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The surface state and the catalytic performance of Co/CeO,
catalysts in the steam reforming of ethanol

Sylwia Turczyniak,*?*! Magdalena Greluk,® Grzegorz Stowik,® Wojciech Gac,”® Spyridon Zafeiratos,"

and Andrzej Machocki®

Abstract: The effect of particles size, and addition of K promoter on
the oxidation state of Co/CeO, was investigated and correlated with
selectivity for the ethanol steam reforming (ESR) carried out with
various H,O/EtOH molar ratios. Spectroscopic studies showed that
the oxidation state of catalysts components depends on the
H,O/EtOH molar ratio, and it changes with increasing water extent. It
was found that surface oxygen-containing species (OH and K**—0%)
are very important factors to achieve a good catalyst’s selectivity, for
lowering the amount of coke deposited and changing its nature from
fully dehydrogenated C=C to CH,. Beside surface concentration of
oxygen-containing species, the catalyst’s morphology and location
where oxygen-containing species are chemisorbed may be equally
important to their abundance — the selective ceria-supported cobalt
catalyst should have well dispersed cobalt particles deposited on the
well dispersed support.

Introduction

In recent years cobalt-based catalysts for ethanol steam
reforming (ESR) reaction have been in the focus of numerous
studies seeking understanding the catalysts’ function under
working conditions. The aim is to provide rational improvement
strategies so as to develop a low-cost, active and sustainable
ESR catalyst [1]. Among the critical issues previously reported
are (i) the effect of the initial state [2-5], (iii) the H,O/EtOH molar
ratio [6], (iv) reaction temperature [2, 5, 7, 8], (v) the influence of
a support (i.e., surface acidity, morphology, particle size,
oxygen-storing and releasing capacity and oxygen mobility) [3,
8-16], (vi) the nature of cobalt active sites [2, 4, 5, 7], (vii) the
capability of cobalt [17-19], support [20, 21], and their interface

to convert ethanol and water, and finally (viii) the role of alkali
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metal promotion [22-24].

The oxidation state of cobalt under the ESR reaction has
been a subject of many studies [2, 3, 5, 7, 8, 10, 25-27]. The
evidence for co-existence of both forms of cobalt (metallic and
cobalt(Il) oxide) under the reaction conditions has been provided
by various techniques [2-5, 7, 8, 17, 19, 21, 26-31]. Recent
density functional theory calculations on ethanol transformations
on the surface of cobalt catalysts suggest, that while carbon
monoxide and hydrogen are products more favourable on
metallic cobalt species, acetaldehyde is the main final product
on Co(ll) sites [32]. The similar conclusion has been drawn from
experiments in which a cobalt foil and cobalt oxide thin films
were exposed [19].
Co/Zn0O catalysts, E. Martono et al. [33] and Y.T. Law et al. [34]

also showed that

to ethanol vapours Using model

metallic cobalt is active for ethoxide
decarbonylation into carbon monoxide and hydrogen, while CoO
provides the active sites for ethanol dehydrogenation. In-situ
XPS studies of Co/CeO, [29] combined with on-line products
analysis confirmed that also over real catalytic systems, in the
presence of metallic form of cobalt only, carbon monoxide is the
most favourable product. Even though the effect of cobalt
oxidation state on catalytic performance has been widely
investigated over unsupported [17, 18] and supported systems
[28], as yet there is no consistency in what is the most active
and selective form of cobalt under the ESR [35] and all
combinations (i) a mixture of Co(0) and Co(ll) [2, 4, 5, 33, 36,
37], (ii) metallic cobalt [4, 18, 26, 31, 28] or (iii) Co(ll) [7, 23, 38,
39] have been proposed in the so far published results.

The role of a support is also of major importance and to date
ceria-supported catalysts are considered to be one of the most
promising systems [40]. This is assigned mainly to the facility of
ceria to reversible change of its oxidation state between Ce(IV)
and Ce(lll) [41-42], and its remarkable oxygen storage capacity
[15, 43-46]. Superior properties of ceria are believed to preserve
the catalyst surface area (due to physical stabilisation of cobalt
crystallites preventing them from sintering [15]) and the catalytic
activity [15, 47]. It was shown that ceria may play an important

role in modifying the formation of active cobalt species (for
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example via release of lattice oxygen) [34, 48], dissociation of
water [49, 50], transformation of ethanol [49, 51], and in altering
the reaction pathways [13, 52, 53]). Not only the support nature
is substantial in the overall ESR process. Another important
factors influencing a catalyst's activity and selectivity are
morphology and textural properties of the support [3, 13, 20].

I.I. Soykal and co-workers investigated the influence of
particles size (3.5 nm and 120 nm) [3, 21], and morphology [11]
on reducibility of ceria and its catalytic performance under the
ESR. They found that whether ceria was pre-reduced or not, it
converge to the same oxidation state (mixture of Ce(lV) and
Ce(lll)) at given temperature, and exhibited a similar ESR
performance; however, a highly dispersed ceria produced much
more ethylene than its low-dispersed counterpart [3, 21].
In contrast to the studies presented in ref. [3, 21], the results of
A M. [54],

S. Assabumrungrat [20] showed that the low surface area ceria

da Silva et al. and N. Laosiripojana and
exhibited high selectivity to ethylene, whereas its high surface
area counterpart was selective towards acetaldehyde [54].
However, the authors agreed [21, 54] that the nano-sized ceria
ensures higher ethanol conversion and hydrogen vyield.
Therefore, discrepancy between the results of different teams [3,
8, 13, 21], while concerning the ESR carried out over Co/CeO,,
catalysts, may arise from differences in morphology and catalytic
properties of used ceria support.

A great number of publication is focused on the role of cobalt
and ceria oxidation state in the ESR [2, 3, 7, 8, 10, 11, 21, 29],
whereas only in a few the attempt was made to explain the role
of surface adsorbed hydroxyl species, or generally speaking
surface adsorbed oxygen-containing species [44, 55-57]. The
group of AM.da Silva et al. [43] suggested that hydroxyls
adsorbed on the ceria’s surface assist in coke removal from
[1] higlight that a high
concentration of surface adsorbed oxygen-containing species

cobalt, whereas another paper
may also induce oxidation of metal surface. In the second case it
is obvious that adsorbed species would influence a catalyst’s
selectivity [48], therefore, playing an important role in the ESR.
S.M de Lima et al. [55] presented a scheme of ethoxy species
transformation .in _which dehydrogenated species (acetyl

species) undergo support-induced oxidation by
oxygen-containing species (OH or surface oxygen adatoms)
forming acetates. Acetate species can be further oxidized by
surface adsorbed oxygen-containing species to carbonates

followed by decomposition to carbon dioxide.

10.1002/cctc.201601343

WILEY-VCH

It is generally accepted that promoters improve the stability
of catalysts. Promoters (e.g., alkali metals, such as sodium [58,
59], potassium [22-24, 31, 60-62] or noble metals, like rhodium
[7, 10, 40, 63], platinum [62, 64]) are widely used to improve
catalysts’ activity [24, 59] and extent catalysts’ lifetime by
making sintering [47] and carbon formation [23, 24, 31, 59, 60]
more difficult. The group of J.-W. Snoeck [65] examined the
effect of potassium loading on nickel-catalysts on the rate of
carbon gasification. Their findings showed that the most
satisfying results were obtained with 1.6-2 wt.% of K,O content.
Besides, S. Ogo et al. [23] showed that 1-2 wt.% potassium
addition improved both the activity and selectivity of the
Co/Al,O3 catalyst, which stays in line with results of other
researchers [22, 24, 60]. The authors [23] deduced that
beneficial properties of potassium addition are related to the
reduction of Co(ll) into Co(0), stabilization of acetate species,
and suppression of methane formation. In some studies
potassium was also found to prevent ethylene formation [31],
which is well-known coke precursor [9, 66], consequently
hindering coke formation.

The catalyst’s stability is in the core of the effort to develop
new, advanced catalysts for the ESR. Although Co/CeO;
catalysts are very promising candidates for the ESR they exhibit
loss of the activity and selectivity in long-testing experiments,
even after alkali metal promotion, which is commonly attributed
to coke deposition. Apart from the use of alkali promoters, the
increase of the water to ethanol molar ratio in the feed can be
also used to moderate carbon accumulation with time-on-stream
[6]. K. Vasudeva et al. [67] suggested that carbon formation on
catalysts’ surface occurs only at low H,O/EtOH molar ratios
(<2/1), V.Mas [68], that the
H,O/EtOH = 3/1 mol/mol and T>230°C are required to avoid
coke formation. Other group of researchers [69] implied that the

whereas the group of

steam to carbon molar ratio up to 10/1 is needed to obtain the
best production of hydrogen, minimize the formation of carbon
monoxide and methane, and to avoid carbon deposition.
Although cobalt-based catalysts have been in the focus of
many research groups, there are no works dealing with more
than one or two variable factors at a time. Moreover, there were
no attempts to use surface sensitive methods to characterize
potassium-promoted Co/CeO, systems under the different
H,O/EtOH molar ratios. In this study catalysts of similar chemical
composition, but completely different properties were used

deliberately, as in ref. [3, 8, 13, 21]. The present work aims to
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show the influence of the above factors in a holistic approach
focusing mainly on the surface state. The main objectives of this
study was to find (i) cobalt and ceria oxidation state after
activation in hydrogen and after the ESR, (i) the effect of the
ceria support and cobalt active phase particles size on catalyst’s
reducibility and its behaviour in the ESR, (iii) the effect of
potassium promotion on the catalyst's surface state after
reduction and the ESR, (iv) the influence of the H,O/EtOH molar
ratio on the surface state of the quenched Co/CeO, catalysts,
and (iv) the impact of the Co/CeO, catalysts’ surface state on

their catalytic performance in the ESR.

Results

1.1. Reduction of the catalysts in hydrogen

As shown in Tablel the BET surface area of HS- and
LS-catalysts differs by about one order of magnitude, but after
addition of potassium the surface area of the HS-catalyst
decreases considerably. In addition, although cobalt wt.%
content is comparable in all catalysts (8-9 wt.%),the cobalt
surface area is significantly higher for the HS-catalyst
(47.2m%g) as a result of much lower cobalt particle size
(3.8 nm). The potassium promotion increases average cobalt
particle size (13.9 nm) and lowers cobalt surface area (4.1 m?/g)
as compared

to the unpromoted HS-catalyst, making it

comparable to ones obtained for the LS-catalyst (1.5 m*qg).
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Therefore, on the basis of cobalt oxide crystallite size (Table 1)
the reduction of the HS-catalyst at higher temperature can be
rationalized. In the presence of potassium, additional effects
might influence the reducibility of the catalyst apart from the
cobalt crystallites size.

Fig. 1 shows the XPS core level spectra of the elements
found over the catalyst’s surface after reduction at 420°C in
hydrogen (detailed characterization of the pristine samples can
be found in the Supplementary Information, Fig. S1). For
guantification of the data, the collected Ce 3d high resolution
spectra (Fig. 1a) were curve fitted [29, 71] with combination of
two reference spectra of Ce(IV) (\\) and Ce(lll) (///) recorded
over cerium(lV) oxide and hexahydrate cerium(lll) nitrate, as
suggested in ref. [8]. The peak fitting procedure of references is
presented in Supplementary Information, Fig. S2. The peaks
position, full width at half maximum were constrained as
proposed in ref. [8]. Similarly, two components recorded on
reference samples were also used for Co 2ps, (Fig. 1b) fitting:
one for metallic cobalt (///), located at 778.6 eV, and a second
around 781.4 eV — formally ascribed to oxide-like component
(CoO and/or Co—OH) (\\). As similar to ceria references, the
fitting procedure of cobalt references (based on ref. [72]) has
Fig. S3. In
literature [72] metallic cobalt is fitted with a characteristic

been presented in Supplementary Information,
asymmetric main peak and two plasmon loss peaks (located at
3.0 and 5.0 eV higher binding energy than the main component),

origination of which was explained elsewhere [72]. From

However, one should note that cobalt crystallites in the - Fig. 1(a-b) itis evident, that after hydrogen treatment the surface
Table 1. Results of the Co/CeO, catalysts characterization
Catalyst BET surface Volumes Pore Cobalt Average crystallite Average Cobalt Cobalt surface
area, m°/g™ of pores, diameter, content, size, nm‘° cobalt dispersion, area, m“/gea.
cm?g® nmk® wt.%" crystallite size, %l
nm[d]
C0304 CeOz
LS-Co/Ce0, 5.3 0.03 28.2 9.00£0.27 23.3 87.1 39.3 25 15
HS-Co/CeO; 47.2 0.15 11.0 9.55+0.38 8.4 25.6 38 26.6 17.1
HS-KCo/CeO, 29.6 0.12 12.4 8.44+0.34 9.3 26.5 13.9 7.2 41

[a] Determined by the low-temperature N, adsorption. [b] Determined by XRF.

measurements.

LS-catalyst were much bigger (39.3 nm) as compared to the
other catalysts.

The reducibility of cobalt oxides is strongly related to the
cobalt crystallite size [3, 8, 21], as well as to the presence of
additives [7, 22, 40, 61-63]. Large cobalt oxide particles were
expected to reduce more easly than the smaller ones [13, 70].

[c] Determined by XRD. [d] Determined by the hydrogen chemisorption

of all catalysts was reduced, however, to a different extent. It
should be pointed out that in Fig. 1b the intensity of the fitted
Co(Il) component is comparable to the noise level of the spectra,
therefore the error bars in determined Co(ll) percentage
contribution might be encumbered with a meaningful error. The

obtained spectra proved that similarly to in-situ XPS studies [2, 3,

This article is protected by copyright. All rights reserved.
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8, 25, 29], and in contrast to so far published ex-situ XPS
studies [7, 10, 40] it is possible to efficiently maintain cobalt

mainly in a metallic form, if it predominates.

10.1002/cctc.201601343
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due to hydrogen spill-over effect [13, 44, 75, 77-79]. Recently it
has been shown that the reduction degree of ceria (average size
of ceria crystallites was 4 nm) in the Co/CeO, might be lower

than that of a bare ceria support [8], and this

a)Ce 3d
Ce(lll) 3%

b) Co 2p,,
Co(ll) 5%

c)O1s

Normalized intensity (a.u.)

,,,,,,‘
[
777

N

\ \
\ S\

2

d)C 1s,Ce 4s & K2p

effect is dictated by the temperature.

The new features appearing on the Ce 3d
spectra, shown in Fig. 1a, indicate that the
ceria support of the LS-catalyst was partially
reduced Ce(lll) = 16%, while the supports of
promoted and unpromoted HS-catalysts
remained almost fully oxidized. The evolution
of Ce 3d spectra, in reducing conditions has
been widely studied by many authors [21, 41,
79-85]. Higher diffusion ability of oxygen
atoms for the HS-ceria support due to the

higher defects’ concentration leads to the

different reduction level between the

920 910 900 890 880 791 786 781

Bindina enerav (eV)

HS-ceria and LS-ceria [41].
The O 1s spectra (Fig.1c) of the

Figure 1. The high resolution XPS spectra of Ce 3d (a), Co 2pz, (b), O 1s (c) and C 1s, Ce 4s & K 2p

(d) collected after the reduction (Hy/Ar= 50/50 cm®, T = 420°C, Pota = 1 atm, 1 h) of the LS-Co/CeO,,
HS-Co/CeO, and HS-KCo/CeO, catalysts; a) Ce(IV) (\\\), Ce(lll) (//), b) Co(ll) (\\\), Co(0) (///), c) O1 —
lattice oxygen, O2 — hydroxyl and carbonate species, O4 — carbonate species bounded to potassium,

d) probable assignments of K1 and K2 species can be found in the text.

Results show complete reduction of cobalt oxides on the surface
of the LS-catalyst (within experimental error, therefore it cannot
be excluded that traces of the CoOx phase do not exist), while
on the HS and HS-K traces of CoOy remain after the hydrogen
treatment. The presented XPS results are in a good agreement
with the TPR profiles shown in the Supplementary Information
Fig. S4. The reduction behaviour of nano- and micro-Co/CeO;
was also examined by I.I. Soykal et al. [3], whose in-situ X-ray
absorption fine structure spectroscopy studies demonstrated
that the extent of cobalt oxides reduction was higher with the
nano-Co/CeO; catalyst. The result was attributed, by the authors,
to the small particles size and high dispersion of the sample.
This is somewhat counterintuitive, since is admitted that smaller
cobalt oxide particles are more difficult to reduce than larger one
[13, 70, 73]. Some authors postulate that persistent Co(ll)
species can be a result of a strong metal-support interaction [13,
73], slight encapsulation [10], and/or penetration Co?* ions into
the support lattice [40, 74].

It is well known that pure ceria is difficult to reduce in
hydrogen at relatively low temperatures [40, 75, 76], however, in

the presence of cobalt (or other metal) it can be partially reduced

unpromoted catalysts are very similar. The
detailed information of each component

contribution in the overall spectra can be

found in Supplementary Information — Table
S1. The main peak (530 eV) can be safely assigned mainly to
the ceria lattice oxygen (O1) [86-89] (however, in literature at
this binding energy the lattice oxygen in CoOx was also recorded
[19]),
component at 531.5eV (02) is controversial. Some authors

while the assignment of the high binding energy

assign it directly to the presence of —OH groups [90-93], others
rather generally identify them as adsorbed oxygen ions (O
species) on surface oxygen vacancies [87, 94, 95]. Quite
recently Z. Liu et al. [86] came up with the proposal that in
ceria-supported systems the peak located at 1.4 eV higher
binding energy than the main oxygen component is probably
related to the ceria hydroxide layer Ce**(OH),. On the spectra of
the potassium-promoted catalyst, an additional peak at 532.2 eV
(04) was found. In literature this peak is regarded as the
fingerprint of the presence of amorphous layer of potassium
oxides [96], potassium hydroxide [97], or potassium carbonate
[98, 99].

The presence of amorphous potassium oxides on the
surface of the ESR catalysts was recently confirmed by S. Ogo
et al. [23]. The nature of potassium oxides is still under
discussion. B. Lamontagne et al. [110] have studied the alkali

This article is protected by copyright. All rights reserved.
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metal promotion on silicon oxidation and their measurements
revealed the existence of four potassium oxides formed during
increasing oxygen exposure. They assigned the peak at
531.0eV to K;0,, 532.0eV to K;O; and 534.2eV to KO,.
Contrary, G. Pirug et al. [101] have assigned the component at
531.7 eV to K;O, surface species. Z.Hou et al. [97] have
suggested KOH as a form of potassium on the surface.

[102]

hydroxide species resulting in the increase of the surface

According to M. Carlsson potassium forms

basicity. In further part of this paper we will try to shed a

10.1002/cctc.201601343
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the oxygen peak at 532.3 eV can be assigned also to the
existence of potassium carbonates [98]. It should be noted that
BE’s of the K 2p3, for as deposited KNO,, K,CO3; and KOH films
on the Fe foil were very close (293.7-293.8 eV) and the shift
towards higher BE’s (293.9-294.1 eV) were observed after
samples’ reduction [103, 104]. Accoring to the work of G. Maniak
et al. [105] regardless of potassium compound used for cobalt

Table 2. The percentage contribution (at.%) of elements on the surface of catalysts
under the ESR (calculated on the basis of high resolution XPS spectra after taking into
account the atomic sensitivity factor of each element)

. Catalyst H,O/EtOH Contribution of element (at. %)ﬁ
light on the nature of K1 and O4 components.
(mol/mol) Co Ce O C K
Before reduction, carbonaceous deposit was detected
LS-Co/CeO, 17.358  22.412  49.184  11.046
i o]
on the surface of all catalysts (Supplementary Information, HS-Co/CeO, H, 2 935 26.334 54070 11661
Fig. S.1). The reduction procedure allowed for the Hs-KCo/CeO, 4.388 17.825 54171 5775  17.842
removal of adsorbed carbon impurities and purification of ~ LS-Co/CeO; 0.779 1.490 3877  93.854 )
. y 311
the surface (Fig. 1d). For the K-promoted catalyst the HS"C0/Ce0O: 1963 4121 9471 84445
‘ 204.3 and 297.0 eV definitel lated HS-KCo/CeO; 1.680 13.443  47.475 22154  15.248
peaks at - an 0 eV are definitely related to LS-Co/CeO, 15871  17.588 60571  5.969 -
presence of K ions (K 2p core level). The intensity of  ps.co/ceo, an 4374  18.277  46.313  31.035
these peaks increased after hydrogen pre-treatment  Hs-KCo/CeO, 1.322 9.227 50.441  13.657  25.353
(Fig. 1d), as compared to the calcined sample LS-Co/CeO, 18.882  18.090  60.438 2.590
(Supplementary Information, Fig. S1d). The calculated HS-Co/CeO: L2/ 7549 23183 56136 13132
HS-KCo/CeO, 0.818 4384  48.687  13.255  32.856

percentage contribution of potassium on the surface of

a
the fresh sample was 3.2 at.%, whereas after reduction — [

17.8 at.% (Table 2), suggesting surface’s enrichment in
potassium (its re-dispersion) after reduction. Analysis of
the K 2p region (Fig. 1d) allowed to observe a small asymmetry
and the shift of the peak (the K 2ps;. components located at
293.840.2 and 294.6 + 0.2 eV respectively were denoted as K1
and K2) towards higher binding energies (BE), as compared to
further results (Fig. 2d-4d).

Even though the chemical nature of potassium species is not
clear yet, it is convincing that potassium state would depend on
the local chemical environment of the surface [104], as well as
that potassium species can be transformed one into another. In
the view of the above discussion, in this work the shift of the
K 2p (appearance of the component K2) towards slightly higher
BE’s is suggested to be ascribed to the change of electronic
properties of potassium.

H.P. Bonzel et al. [103, 104] have presented the results of
XPS studies of K-promoted surface of the Fe foil and suggested
that the presence of K 2ps;, component around 294 eV and
oxygen at 532.2 eV is strongly supporting the hypothesis of KOH
existence [103], however, only in the case of absence of the
carbonate peak at ~290 eV [104]. In the presence of carbonates

Calculated as:
n.j = Co+Ce+O+C+K. [b] Results obtained after the catalysts’ pre-reduction (H»/Ar) at
420°C for 1 h.

ni=n/y nij100%, where n;={Co, Ce, O, C, K} and

oxide promotion, shifts on the BE scale are not observed.
Basing on this observation, we assigned the K1 component to all
potassium bonded to oxygen species.

1.2. XPS characterization of catalysts after the ESR with a
stoichiometric H,O/EtOH molar ratio

The XPS recorded after the ESR
stoichiometric (3/1 mol/mol) H,O/EtOH molar ratio (T =420°C,
Potar = 1 atm, t =1 h), show partially reduced ceria support and

results reaction at a

metallic cobalt with traces of CoOy (Fig.2a and 2b). It is
interesting to note that as compared to the state prior to the ESR
(reduced samples, Fig. 1), the stoichiometric reaction mixture
seems to be more efficient in ceria’s reduction than hydrogen,
which is in agreement with previous reports [25, 36]. On the
other hand, it is different for cobalt, since its oxidation state
remains almost the same as before the reaction (please
compare Fig. 1b and 3b). Our previous in-situ XPS studies of the
nano-Co/CeO, catalyst, carried out for the H,O/EtOH molar ratio
of 3/1 (420°C, puota = 0.2 mbar) [29] revealed that whereas

This article is protected by copyright. All rights reserved.
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(531.5 eV) increases, and a hew component

a)Ce 3d
Ce(lll) 22% | 4

b)Co 2p,,
Co(ll) 6%

Normalized intensity (a.u.)

NN G

d)C1s,Ceds &K 2p

located around 532.8 +0.2 eV (denoted as
03), appears. According to its binding energy
the O3 component can be assigned to
é-o surface adsorbed water species [87, 108,
109]. Moreover, the concentration of surface
c=C adsorbed hydroxyl species (02) is clearly
higher for the LS and HS-K catalysts.

-1 The unpromoted catalysts after 1 h of the
ESR were covered by carbon deposit, as
seen in the C 1s region (Fig. 2d). The C 1s

peak position at 284.6 eV, as well as its

c=C

*

- characteristic asymmetric shape, indicates

920 910 900 890 880 791 786 781

Bindina enerav (eV)

Figure 2. The high resolution XPS spectra of Ce 3d (a), Co 2ps, (b), O 1s (c) and C 1s, Ce 4s & K 2p
(d) collected after the ESR (H,O/EtOH = 3/1 mol/mol, T =420°C) over the pre-reduced (Ha,
T =420°C) LS-Co/CeO,, HS-Co/CeO, and HS-KCo/CeO, catalysts; a) Ce(IV) (\), Ce(lll) (///), b) and
Co(Il) (\W), Co(0) (//), c) O1 — lattice oxygen, O2 — hydroxyl and carbonate species, O3 — water, 04 —
carbonate species bounded to potassium, d) K1 — potassium carbonate. On the picture (d) also the

percentage atomic contribution of carbon on the surface was given.

ceria’s oxidation state was influenced by the conditions
(hydrogen or ESR reaction mixture), cobalt oxidation state
remained the same. It is also worth to mention about the results
of ex-situ XPS studies carried out over the pre-reduced 10%
Co/Ce0,-ZrO, catalyst, exposed to the slightly higher H,O/EtOH
molar ratio (4/1 mol/mol, 450°C) revealed re-oxidation of metallic
cobalt to CoOx accompanied by ceria’s reduction [36].

The higher reduction degree of ceria, as calculated based on
Ce 3d spectra, was found for the HS-K catalyst (22% of Ce(lll)).
In addition, as compared to the unpromoted HS-catalyst, cobalt
of HS-K catalyst is more reduced (Co(ll) = 5%). Previous reports
of L.delRio et al. [38, 106] demonstrated that in the ESR
reaction (H,O/EtOH = 6/1 mol/mol) at low temperatures (300—
350°C) potassium loading prevents cobalt oxides reduction to
the metallic phase, whereas our studies provided the evidence
that in fact it facilitates catalyst’s reduction in the ESR reaction at
higher temperature (420°C).
publications concerning potassium-promoted catalysts [23, 60],

However, based on available
there are some presumptions that similarly to ZnO promoter [26,
107], depending on the type of the support, potassium may
promote or hinder cobalt oxidation in the ESR.

Comparison of the O 1s spectra of the samples after
hydrogen pre-treatment (Fig. 1c) and the ESR reaction (Fig. 2c)
that the relative

shows, intensity of the O2 component

299 294 289 284

for the presence of graphitic carbon species
[110]. The higher binding energy component
(289.4 eV) is characteristic for both Ce 4s
region [84], carbonate-type species [86, 104]
[86].
dominates the surface with 94% and 84%
the LS- and
(Table 2).
Potassium inhibits carbon deposition (formation of C=C and CH

even carboxylates Carbon
atomic concentration for
HS-catalysts, respectively
species) down to <10%; however, a new peak at 290 eV
COs* (total
carbon-containing species coverage including carbonates was
<22% as shown in Table 2). The K 2p spectrum of the HS-K
catalyst shows a doublet at 293.8 and 296.6 eV which is very
close to the BE of the K2p doublet (293.9 and 296.6 eV),

recorded by E. de Smit et al. [111]. In this case the peak was

indicates for the presence of species

assigned to metastable basic potassium carbonate species.

Potassium containing species are rather difficult to
characterize, especially when they are highly dispersed [112,
113], [112].

Nevertheless, it is worth to made an attempt to shed a light on

therefore, knowledge about them is limited
their nature. The noticeable intensity increase of the C 1s peak
at 290 eV allows to suppose that the K1 component is at least
partially related to the presence of potassium carbonates, e.g.,
2K*COs® or K'CO,. Simultaneously with the increase of the
K 2p signal intensity, the O4 signal intensity was increasing (Fig.
2c and 2d). Further application of the same reasoning lead one
to expect that the O4 component in the O 1s overall spectrum
might be related to potassium bound to oxygen from carbonate
species (further abbreviated K®*~0%). In order to shed a light on
the origination of both K1 and O4 components, the high-
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resolution XPS spectra of K,CO3 (pure for analysis, 299.0%)
reference sample were collected. The experimentally derived
data were used as a reference in calculating K 2p/CO3*/0 1s
ratio related to potassium carbonate species. Since in cerium
containing systems the Ce 4s region is overlapping with C 1s
signal, the contribution of the percentage the surface adsorbed
COs* species on the surface of catalyst was performed after
subtraction of the Ce4s impact on this component. The
experimentally derived data led to the conclusion that the K 2p

and O4 components are related to potassium carbonates.

1.3. XPS characterization of catalysts after the ESR at high
H,O/EtOH molar ratios

The catalysts’ resistance to coke formation can be improved by
increasing water to ethanol molar ratio in the reaction feed [68,
69, 114]. In Fig. 3 the XPS spectra of catalysts in the
H,O/EtOH = 9/1 mol/mol mixture are shown. The surface of the
unpromoted catalysts is more oxidized as compared to the 3/1
molar ratio. After the ESR carried out for the H,O/EtOH molar
ratio of 9/1 the Ce(lll) ions surface concentration for was 14%
and 11% for the LS- and HS-catalyst respectively, while the
concentration of Co(ll) species increases considerably (16.4%
and 30.3% of Co(ll) for LS- and HS-catalyst). The in-situ XPS
studies of H. Sohn et al. [8], devoted to the
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increase of the O 1s component at 532.2 eV (Fig. 3c). The
excess of water had a beneficial effect on suppression of carbon
formation. The carbon atomic fraction, which was 94 - 84% in
the H,O/EtOH = 3/1 molar ratio, drops down to 6 and 31% for
the LS- and HS-catalysts, respectively. However, one should
note that the given carbon percentage contribution is considered
to the whole C 1s core level, meaning that C=C, CHy, and
chemisorbed C-O and COs> species are included. Potassium
addition decreases the carbon fraction at the HS-K catalyst from
22% (for HS) to 14%, while the sole C 1s component around
290 eV (Fig. 3d) is characteristic for carbonate and carboxylate
species as discussed in the previous section.

Further increase of the H,O/EtOH molar ratio to 12/1 (Fig. 4)
induces cobalt oxidation (34% of Co(ll)) similar for both LS- and
HS-catalysts, thus it might be concluded that water content has
a limited effect on cobalt re-oxidation process [29, 36]. In the
case of the HS-K catalyst, the Co 2p peak has been in the signal
noise level after 1 h of the ESR, indicating that cobalt particles
were buried underneath a thick layer (around 3 to 4 nm) which
attenuates Co 2p signal. The intense signal of the K1 (K 2p) and
04 (from the O 1s) components suggests that cobalt particles
were most probably covered by potassium bonded to oxygen
layer (K-O). The Ce 3d peak was also barely detectable,

ESR reaction (H,O/EtOH =
450°C) over the nano- and micro-Co/CeO,

9/1 mol/mol, a)Ce 3d

Ce(lll) 25%

led to the similar conclusion, that higher
amounts of CoOy phase were detected on the
surface of micro-dispersed catalyst. From the
other hand, in contrast to our work, in the
cited publication [8] it was found that the
surface of nano-ceria was more reduced than
the surface of the sample with larger particles

size. Higher concentration of Ce(lll) on the

Normalized intensity (a.u.)

surface of the nano-ceria was assigned to the
higher lattice strain in smaller particles [115,
116]. Atthe HS-K catalyst the H,O/EtOH

b) Co 2p,, c)O1s d)C1s,Ceds &K 2p
Co(ll) 20% 4 14%
A1\
“~v
:,wo 0 co”

(o) t-o

Co(ll) 30% 31%
Co(0)
Co(ll)

Co(ll) 16% 6%

molar ratio of 9/1 also induces more oxidized 920 910 900

cobalt, but notably has the reverse effect on
cerium, which is more reduced than in the

890 880 791 786 781

776 535 533 531 529 527 299 294 289 284

Rindina enerav (eV\/)

Figure 3. The high resolution XPS spectra of Ce 3d (a), Co 2ps» (b), O 1s (c) and C 1s, Ce 4s & K 2p

(d) collected after the ESR (H,O/EtOH =9/1 mol/mol, T =420°C) over the pre-reduced (H,

molar ratio of 3/1. In addition, the atomic

fraction of potassium (Table 2) increases

T =420°C) LS-Co/CeO,, HS-Co/CeO, and HS-KCo/CeO, catalysts; a) Ce(IV) (\\\), Ce(lll) (///), b)
Co(ll) (\\\), Co(0) (/), c) O1 — lattice oxygen, O2 — hydroxyl and carbonate species, O3 — water, O4 —

carbonate species bounded to potassium, d) K1 — potassium carbonate. On the picture (d) also the

considerably  followed by simultaneous

percentage atomic contribution of carbon on the surface was given.
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indicating that K-O is deposited without apparent distinction
over cobalt and ceria support. In order to estimate the
time-dependence of the K—O layer formation, the ESR at shorter
reaction period (15 min) was carried out (inset of Fig. 4b). In this
case the Co 2p signal directly suggests that K-O layer was
thinner than after 1 h of the ESR, therefore its formation is

time-depended.
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monoxide. Adsorbed species were converted on the surface into
carbonate-type species.

The presented results show that regardless of the H,O/EtOH
ratio, a mixed metallic-ionic form of cobalt is always present on
the surface during the ESR reaction. As expected, the
concentration of Co(ll) species was higher while the samples
were exposed to the mixtures with higher than stoichiometric,

reactants molar ratio. Oxidation of cobalt in

a)Ce 3d
Ce(lll) 36%

b)Co 2p,,

15 min ESR
Co(ll) 34% 4

Normalized intensity (a.u.)

N\

d)C1s,Ced4s & K2p

the excess of water has been reported
previously for Co/Al,O3 catalysts tested under
H>O/EtOH = 6/1 mol/mol [5], as well as for
co* the Co/Ce0,-ZrO, with the H,O/EtOH molar
ratio of 4/1 [36]. The higher excess of water
allows for higher concentration of surface
adsorbed —OH groups (02) (as compared to

the results obtained in the stoichiometric ratio

of reactants), facilitating carbon removal.

1.4. The ESR catalytic performance of the

CO

catalysts

920 910 900 890 880 791 786 781 776 535 533 531 529 527

Binding energy (eV)

299 294 289 284

Apart from the LS-catalyst at 3/1 molar ratio,

the complete conversion of ethanol is

Figure 4. The high resolution XPS spectra of Ce 3d (a), Co 2ps; (b), O 1s (c) and C 1s, Ce 4s & K 2p

(d) collected after the ESR (H,O/EtOH = 12/1 mol/mol, T =420°C) over the pre-reduced (Ha,
T =420°C) LS-Co/CeO,, HS-Co/CeO, and HS-KCo/CeO, catalysts; a) Ce(IV) (\), Ce(lll) (///), b)

achieved in all cases, after 1 h at 420°C in a

fixed-bed reactor. Water conversion at 3/1

Co(ll) (\W), Co(0) (//), c) O1 — lattice oxygen, O2 — hydroxyl and carbonate species, O3 — water, 04 —

carbonate species bounded to potassium, d) K1 — potassium carbonate. On the picture (d) also the

percentage atomic contribution of carbon on the surface was given.

Our experiments show that for the HS-K catalyst more
potassium species were observed in water rich reactants
mixtures, suggesting segregation of potassium due to its
stronger affinity to water. These experiments also allow us to
conclude that the oxidation state of cobalt is the same like for
the unpromoted catalysts (34% of Co(ll)). Ceria valence state for
the LS- and HS-catalysts were similar to this recorded for the 9/1
molar ratio, while deeper reduction of cerium oxide was found
for the potassium-promoted catalyst (36% of Ce(lll)).

The common feature for all catalysts was decreasing carbon
deposition in water-rich reactants mixtures. It is worth to note
that at the 12/1 H,O/EtOH molar ratio, the promoted HS-K
catalyst shows higher carbon atomic fraction (Table 2) as
compared to the unpromoted catalysts. It can be explained by
the lower barrier

surface potential of potassium-covered

surfaces [104] which increases the adsorption energy of carbon

molar ratio is between 37% and 54%, which
is significantly lower than this expected from
the ESR stoichiometry (100%). This indicates
that non-selective ethanol transformations (without the
participation of water molecules) occurred under the examined
conditions. In the case of the ESR carried out in water excess
(9/1 and 12/1 mol/mol), the water conversion over the LS- and
HS-catalysts is close to the expected reaction stoichiometry
(33% and 25%).

Table 3 shows the reactants conversions and the ESR
reaction products selectivity obtained after 1 h at 420°C under all
three H,O/EtOH molar ratios. They are also close to those,
measured in a high pressure flow reactor, used in the UHV
system. Under all H,O/EtOH molar ratios the ESR reaction
products include H,;, CO,;, CO, CH, and some amounts of
acetaldehyde observed only on the surface of LS-catalyst. Over
all catalysts samples the selectivity to hydrogen was quite high

and in general it increased with the increase of water excess,

This article is protected by copyright. All rights reserved.



ChemCatChem

varying between 82% (3.16 moly,/molgon) and 98% (5.56

mOIHZ/molEtOH).

Table 3 The selectivity of the ESR towards gaseous products, and yield of hydrogen and carbon dioxide after

1 h under the ESR at 420°C
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1.5. The influence of the ESR conditions on the catalysts’ coking

Presence of big cobalt particles in the
HS-catalyst is expected to make it

more vulnerable to coking than its LS-

Catalyst H,O/EtOH Selectivity (%) H,/EtOH CO,/EtOH counterpart [117, 118]. The XPS
(mol/mol) J/mol I/mol 4 i
(molfmal) —(mol/mal)  gpectra obtained at the 3/1 molar ratio
H co CO CH, MeCHO J e .
2 2 ¢ are in agreement with this hypothesis,
LS-ColCeO, 825 526 197 15 6.3 3.16 1.05 but in th  water. | b
ut in the excess of water, less carbon
HS-Co/CeO, an 846 672 106 222 0 4.03 1.34
HS-KCo/CeO, 985 917 55 27 0 555 1.85 was observed on LS-catalyst after 1 h
LS-Co/CeO; 94.1  80.4 10 9.6 0 4.83 1.61 ESR (Fig. 2-4 and Table 2). The
HS-Co/CeO, o 9.1 85 57 78 0 519 T different kinetics of carbon deposition
HS-KCo/CeO 984 907 66 2.7 0 5.55 1.85 ; ) o
o2 might account for this behaviour in this
LS-Col/CeO, 9.5 883 6.3 54 0 5.30 1.77 . .
HS-Co/CeO, 12/1 971 916 39 45 0 5.49 1.83 two cases. More information about the
HS-KCo/CeO, 977 927 37 36 0 5.56 1.85 kinetics of carbon deposition under

On the

gaseous products show striking difference among the catalysts.

contrary, the selectivities of carbon-containing

Comparison of the LS- and HS-catalysts shows that the HS is
more selective towards CO, (and less to CO) than the
LS-counterpart for all H,O/EtOH molar ratios. At the 3/1 molar
molar ratio both LS- and HS-catalysts have lower CO, and
higher CO and CH, selectivities than the HS-K, though more
CH, is observed for the HS- as compared to LS-catalyst. In the
excess of water, the increase of CO, selectivity over the LS- and
HS-catalysts is accompanied with a decrease of CO and CH,4
formation. The results also show that in the case of the HS-K the
influence of the H,O/EtOH molar ratio on the catalyst's

selectivity in the ESR is negligible.

long ESR reaction periods is provided
by gravimetric studies (Fig. 5). It's important to keep in mind the
substantial differences in the catalytic reactors, allowing only
certain trends to be taken into account. Nevertheless, based on
the XPS results the oxidation state of the catalysts was not
dramatically different, therefore, the weight changes can be
primarily assigned to coke deposition.

In general, the weight change of the unpromoted catalysts
(LS and HS) is significantly higher as compared to the HS-K
catalyst, confirming that potassium inhibits carbon formation and
catalyst’s oxidation, in accordance with the XPS results.

Under the stoichiometric (3/1 mol/mol) reaction mixture the
weight of the LS-catalyst has increased sharply to reach an
almost constant value, while in the case of the HS-catalyst the

weight gain was slower.

20 JH;G/ETOH=3 molimol ; 20 JH,07EtOH=8 molimol 20 T, 6/ETOH=12 molimol
3 184 [ UUUTUTPIRRRPPII RV LLL 1892 ee+ LS-ColCeO2 18927
< 16 ] o 16 31 1 = HS-Co/Ce0y 16 .
Q 1 o’ 1 = « HS-KCo/CeO3
S 149 o 144" . 14
1 . P o5 1 e’ . ot -
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d

amorphous carbon
\( graphite carbon

Figure 6. TEM images of the LS-Co/CeO, catalyst after 1 h ESR
(T = 420°C, H,O/EtOH = 3/1 mol/mol).

Figure 7. TEM images of the HS-Co/CeO, catalyst after 1h ESR
(T =420°C, H,O/EtOH = 3/1 mol/moal).

However, note that the weight gain for both catalysts starts
immediately after exposure to the ESR reactants (see insets of
Fig. 5). On the other hand, at reactants mixtures rich in water the
weight gain does not start simultaneously for the LS- and
HS-catalysts. In particular carbon deposition (and oxidation) on
the LS-catalyst necessitates an induction period of 1 to 2 hours
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but after that increases rapidly and finally the catalyst is the most
intensively coked. Conversely, catalyst’s oxidation and carbon
deposition on the HS-catalyst starts immediately and occurs
gradually but with lower rate as compared to the LS-catalyst.

The explanation of the differences at the carbon deposition
kinetics between the catalysts is out of the scope of this paper.
However, from Fig. 5 (insets) it is evident that during the reaction
period used at XPS experiments (1 hour) carbon deposition for
the LS-catalyst at water rich ESR mixtures is limited, in
agreement with our the XPS studies.

The morphology of the spent catalysts after 1 h ESR
reaction under the 3/1 molar ratio was studied by TEM, with
emphasis on the carbon deposit formed during the ESR (Fig.
6-8). The TEM analysis of spent LS- and HS-samples revealed
mainly graphitic carbon, although amorphous carbon was also
detected, but to a lower extent. However, the morphology of
carbon deposits differs among the catalysts. On the LS (Fig. 6)
mostly carbon filaments in which encapsulated cobalt particles
could be seen. Carbonaceous deposit detected on the surface of
HS-catalyst looks more like a few atomic layers of carbon,
mostly located at the boundary of cobalt and ceria crystallites,
indicating that reaction occurs in this direction at the Co—CeOx
interface (Fig. 7). On the TEM images of the HS-K negligible
amounts of carbon were found (Fig. 8), in accordance with the
XPS results.

It can be concluded that the form of the carbon deposit
depends on the support morphology and cobalt particles size.
The catalyst with larger cobalt particles favours the growth of
carbon nanofibers [118]. Basing on the XPS results, the surface
amount of coke on both LS- and HS-catalysts is almost
comparable after 1 h ESR for the H,O/EtOH = 3/1 mol/mol. TEM
studies have shown that significantly less bulk carbon was found

Figure 8. TEM images of the HS-KCo/CeO, catalyst after 1 h ESR
(T = 420°C, H,O/EtOH = 3/1 mol/mol).
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in the case of the HS-catalyst, being compatible with results of
gravimetric measurements (Fig. 5). TEM images prove that in
the case of the low surface area catalyst, carbon diffused inside
cobalt crystallites, destroying the sample from the inner layers
and it is deposited mainly in the whiskers form, while on the high
surface counterpart, carbon was deposited gradually only the
outer layers of catalysts.

Discussion

3’

2.1. The influence of the H,O/EtOH molar ratio on the catalysts

surface

Fig. 9 shows how the reactants composition influences the
catalysts’ surface state. The degree of catalysts’ surface
reorganization under conditions of the steam reforming of
ethanol can be attributed to difference in the H,O/EtOH molar
Our that

crystallites) of both ceria support and cobalt in the unpromoted

ratio. results prove higher dispersion (smaller

catalysts makes its oxidation easier under ESR conditions — this
catalyst was also more resistant to reduction, as
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differentiate location of hydroxyls, on cobalt or on ceria).

Additionally so far published papers suggest that at
temperatures of 350-450°C the formation of OH species, due to
dissociation of water, is favourable on the surface of both ceria
and cobalt [8, 27, 56, 57, 109, 119]. In spite of very similar, low
concentration of hydroxyls under the 3/1 H,O/EtOH molar ratio
on the surface of potassium-free catalysts (Fig. 9), the
increasing water extent increases the difference between
abundance of these species on the surface of the unpromoted
catalysts. Fig. 9 shows that higher concentration of hydroxyls
exists on the surface of the LS-catalyst. The higher abundance
of hydroxyls might be related to lower oxidation of both main
components of the LS-catalyst — the higher share of metallic, not
oxidized cobalt in the active phase or/and the higher
concentration of surface Ce(lll) ions in the ceria support — the
larger surface concentration of hydroxyls.

In contrast to the unpromoted HS-catalyst, the ceria support
in the potassium-promoted HS-K catalyst is already more
reduced under the lowest, stoichiometric reactants ratio and it

shows further reduction of cerium surface ions with the increase

it is shown in Fig. 1. The ceria support in the 40 40 5

unpromoted catalysts is progressively oxidized i’\i Ia 5 < ]

(Fig. 9a) with increasing excess of water. Ceria 530 7 é 30-_

with the higher surface area (smaller ceria § 1 HSK § ]

crystallites) is oxidized to a larger extent (on its %20'_ LS % 20-_

surface the concentration of Ce(lll) ions is lower) &\), 1 A % ]

than that of the low-surface area. Moreover, the 510‘: HS = 10 1

water excess facilitates oxidation of cobalt (Fig. 8 ] © ]

9b). As in the case of ceria, the more intensive O 0+——r——1—— 77—
2 4 6 8 10 12 2 4 6 8 10 12

oxidation of cobalt (the

Co(Il)/(Co(0)+Co(Il)) atomic ratio) occurs when

larger

H,O/EtOH (mol/mol)

H,O/EtOH (mol/mol)

the small cobalt crystallites were deposited on the
high-surface area ceria support. The result is
consistent with literature -~ conclusions that
supported small cobalt crystallites tend to get
oxidized more readily than the larger ones [8, 36,
40, 43, 53].

The increased H,O/EtOH molar ratio in the

reaction mixture also

promotes increasing 04

hydroxyl's species concentration (Fig. 9¢) on the 2
catalyst’s surface (the hydroxyls’ concentration is
considered on the whole surface of catalysts
basis, as the XPS data do not enable to

4 6 8

Figure 9. Dependence of percentage concentration of (a) Ce(lll)/(Ce(lll)+Ce(IV)),
Co(I)/(Co(I)+Co(0)) and (c) adsorbed hydroxyls with the H,O/EtOH molar ratio for the
LS-Co/CeO,, HS-Co/Ce0, and HS-KCo/CeO,, catalysts in the ESR at 420°C.

UL BN B B
10 12
H,O/EtOH (mol/mol)

(b)
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of the water excess in the reaction mixture (Fig. 9a). At the same
time, the cobalt active phase also stays in less oxidized form as
compared to the unpromoted HS-catalyst (Fig. 9b) — the extent
of its oxidation is similar to one of the LS-catalyst. The
concentration of surface hydroxyls is much higher already under
the 3/1 H,O/EtOH molar ratio than this on the unpromoted
HS-catalyst and it changes only a little with the H,O/EtOH molar
ratio (Fig. 9c). Under higher water vapour excess this difference
disappears. Undoubtedly, all these differences in the state of the
catalyst’s surface, seen between unpromoted HS- and promoted
HS-K catalysts, result from the additional presence of potassium
on the catalyst's surface, which concentration of which also
ratio (Table 2). The
progressive increase of the total concentration of potassium on

changes with the reactants molar
the catalyst’'s surface simultaneously with the excess of water
vapour in the reaction mixture results probably from the re-
dispersion of potassium-containing aggregates, caused by
increased amount of chemisorbed and dissociated water vapour.
As in the case of hydroxyls, the concentration of
potassium-containing sites is considered here on the whole
surface of catalysts basis, without distinction between their
location, on cobalt or on ceria. It was shown in ref. [31] that
potassium on a very similar and free of coke catalyst is well

distributed on the whole catalyst’s surface.

2.2. Correlation of the ESR catalytic performance with the

catalysts’ surface state

Considering the influence of the chemical state of the surface of
different ceria-supported cobalt catalysts on the course of the
steam reforming of ethanol, the correlations of the selectivity
towards carbon dioxide formation with the oxidation state of
cobalt active phase and its support were drawn (Figs. 10a and
10b). Taking into account the unpromoted catalysts only, one
might suppose that cobalt oxidation state can be an important
factor influencing the ESR selectivity (Figs. 10a). However, the
performance of the potassium-promoted HS-K catalyst prevents
drawing such general conclusion; the same oxidation degree of
cobalt in the HS and HS-K catalysts enables obtaining very
different carbon dioxide production. It proves that potassium
introduces other selective and active sites responsible for the
ESR — oxidation of cobalt has no response in carbon dioxide
formation. The same conclusion can be drawn when considering
the role of the oxidation state of the ceria support. Both

correlations shown in Figs. 10a and 10b lead us to the assertion
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that oxidation-reduction of these main catalysts’ components is
not a general factor, crucial for the selective transformations of
ethanol. The presence of oxidized cobalt and reduction-oxidation
of the ceria support are unavoidable effects, dependent on the
H,O/EtOH molar ratio; however, not involved directly in making
the catalyst’s selective for the ESR. However, it was shown in
ref. [33] that they might be important in the first step of the ESR,
i.e., in oxidative dehydrogenation of alcohol and ethoxide
species formation.

An important feature of the catalysts’ surface, influencing
selectivity of the ESR would be the concentration of hydroxyl
species. In Fig. 10c one can see straight-linear relationships of
concentration of surface adsorbed hydroxyls over LS-, HS- and
HS-K catalysts with the selectivity of carbon dioxide formation.
The low-dispersed LS-catalyst requires larger concentration of
surface adsorbed hydroxyl species than the very well-dispersed
HS to achieve the same selectivity of the ESR — this difference
we will discuss in next paragraphs. However, before the CO;
selectivity over the HS-catalyst gains on that characteristic of the
potassium-promoted HS-K-catalyst (i.e., in the lower range of
OH concentration), the same abundance of hydroxyl species
leads to different selectivity over those two catalysts. Similar
picture is seen in relationships of the OH concentration and
selectivities towards remaining ESR products, i.e., hydrogen,
carbon monoxide and methane (see Fig. S5 in Supplementary
Information). It suggests the existence of additional selective
sites on the surface of promoted catalyst, related to the
presence of potassium promoter on the catalyst’s surface, i.e.,
K-O sites.

expected to play a promoting role in the steam reforming of

These potassium-containing sites (K-O) are

ethanol, providing an additional

that

oxygen-containing species
reservoir. Similar suggestion potassium encourages
formation of active oxygen species, which are very important
intermediates for soot combustion, was given by M. Sun et al.
[94]. Taking both, OH species and K—O sites, into consideration
the selectivities of the ESR to all products over HS- and HS-K
catalysts form coherent dependences, with limits characteristic
for the HS- catalyst (Figs. 11a-11c). Those limits are consistent
with the thermodynamic limit of the hydrogen yield in the ethanol
steam reforming; considering equilibrium states of side reactions
the equilibrium hydrogen yield of 5.56 mole per one mole of
ethanol in the feed are obtainable as against the stoichiometric
value of 6.0 [67]. Also, for the same reason the thermodynamic

yield of carbon dioxide is lower than the stoichiometric value of
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2.0. The yields of produced hydrogen and carbon dioxide in our
studies reach the thermodynamic values (Fig. 11e). In the feed

with the H,O/EtOH molar ratio higher than stoichiometric value
of 3/1 the total concentration of OH species and K-O sites on
the surface of potassium-promoted catalyst is even larger than
necessary for the selective course of the ESR to gaseous
products. However, a higher concentration of OH species and
K-O sites is required for hindering of coke deposition on the
catalysts, including all coke forms and all catalysts studied in this
work (Fig. 11f). Small concentration of OH species and K-O
sites leads to dramatic coking of the catalysts, with formation of
completely (or almost completely) dehydrogenated C=C type
carbonaceous deposit, in a large part as graphitic whiskers and
layers (see Table S1 in Supplementary Information and Figs.
6-8). An increasing of those selective-acting surface sites first of
all significantly lowers the amount of coke deposited and also
changes its type from more dehydrogenated to CHy type. For
total elimination of coking phenomena, the high abundance of
OH species and K-O sites, equal to or large than 25 at.% of the

whole surface of catalyst is required.
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Among surface oxygen-containing species molecular water is
also present. However, physically adsorbed water molecules
cannot form transition activated complexes, required in a
catalytic reaction, on the surface of heterogeneous catalyst.
Therefore, water species can be considered merely as
spectators, excluded from direct participation in the ESR over
catalyst’s surface. The selectivity of the steam reforming of
ethanol does not depend solely on the population of OH species
on the catalyst’s surface since the LS-catalyst is less selective
towards all products despite the fact that it has more hydroxyls
adsorbed than the HS-catalyst (Figs. 11a—11d). It suggests that
the catalyst’s morphology and location where oxygen-containing
species are adsorbed may be equally important as their
abundance. The difference in the ESR selectivity is related to
the dispersion of both catalysts. The size of cobalt crystallites is
very different: 3.8 nm in more selective HS-catalyst and 39.3 nm
in the less selective LS. Whereas the size of ceria support
crystallites is 25.6 nm and 87.1 nm, for HS and LS respectively.
The well dispersed, small crystallites usually have more
low-coordinated sites (corners, edges and another defects on

the surface of crystal lattice like steps, adatoms),

100 Ta oK 100 To oK which are the best and the strongest sites for
9 90 S A— £ 90 U A— chemisorption and dissociation of various chemical
E s '-'QJ Hel molecules, including also water (and ethanol)
S 80 3 807 T A molecules. On the other hand, a close contact of
2 70_: LS 2 70 ] both catalyst's components and a short-enough
% % distance from their border to the middle of the
S 604 S 607 cobalt crystallites surface (where the number of

50 B 50 e s low-coordinated sites is lower than near crystallite

0 10 20 30 40 0 1 20 30 40 edge) [1] also may have a significant selective
Co(I1)/(Co(ll)+Co(0)) % Ce(l/(Ce(ll)y+Ce(1V)) % influence on the effects of the ESR [8] — reagents

100 lc HS-K and their intermediates chemisorbed on the cobalt
g go_f and on the ceria support may interact together to
E form desirable products of the ESR, i.e., hydrogen
6 80_: / HS and carbon dioxide. When the surface distance
2 70_: /s from the cobalt-ceria support border is too long (as
% in the case of a center of large crystallites in the
8 60_; LS-catalyst), nonselective ethanol transformations

50 ] sl S ——. may take place, without the possibility of

0 4 8 OI-?%%) 16 20 24 by-products to react with activated water. Due to an

insufficient surface concentration of hydroxyl

species acetaldehyde remains among final products

Figure 10. Correlation of CO; selectivity for the LS-Co/CeO,, HS-Co/CeO, and HS-KCo/CeO,

catalysts under the ESR at 420°C with percentage concentration of (a) Ce(lll)/(Ce(lll)+Ce(1V)),
(b) Co(I1)/(Co(Il)+Co(0)), and (c) adsorbed hydroxyls on the surface. Each point represents the

different H,O/EtOH molar ratio.

(Fig. 11d). The comparison of the ESR effects over
HS- and LS-catalysts leads us to the suggestion

This article is protected by copyright. All rights reserved.
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We found that the reduction degree of cobalt
oxide and ceria during activation of catalysts with
hydrogen depends on ceria’s support dispersion.
Cobalt oxide supported on low-dispersed ceria is
more vulnerable to reduction than its counterpart
ceria,

with  high-dispersed while potassium

promoter facilitates reduction of cobalt oxide. The

ceria support is reduced to some extent only in

the ' low-dispersed catalyst, while in the

unpromoted and potassium-promoted catalysts
with high-dispersed ceria it remains practically
fully oxidized after pre-reduction.

The

reorganization under conditions of the steam

catalysts’ surface undergoes
reforming of ethanol to a degree dependent on

the H,O/EtOH molar ratio. We proved that higher

dispersion (smaller crystallites) of both ceria
support and cobalt in the unpromoted catalyst

makes its oxidation easier under ESR conditions.

f The water excess in the ethanol-water vapours
feed facilitates oxidation of both catalyst's
components. In contrast to the unpromoted
high-dispersed catalyst, the ceria support in the
potassium-promoted catalyst is more reduced

even under the lowest, stoichiometric reactants
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increase of the water excess in the reaction
mixture. In the potassium-promoted catalyst the

cobalt active phase exists mainly in metallic form,

product, (e) H, and CO, yield, and (f) the concentration of C=C and CH, species on the whole

surface, with the concentration of oxygen-containing species on the surface of the LS-Co/CeO,,

HS-Co/CeO, and HS-KCo/CeO, catalysts in the ESR at 420°C.

that the selective ceria-supported cobalt catalyst should have
well dispersed cobalt particles deposited on the well dispersed
support, which is in agreement with previously published results
[3, 13, 21].

Conclusions

The chemical surface state and the catalytic performance of
cobalt catalysts with micro- and nano-dispersed ceria supports
were investigated under the steam reforming of ethanol at 420°C
for the H,O/EtOH molar ratios equal to 3/1, 9/1 and 12/1. In the
case of the nano-catalyst the effect of potassium promotion was
also examined.

similarly to the unpromoted catalysts.

We proved that oxidation-reduction of the
main catalysts’ components is not a general factor
The
presence of oxidized cobalt and reduction-oxidation of the ceria

crucial for the selective transformations of ethanol.
support are unavoidable effects, dependent on the H,O/EtOH
molar ratio; however, not involved directly in doing the catalyst
selective for the ESR.

The concentration of potassium promoting sites (K®—O%
sites) on the catalyst's surface progressively increases
simultaneously with the excess of water vapour in the reaction
mixture. These sites may play promoting role in the steam
reforming of ethanol, providing an additional oxygen-containing

species reservoir.
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The most crucial for selective conversion of ethanol over
unpromoted catalysts is concentration of hydroxyl species on the
catalysts surface, which increases with increased H,O/EtOH
molar ratio in the reaction mixture in the extent depending on the
dispersion of catalysts components. In the case of promotion of
the catalyst with potassium, the increasing hydroxyl
concentration is supplemented by K**—0°% sites. We found good,
coherent  relationship of OH species along with
K®*-0% sites, and the selectivity of the ESR to all gaseous
products over unpromoted and promoted catalysts, with limits
consistent with the thermodynamic limit of the hydrogen yield.
Beside surface concentration of hydroxyl species, the catalyst’s
morphology and location where oxygen-containing species are
chemisorbed may be equally important to their abundance — the
selective ceria-supported cobalt catalyst should have well
dispersed cobalt particles deposited on the well dispersed
support.

Beside the role played by oxygen-containing species in
improving catalytic performance of catalysts, the increasing
presence of both OH and K**—-0% sites was found to lower the
amount of coke deposited as well as to change its type from fully
dehydrogenated C=C to CHy type. For total elimination of coking
phenomena higher abundance of OH species and K**—0O° sites
on the catalyst’s surface than that necessary for the selective

ESR to gaseous products is required.

Experimental Section

Catalysts preparation

The Co/CeO, catalysts were prepared by impregnation of the
commercial nano- (HS) and micro- (LS) dispersed ceria support
Aldrich) [13].
impregnation, the supports were dried at 110°C for 3 h. The

(<25 nm and <5 um, respectively, Prior to
solution of cobalt nitrate and citric acid CA (the relative molar
concentration of Co and CA was 1/1) was used for impregnation.
After the impregnation, the catalysts’ precursor were dried at
110°C for 12 h, then calcined at 400°C with a heating rate of
2°C/min up to the calcination set point and maintained for 1 h at
this temperature [60, 73]. The catalysts were denoted as LS-
and HS-Co/CeO,. Next, the part of obtained HS-Co/CeO;
catalyst’s precursor was impregnated with potassium nitrate
solution in order to introduce 2 wt.% of potassium promoter to
the catalyst [31, 60] (further abbreviated as HS-K) and again it
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was dried at 110°C for 12 h, then calcined at 400°C with
a heating rate of 2°C/min up to the calcination set point and

maintained for 1 h at this temperature.

Catalysts characterization

X-ray fluorescence technique (XRF) was used to determine the
bulk cobalt content in the catalyst. The measurements were

performed by Axios™”

(PANalytical) spectrometer fitted with a
Rh (4 kW) tube. The SuperQ 5 software package was used for
spectral deconvolution and for the calculation of the component
contents. The quantification was based on the external synthetic
standard.

The X-ray powder diffraction patterns of the supports and
catalysts were recorded using an Empyrean X-ray (PANalytical)
diffractometer equipped with a PIXcel®® detector using Cu Ka
radiation (A = 0.154 nm).
110°(26) with a 0.026°(268) step size. The measured patterns
were compared with the International Centre for Diffraction Data
(ICDD) PDF-4+ database for phase identification and the

Data were acquired from 10 to

crystallite size was calculated using the Scherrer equation. A

correction for instrumental broadening was applied using
a reference standard (LaBs).

The porosity and BET total surface area of catalysts were
measured by the low temperature (-196°C) nitrogen adsorption
in the ASAP 2420 (Micromeritics) analyzer after degassing the
samples at 200°C. The average pore diameter and the volume
of pores were calculated from desorption data using
Barret-Joyner-Halenda (BJH) method.

The active metal surface area, dispersion and mean cobalt
particles size of catalysts pre-reduced in situ in hydrogen at
420°C (1 h), were calculated from hydrogen chemisorption data
obtained at an ASAP 2020 (Micromeritics) analyzer at 130°C
[120]. The H/Co stoichiometry of 1/1 and the spherical shape of
cobalt particles were used for calculation of the mean size. The
detailed description of the calculation method has been given
elsewhere [120].

The gravimetric studies of catalysts’ coking in the ESR were
carried out in TG121 microbalance system (CAHN), under
dynamic conditions in a quartz reactor with a continuous flow of
H,O/EtOH vapours diluted with He (He 50 cm*/min + 3 cm®/min
mixture) at 420°C for 21 hours. The molar ratio of H,O/EtOH
was equal 3/1, 9/1 and 12/1. Prior to the reaction, catalysts
(0.05 g of the catalyst (0.15-0.3 mm)) were reduced by passing

10% Ha/He flow (70 cm®/min) at the temperature of 420°C for 1
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hour (the linear temperature increase to 420°C was 10°C/min).
In all studies 96% bio-EtOH was used for the reaction mixture

preparation.

Combined XPS and catalytic performance experiments

X-ray Photoelectron (XPS) studies

performed in a multi-chamber UHV system (PREVAC, Poland)

Spectroscopy were
equipped with a monochromatized Al source (XM 650 X Ray
Monochromator) source operating at 360 W and a hemispherical
electron analyzer (Scienta R4000). The pass energy of the
analyser was set at 200 eV (energy step 0.5 eV) for survey scan
and 50 eV (energy step 0.1 eV) for high resolution Co 2p, Ce 3d,
0O 1s, C 1s, Ce 4s and K 2p spectra. The base pressure in the
analysis chamber was 5-10°mbar. Data processing was
performed with the CasaXPS software (v 2.3.16 PR 1.6), taking
into account the relative sensitivity factors (provided by
CasaXPS software) for Co2ps2, Ce3d, Ols, Cls, K2p
regions. After Shirley background subtraction the Co 2p and
Ce 3d regions were fitted using spectra recorded over reference
samples. The quantification of the Co 2p and Ce 3d regions
was performed by the fitting procedure based on the linear
combination of two reference spectra. The percentage
contribution of Ce(lll) and Co(ll) were calculated using the peak
areas emerged by the linear fitting procedure of references
Ce(lll)

— =) _.100% and
Ce(lll)-Ce(1V)

according to the formulas Ce(lll)x=

co(ll)

Col= ot o)

100%.

Catalytic tests were performed in a high pressure flow
reactor connected through the radial distribution chamber with
the analysis chamber. The samples were pressed into 10 mm
diameter pellets and attached on a dedicated sample holder
(PTS HPC RES/C-K RG). The temperature of the sample was
measured with a thermocouple in contact with the sample holder
and regulated by HEAT2-PS power supply. Prior to the reduction
samples were heated in a load lock chamber by halogen lamp
for 1.5 h to remove volatile surface adsorbed impurities. The
reduction was carried out in the flow reactor at 420°C for 1 h, by
hydrogen diluted inargon (50/50 cm®min, p=1atm). The
samples were cooled down to 200°C in the flow of H./Ar and
then the flow of hydrogen was stopped. Further cooling down (to
80°C) was in the flow of Ar only. Before the reaction, samples
were heated in the flow of Ar (50 cm®min, p = 1 atm) with the

ramp rate 10°C/min. The water/ethanol vapours (3 cm®/min,
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Ppartial = 57 mbar) diluted in Ar (50 cm®min) were introduced to
the reactor (by heated lines) at the reaction temperature (420°C)
by aControlled Evaporation and Mixing (CEM) System
(Bronkhorst). The total pressure in the reactor during the
reaction was equal 1 atm. The ESR was carried out over 1 h,
next the flow of vapours was stopped and samples were
quenched in the flow of Ar till 80°C and transferred to the XPS
analysis chamber.

In the course of the ESR reaction, carried out in the high
pressure cell, the composition of gas phase products (Hz, CO,,
CO, CH4) was monitored on-line by means of a micro-GC
(Agilent, 490-GC).

Catalytic tests in a fixed-bed reactor

Since the micro-GC does not allow to analyse the liquids such
as: ethanol, water, and acetaldehyde, in order to gain a better
insight into catalytic properties of the examined catalysts, the
ESR reaction (H,O/EtOH molar rations 3/1, 9/1 and 12/1) was
carried out also in a fixed-bed continuous-flow quartz reactor
PID Eng & Tech.) under
pre-treatment and

(Microactivity Reference unit,
The
conditions were kept identical to those described above for

atmospheric _pressure. reaction
reactor attached to the UHV setup (the same amount of pressed
in pellet catalyst, the same reduction procedure and the flow of
reactants). The analysis of the reaction mixture and the reaction
products (all in the gas phase) were carried out on-line by
means of two gas chromatographs. One of them, Bruker
450-GC was equipped with two columns, the first filled with a
porous polymer Porapak Q (for all organics, CO, and H)O
vapour) and the other one — capillary column CP-Molsieve 5A
(for CH4 and CO analysis). Helium was used as a carrier gas
and a TCD detector was employed. The hydrogen concentration
was analyzed by the second gas chromatograph, Bruker
430-GC, using a Molsieve 5A column, argon as a carrier gas
and a TCD detector.

The total conversion of ethanol ( Xgion ), water ( Xy,o ) and

conversions of ethanol into individual carbon-containing

products ( Xcp ) were calculated from their concentrations

before and after the reaction, taking into account changes in the

gas volume during the reaction, from the equations:

in out
c:EtOH B CEtOH )

in
CEtOH

Xeton = -100%
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CI _ COUt .
H,0 = % .100%
CHZO ,
out
Xcp = —F——100%
n/2:Ceion
where:

CiEntOH and C:ﬂzo — is the molar concentration of EtOH and H,O

in the reaction mixture (mol%): C2YL and C°“L _is the molar
( %); Ceton H,O0

concentration of EtOH and H,O in the post-reaction mixture

(mol%); Cg"‘; — is the molar concentration of carbon-containing

products in the post-reaction mixture (mol%); n — is number of

carbon atoms in carbon-containing molecule of the reaction
product; K — is the volume contraction factor (K = CIf/ C2!

out

where C{ and C2" are the molar concentrations of carbon in

the ethanol feed to the reaction and in all carbon-containing

compounds which were present in post reaction gases,
respectively). The selectivity of ethanol conversion into individual
carbon-containing gaseous and liquid products was expressed

as (XCP/XEtOH ) 100%.

The selectivity of hydrogen formation was determined as:

COUt
o H,
H, selectivit= ot ot ot -100%
C, +2:Cop, +2:Coy oo

where:

CO _ is the molar concentration of the hydrogen-containing

products in the post-reaction mixture (mol%). Hydrogen,
methane and acetaldehyde were the only hydrogen-containing

products of the ESR.

Post-reaction TEM catalysts’ characterization

The spent catalysts (after 1 h of the ESR) were grinded to a fine
powder in an agate mortar and then mixed with 99.8% ethanol
into the ultrasonic homogenizer for 20 s. The slurry containing
the catalyst was pipetted on a 200 mesh copper grid covered
with lacey formvar and stabilized with carbon (Ted Pella
Company) and left on a filter paper to evaporate ethanol.
Subsequently, the sample deposited on the grid was inserted to
the sample holder and transferred to the electron microscope.
in a transmission electron

The images were recorded
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microscope (Tecnai G220 X-TWIN FEI Company), equipped
with LaBs emitter and using 200 kV electron beam accelerating

voltage [35].
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