parallel reduction of
ceria suggests the partial replacement of ceria lattice oxygen by OHags species formed due to
water and/or ethanol dissociation. In addition, the drastic reduction of OHgags upon severe
carbon deposition indicates that adsorbed carbon and OHggs species compete for the same
adsorption sites on the ceria surface. Please note that the Oja/Ce stoichiometry shown in y-
axis of fig. 3c is systematically higher than that expected from the Ce(Ill) value. This might
be an effect of systematic errors in the Oj5/Ce calculations arising from uncertainties at the
sensitivity factors and the O 1s deconvolution procedure. However, the trend between Oj./Ce

stoichiometry and Ce(III) species is consistent in both cases implying the reduction of ceria.
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Fig. 3. Synchrotron-based XPS (a) O 1s (hv= 710 eV) and (b) C 1s & Ce 4s (hv=465 eV) core level spectra
during the ESR reaction (EtOH/H,O = 1/3 mol/mol at 420°C, p = 0.2 mbar) over Co/CeO, samples undergone
different pretreatments. Reference spectra recorded on pure CeO, under oxidative atmosphere are shown at the

bottom. (c) The evolution of the lattice (Oj;) and adsorbed (OH,gs) 0xygen species acquired after the O 1s peak

deconvolution as a function of the percentage contribution of Ce(IlI) species in the overall Ce 3d spectrum.

3.3 Correlation of the surface state with the catalytic conversion and the products yield
Having shown the correlation of ceria oxidation state with the population of the

adsorbed oxygen species, it is interesting to investigate its effect on the activity and selectivity

of the catalyst. By means of on-line QMS analysis, mass fragments due to reactants and

potential products of the ESR reaction, were recorded. The activity of the catalyst is
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demonstrated by the consumption of ethanol and water, as well as by the detection of mass
fragments due to various reaction products (supporting information 5). Taking into
consideration the blank experiment and after fragment correction four main reaction products
are detected in the gas phase, namely H, (m/e=2), CO (m/e=28), CO, (m/e=44) and CH;CHO
(m/e=29). Due to the particular conditions of the experiments other products like CHy4
(m/e=16), acetone (m/e=43), or ethylene (m/e=27), etc. typically referred as ethanol steam
reforming byproducts, if present, were below the detection limit of on-line gas phase analysis.

In Fig. 4a and 4b we present the conversion of ethanol (m/e=31) and water (m/e=18)
recorded by on-line mass spectrometry as a function of Ce(Ill) percentage and the relative
abundance of OHags, (OH/(Co+Ce)) obtained from the synchrotron-based XPS. Both ethanol
and water conversions are enhanced on more oxidized ceria substrate (Fig. 4a), while the
population of OHags groups has the reverse effect. As mentioned above (Fig. 3¢) carbon
deposition limits the relative abundancy of OHags species and probably replaces them with
hydrocarbon species. This can explain why the liner correlation between EtOH and water
conversion with OHags i1s perturbated in the case of severe carbon deposition (Fig. 4b).
However, evidently the influence of carbon deposit on the H,O conversion is less as

compared to that of EtOH conversion.
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Fig. 4. (a) Correlation of the % Ce(III) fraction to the overall ceria (b) the relative amount of adsorbed hydroxyl

species (OH/(Co+Ce)), with ethanol and water conversion. (c¢) Correlation of the % Ce(III) fraction to the
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overall ceria and (d) the relative amount of adsorbed hydroxyl species (OH/(Co+Ce)), with carbon products
yields (the ESR reaction conditions 420°C, 0.2 mbar C,HsOH : H,O = 1:3 mol/mol). The % Ce(III) and
OH/(Co+Ce) values were obtained from synchrotron-based XPS spectra with estimated information depth 1.7
nm. The dashed areas highlight ESR reaction on samples with severe carbon deposition. Each point represents
reaction performed after different pretreatment of the Co/CeO, catalyst. The numbers in parenthesis correspond
to the treatment before ESR reaction: ’Pre-calcined sample treated at 250 °C in O, for 60 min, ®’Sample treated
at 420 °C in H, for 30 min, ®’Pre-reduced sample treated at 250 °C in O, for 10 min, (4)Sample treated at 420 °C
in EtOH for 10 min.

In Fig. 4c and d the relative yield of each carbon product is presented as a function of
% Ce(Ill) and the amount of adsorbed species. The relative yield of CO, is practically
independent of the oxidation state of ceria and the amount of adsorbed oxygen species.
However, CO and acetaldehyde show an opposite tendency. In particular, CO is enhanced as
ceria becomes more oxidized and the amount of OHggs species decreases, while acetaldehyde

shows the reverse trend.

3.4 Effect of the reaction pressure on the oxidation state and the product selectivity

As shown above during the in situ synchrotron-based XPS experiments relatively high
yield to CO was observed, which was not the case when the catalyst was tested in a flow
fixed-bed reactor at atmospheric pressure [2]. In addition, metallic cobalt was always the
valence state observed under the employed ESR reaction conditions (even in water-rich
mixture), while in the past several authors gave evidences for the presence of oxidized cobalt
species. Therefore a justified question is whether the high CO yield and metallic Co observed
at the low pressure XPS experiments are interrelated. Accordingly the ESR reaction was
performed up to two orders of magnitude higher pressure in a combined high-pressure
reactor/UHV set up, which allowed the characterization of the catalyst just after reaction
without exposure to air. Samples from the same batch were pre-reduced in the reactor at
420°C in H, prior to the ESR reaction. Apart from the overall pressure, care was taken that
the other reaction conditions (pre-treatment, temperature, EtOH/H,O mixing ratio and
reaction time) are identical to those of the synchrotron studies. The Co 2ps,; and Ce 3d spectra
indeed indicated that the reaction pressure has a prominent effect over the surface oxidation
state (see fig. 5). Increasing the ESR reaction pressure enhances oxidation of cobalt and ceria.
Although a post reaction re-oxidation of cobalt by residual water in the high pressure reactor

cannot be excluded, there is a clear trend between the cobalt oxide formation and the reaction
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pressure, allowing linking the low pressure synchrotron-based XPS experiments with the real
ESR conditions.

In Fig. 5e we present the product yields as a function of the reaction pressure (from
0.2 to 20 mbar) and the cobalt and ceria oxidation state. From the graph, it is clear that as the
reaction pressure increases from 0.2 to 20 mbar cobalt and ceria are gradually oxidized. This
has also a direct effect on the carbon product selectivity with CO gradually replaced by
relatively higher CO, and acetaldehyde production. Please note that in the synchrotron XPS
experiments of Fig. 4c, the CO yield drops with the increase of Ce(Ill) species, which is the
reverse trend as compared to the pressure-dependent experiments of fig. 5d. This discrepancy
can be explained by the differences in the oxidation state of cobalt observed in the two cases.
In particular at low pressure experiments (fig. 4c) cobalt is metallic, while at higher pressure
(fig. 5d) cobalt is partly oxidized. Since the catalytic performance depends both on the ceria
and cobalt oxidation states, one can anticipate that differences in the cobalt oxidation state
will have a prominent effect on the ESR products. This argument can qualitatively explain the
differences in the various pressure regimes and confirm that the catalytic performance is a

complex interplay between ceria and cobalt oxidation states.
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Fig. 5. (a) Ce 3d and (b) Co 2ps, XPS spectra recorded over Co/CeQ, catalysts after the ESR reaction
(EtOH/H,0 = 1/3 mol/mol at 420°C) at different pressure regimes (p = 0.2- 20 mbar). The bottom XPS spectra
are recorded in situ at a synchrotron setup (using hv = 1350 and 1245 eV), while higher pressure results are ex-
situ from a high-pressure reactor attached to UHV set up using an AlKa source. The product yields are obtained
by the QMS analysis as a function of (c) Co(II) (d) Ce(III) and (e) reaction pressure. Please note that the Ce(III)

and Co(II) % at 0.2 mbar (synchrotron-XPS) was calculated from spectra recorded using 1350 and 1245 eV

excitation photon energy.

It is very difficult to determine the effect of overall pressure on the product selectivity, since
the Co/CeO, adapts fast its oxidation state to the ESR mixture pressure. Nevertheless, fig. 5
shows that there is a net monotonic correlation between the oxidation states of ceria and

cobalt and various products, which is a very important fact for the ESR reaction.

4. Discussion
4.1. Effect of the surface state to the conversion of ethanol and water

The results of Fig. 3c evoke that reduction of ceria during the ESR reaction is
accompanied by the replacement of lattice oxygen from adsorbed oxygen species (mainly OH
groups), in accordance with previous reports [51]. Since the oxidation state and the relative
amount of cobalt are stable, the drop of EtOH and H,O conversion can be correlated with the
decrease of the oxidation state of ceria which induces a collateral increase of adsorbed oxygen
species (Fig. 4). Therefore, contrary to the common conception, adsorbed OH groups are not
promoting, but rather inhibiting, the ESR reaction under low pressure conditions. This
inhibitory effect should be explained by the occupancy of adsorption sites by strongly
bounded, stable OH species, which are unable to participate in ethanol transformations. On
the other hand, the abundance of ceria lattice oxygen species (ca. 530 eV in O 1s spectrum) is
evidently promoting the catalytic conversion. It can be also seen in Fig. 4b that carbon
deposition drastically reduces the amount of OHags species suppressing primarily ethanol
conversion, and to a less extent, water conversion. This observation indicates that the

mechanism of water and ethanol activation involves, to some extent, different surface sites.

4.2. Effect of the surface state to the ESR reaction products yield
The correlation between experiments at the various pressure regimes may be used to
propose the pressure-dependent reaction scheme shown in Fig. 6. Literature does not provide

a direct answer on the nature of active species under the ESR [33, 55] however, it is often
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assumed that metallic cobalt is the active site [25-27, 29, 31, 56]. Therefore, the adsorption of
ethanol (as ethoxy species) on metallic particles [30, 57] is considered as the initial step of
EtOH transformation (1) [31, 58]. Ethanol, similar to other alcohols also dissociatively
adsorbs on ceria [7, 59, 61] however, studies of .I. Soykal et al [4, 62] and H. Song et al [16]
have shown that bare ceria exhibits rather poor activity in C-C bonds cleavage in temperature
range of 400-450°C. Studies of A.M. de Silva suggest that EtOH conversion ~50% can be
achieved at 500°C with EtOH/H,O = 1/3 mol/mol [61, 63]. Therefore, metallic cobalt
particles were considered as the most significant EtOH adsorption sites in the proposed
mechanism. As for H,O activation, it is expected that it occurs mainly on cobalt particles and
either forms a oxidized cobalt layer or transfer to the support and reduce ceria to Ce(III).
Recent DFT studies [64] suggest that water dissociation is strongly promoted on Co
nanoparticles, meaning that water can be easily converted into atomic O releasing H,.
Furthermore, ceria lattice oxygen can spillover to cobalt [33]. If this oxygen layer is very thin
and do not induce modifications at the Co 2p spectrum, it will be difficulty detectable by
XPS, but it will still influence the catalyst selectivity [65]. Since there is no evidence of cobalt
oxidation at 0.2 mbar and cobalt dispersion is high, it can be assumed that in that case most of
—OH species are located on the support surface.

The adsorbed ethoxy species can undergo scission of the Ca—H bond (2) and desorbs
as CH3CHO (3) [30, 66, 67] or undergo C—C bond scission [66] which will lead to CO and/or
CO, [30] (please recall that CH4 production was negligible here) with parallel H, production.
Results in fig. 5 indicate interdependence between CO+CO, and CH3CHO yields suggesting
that these products are formed by two antagonistic reaction paths. As mentioned before, ceria
itself can also participate in EtOH and H,O transformations [4, 61-63, 68] and influence the
reaction pathways. Some authors highlight ceria importance, whereas the role of metal
particles is rather diminished [21, 61, 63, 69], even though unsupported cobalt was found to
be very selective in the ESR [25, 70]. We suggest that the main role of ceria at low pressure is
to provide mobile oxygen to cobalt-ceria interface [33]. High reduction degree of ceria may
led to formation of C,;H4 which is well known coke precursor [51, 71]. This can be supported
by the decrease of CO, formation and increase of the mass signal 28 which can be ascribed to
CO and C,Ha.

At low pressure experiments (0.2 mbar) CO is the major product; therefore the
cleavage of C-C bonds is proposed as the most favourable pathway (4-10), what is in
agreement with the studies of H.P. Hyman et al [30]. The negligible amounts of CH,4 can be
17



explained by scission of C—H bonds leading to C deposition (8) [61, 63, 66], which is
subsequently oxidized by water (9-10) [61, 63], since carbon deposition was limited over
catalysts pre-treated in O, or H,. Fig. 4d shows that the abundance of adsorbed oxygen
species enhances the yield of CH3;CHO in the expense of CO, even if CO, production
remained practically constant. Therefore, at 0.2 mbar, further oxidation of CO to CO; is
suppressed, despite a considerable amount of adsorbed OH groups indicated by the XPS
results. Formation of CO;, under examined conditions can be a result of the presence of a
surface layer of adsorbed oxygen containing species (e.g. in form of —OH species or atomic
0O). Studies of E. Martono et al [65] suggest that even if cobalt remains predominantly
metallic, some oxygen adlayer may exist and influence CO,. In agreement L. De Rio et al [70]
suggest that CoOy phase is required in order to obtain sufficient CO, selectivity. At higher
pressure (4-20 mbar) ESR reaction on Co/CeO, catalysts proceeds mainly through the
formation of acetate species (CH3;COO-), as has been reported based on in situ DRIFT studies
[17, 34, 31]. This pathway is possible due to the presence of oxidized cobalt (12-14) and
weakly bonded —OH species on the support (16-18). The transformation of ethoxy species to
acetate in the presence of CoO has been previously suggested in literature [34]. The
transformation of —CHj3 species advance through pathways (14) and/or (7-10) [61, 63]. One
should clarify that the proposed reaction steps are the main reaction pathways in each pressure
without excluding a lesser participation of the other steps.

The relatively high concentration of CO among C-containing products can be
rationalized taking into account the influence of the pressure on the chemisorption properties
of the catalyst surface. In general two main sites responsible for reagents chemisorption can
be distinguished (i) strong adsorption sites, such as low-coordinated centres (corners, edges,
lattice defects) and (ii) weak sites, such as terraces on the crystallites surface. It is well known
that depending on the reaction conditions, adsorbed oxygen-containing species can be
spectators, inhibitors or they can facilitate some reaction pathways. Usually, as a first step of
the ESR, ethanol adsorption (mainly on metal particles) and water (dissociation on metal and
ceria support) are considered [66, 72, 73]. At very low pressure, chemisorption from the gas
phase occurs preferentially on the strong chemisorption centres, while with the increase of the
pressure also weak centres are populated and involved in the ESR reaction. Strongly
chemisorbed species restrain mobility (diffusion) over the surface, therefore there is a lower
possibility to react with other species. In addition, further dissociation of ethanol and water
will be inhibited, due to occupancy of the absorption sites.
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Fig. 6. Proposed reaction paths of ESR reaction over Co/CeO, catalyst in various pressure regimes.

For clarity of the scheme, -OH species adsorbed on cobalt surface are omitted.

The ex situ studies performed at higher reaction pressure (4-20 mbar) show the
enrichment of the surface with Co® and Ce*" species, with parallel increase of the yield
towards CO, and CH3CHO (Fig. 5). The increase of CH3CHO yield is not surprising since
jonic Co”" is known to be less active in C—C bonds cleavage than metallic Co [30, 74].
Further transformation of formed acetaldehyde may presumably proceed on cobalt-ceria

interface. Studies have shown that depending on both: morphology and oxidation state, ceria
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may exhibit different performance toward acetaldehyde transformations. [51, 75]
Acetaldehyde reacts on oxidized CeO, (100) producing CO,, CO and H,O as primary
products, while on reduced CeO, (100) surfaces it forms mainly H, and C. However, even at
the elevated reaction pressure (20 mbar) substantial amount of CO was present within the
products. Therefore one cannot exclude the existence of metallic Co species under the ESR
conditions [76], which do not withstand the sample transfer to the analysis chamber and
oxidize. Higher CO, yield can be assigned both to the presence of Co>* species [70] and to

more reactive/mobile —OH groups on the support and cobalt as well.

Conclusions

A high surface area Co/CeO, catalyst prepared by impregnation method was
investigated using combined in situ and ex situ XPS in seeking to understand the implications
of the surface state to the ESR catalytic performance. It was found that the active surface state
is formed primarily under the ESR reaction mixture and the catalytic pretreatment has a
limited effect on the surface characteristics. In the presence of metallic cobalt and reduced
ceria CO production is favored, while ionic cobalt species promotes CO, and CH3CHO yields.
A higher population of adsorbed hydroxyl groups is build up with the reduction degree of
ceria however, under the examined low pressure conditions, hydroxyl groups’ act more as
inhibitors rather than promoters of the ESR reaction rate. Finally, at constant cobalt oxidation

state, the cleavage of C—C ethanol bond is favored on more oxidized ceria supports.
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