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ABSTRACT

The in situ Raman spectroscopy constitutes a powerful procedure to characterize catalytic
surfaces under reaction conditions. In this work, we studied the species present in Co/CeO,
and Co/ZrO, catalysts during the COPrOx reaction carried out between room temperature
and 500 °C. For both catalysts, TPR and Raman results suggest that a redox mechanism
proceeds in which the reduction step with either hydrogen or CO is the rate-limiting step.
The CeO, support is better than the ZrO, one because the former accelerates the surface
exchange between reduced and oxidized species due to the high mobility of surface lattice
oxygen and the presence of oxygen vacancies. The Ce*" + Co?* < Ce*" + Co®" process acts
as a buffer effect by which Co**, which is the active species in this reaction, is always
present even in a reducing atmosphere, as shown by in situ Raman characterization.
Copyright © 2016, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

reduced around 1%. However, it is necessary that the CO
content in the hydrogen-rich stream be less than 10 ppm in
order to avoid damaging the anode of the cell.

The global demand for energy has been inexorably growing in
the last few years. The increasing use of fossil fuels in vehicles
is causing serious problems to the environment in populated
zones due to the gaseous emissions. This fact has produced a
global movement towards trying to find more environmen-
tally friendly energy resources, among which hydrogen con-
stitutes a cleaner one [1,2].

The hydrogen which feeds the PEM fuel cells is generally
obtained by the reforming of hydrocarbons or alcohols. In
general, this step is followed by the Water Gas Shift reaction,
where the H, content is increased and the CO concentration is

* Corresponding author. Tel.: +54 342 4536861.
E-mail address: aboix@fig.unl.edu.ar (A.V. Boix).
http://dx.doi.org/10.1016/j.ijhydene.2016.01.099

In this sense, the CO Preferential Oxidation (COPrOx) re-
action is a widely studied alternative to eliminate CO in the
hydrogen-rich stream almost completely without consuming
H, [3,4]. Several authors have developed successful catalysts
based on precious or noble metals, achieving excellent results
[5—8], but the elevated cost of these materials have led re-
searchers to investigate other alternatives based on low-cost
materials.

Numerous articles on transition metal-ceria systems have
been published, in which CeO, plays a fundamental role in
redox reactions due to its easiness to release and store oxygen.

0360-3199/Copyright © 2016, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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Likewise, the CuO—CeO, system has also been widely
studied by several authors and the results obtained in COPrOx
are comparable to those reached by noble catalysts on a great
number of occasions [9—11]. In our previous studies, we found
that Cos0,4 based catalysts were active and selective for the
preferential CO oxidation in rich H, stream [12,13].

However, it is still a matter of considerable debate how
cerium influences catalytic processes, particularly the role of
the redox couple Ce*'/Ce*" and the ability to store and release
oxygen under clearly reducing conditions. Special attention is
given to the role of lattice vacancies in CeO,, and CeO-based
mixed oxides and how these affect the catalytic chemistry,
as well as the effects on catalysts arising from the occurrence
of metal-ceria interactions.

In this vein, Raman spectroscopy is a powerful catalytic
characterization technique to study the molecular structure of
supported metal oxide catalysts. Furthermore, Raman spec-
troscopy can provide this information under in situ reaction
conditions (temperature, partial pressure of gas phase com-
ponents, etc.) [14].

The combination of fundamental molecular structural in-
formation and in situ characterizations allows the develop-
ment of the molecular-level understanding of structure-
activity/selectivity relationships for catalytic reactions.

In the present work, cobalt-based catalysts prepared by the
wet impregnation or co-precipitation method using ZrO, and
CeO, as the supports were studied by Raman in situ under the
same reaction conditions used for the catalytic evaluation in
the preferential oxidation of CO. These two supports were
chosen in order to compare the behavior of a relatively inert
support (ZrO,) with another support with redox properties
(Ce0,). Characterization by temperature programmed reduc-
tion (TPR) and X-ray photoelectron spectroscopy (XPS) were
carried out to complete the study.

Experimental
Preparation of catalysts

Firstly, CeO, particles were prepared by the co-precipitation
method. In this case, a NH4(OH) solution was added drop by
drop to a vessel which contained a solution of Ce(NOs),, and
then, the mixture was kept under continuous stirring during
2 h. Afterwards, the precipitate was filtered, washed and dried
at 120 °C overnight. Then, the powder was calcined in air flow
at 370 °C during 5 h [13].

After that, a cobalt-based catalyst with c.a. 10 wt.% was
prepared by the wet impregnation method and denoted as
CoCe(WI). For this purpose, an aqueous solution of Co(NOs),
was added to a vessel which contained the CeO, powder
previously prepared. The mixture was evaporated under
continuous agitation at 70 °C until achieving a paste, which
was dried at 120 °C in an oven overnight.

With the aim of comparing different preparation methods,
a catalyst with a similar content of cobalt was obtained by
means of the co-precipitation method, CoCe(CP). The proce-
dure was carried out by adding NH4(OH) drop by drop into a
solution of Co and Ce nitrates under vigorous stirring. The
resulting precipitate was filtered and washed several times

with distilled water, and then it was dried in an oven over-
night [13]. Finally, a Co/ZrO, catalyst was prepared by the wet
impregnation method with c.a. 10 wt. % cobalt on ZrO, in
order to study a different support. A commercial monoclinic
Zr0, of low surface area (6.8 m? g') was mixed with an
aqueous solution of Co(NOs),. Then similar stages of evapo-
ration and drying were followed. The resulting catalyst was
denominated CoZ(WI) [12]. All catalysts were calcined for 4 h
at 450 °C under air flow.

Catalytic tests

CO preferential oxidation experiments were performed in a
fixed-bed flow reactor at atmospheric pressure. Powder sam-
ples (200 mg) were placed in a tubular quartz reactor (8 mm
i.d.). The reaction mixture consisted of CO 1%, O, 1% and H,
40%, He balance. The flow gas rate was 95 cm®-min %

The CO conversion and the selectivity towards CO, were
defined as:

Cco = 100-(1—[CO}/[COJ°)

S = 100-[CO,]/2+([02]°—[O2])

where [CO], [CO,] and [O,] are reactor exit concentrations
and [COJ°, [O,]° represent feed concentrations, which were
measured with a GC-2014 Shimadzu chromatograph equipped
with a TCD cell. All the catalysts were pretreated during
30 min in a 10% O,/He mixture at 200 °C before the catalytic
test.

Catalyst characterization

Chemical composition determinations

Elemental analyses of catalysts were performed by induc-
tively coupled plasma atomic emission spectroscopy (ICP-
AES) on an ICP-OPTIMA 2100 DV Perkin Elmer instrument.

X-ray diffraction (XRD)

The patterns of catalysts were measured on a Philips PW 1710/
01 Instrument. The measurements were performed with CuKa
radiation (graphite monochromator, 40 kV and 30 mA) in a
range of 26 = 10°—80°, with a step size of 0.02° and 3 s for each
step. The peaks observed for the catalysts were compared to
standards published by JCPDS data [15].

Transmission electronic microscopy (TEM)

The TEM analyses were carried out using FEIR transmission
electron microscope, Tecnai T20 model with an electron
source of 200 kV.

Laser Raman spectroscopy

The Raman spectra of calcined powders were recorded using a
LabRam spectrometer (Horiba-Jobin-Yvon) coupled to an
Olympus confocal microscope (a 100X objective lens was used
for simultaneous illumination and collection), equipped with
a CCD detector cooled to about 200 K using the Peltier effect.
The excitation wavelength was in all cases 532 nm (Spectra
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Physics diode pump solid state laser). The laser power was set
at 30 mW.

In situ LRS measurements were performed on a Linkam
high temperature cell. The powder catalysts were placed in
the cell and the reactant gases flowed through the sample.
The gas feed mixture was composed of CO, O,, H, and N, in
similar concentrations which were used in COPrOx experi-
ments when the fixed-bed reactor was used. Firstly, the
catalyst was oxidized in the LR cell under an O,/N, flow at
200 °C during 30 min. After that, it was cooled in an inert at-
mosphere. The spectra were registered under COPrOx condi-
tions at different temperatures. First, a spectrum was
recorded at room temperature. Then, the temperature was
increased until a value close to the temperature where the
maximum CO conversion was obtained in COPrOx experi-
ments, in order to notice any change in the catalysts structure.
After that, the temperature was increased from 200 to 450 °C,
the spectra were recorded every 50 °C, and the sample held
several minutes at each temperature in order to reach steady
state.

Temperature-programmed reduction

H,-TPR experiments were performed with an OKHURA TP-
2002S instrument equipped with a TCD detector on samples of
100mgin a 5%H,/Ar gas mixture usinga temperatureramprate
of 10 °C-min~'. Prior to the TPR analysis, the samples were
treated at 300 °C for 30 min under N, flow to clean the surface.

X-ray photoelectron spectroscopy

XPS analyses were performed using a multi-technique system
(SPECS) equipped with a dual Mg/Al X-ray source and a hemi-
spherical PHOIBOS 150 analyzer operatingin the fixed analyzer
transmission (FAT) mode. The spectra were obtained with a
pass energy of 30 eV, and the AlKa X-ray source (hv = 1486.6 eV)
was operated at 100 W. The working pressure in the analyzing
chamber was less than 5.9 x 1077 Pa. The spectra regions cor-
responding to Co 2p, O 1s and Ce 3d core levels were recorded.
All photoelectron binding energies were referenced to the Cls
peak of adventitious carbon, set at 284.6 eV.

Firstly, the CoCe(WI) catalyst was measured in calcined
state. Then, it was reduced in situ at 350 °C in the reaction
chamber of the spectrometer by a 5% H,/Ar stream, and then
measured. Finally, the catalyst was reoxidized at 170 °C in the
reaction chamber by an 5%0,/Ar stream and then measured.
The data treatment was performed with the Casa XPS pro-
gram (Casa Software Ltda., UK).

Results and discussion
Chemical and structural characterization

The elemental composition of the three cobalt-based catalysts
was determined by means of the ICP technique and the cobalt
content resulted 10.6, 8.6 and 9.2 Co wt.% for CoCe(WI),
CoCe(CP) and CoZ(W1I), respectively.

The structure of the different Co-supported catalysts as
well as that of the CeO, support was analyzed by means of
XRD. Fig. 1 shows the diffraction patterns of the powders. The
Co/CeO, particles show a pattern dominated by the CeO,

diffraction peaks, whose main peaks appear at 20 = 28.59,
47.52,56.38, 33.11° (34—0394). The peaks of Co30, at 20 = 36.88,
31.30, 65.29, 59.41 and 44.85° do not seem to modify the
structure of the CeO, diffraction pattern, so it is probable that
the cobalt species do not insert in the lattice of the ceria. It
should be noted that the cobalt peaks pertaining to the
impregnated sample are more intense than those of the co-
precipitated one. On the other hand, the diffraction pattern
of CoZ(WI) catalysts shows the peaks associated with the
monoclinic ZrO,, and the main signal of Coz0,4 at 20 = 36.8°
can also be observed.

According to Scherrer's equation, the average sizes of the
crystallite calculated with the main peak of CeO, phase for
CoCe(WI) and CoCe(CP) resulted 8.9 and 8.6 nm respectively,
whereas for the Co;0,4 phase, the average particle sizes were
31.2 and 14.5 nm, respectively.

In addition, the particles supported on ceria were analyzed
by transmission electronic microscopy in order to determine
the shape and the particle size. Fig. 2(A) and (B) shows that
both CoCe(WI) and CoCe(CP) present spherical shape and the
mean particle size resulted about 89 + 1.6 nm and
7.3 + 2.0 nm, respectively which is in agreement with values
calculated from XRD data. In spite of the fact that the
CoCe(WI) and CoCe(CP) catalysts were synthesized by two
different methods, the results show that both particle size and

CoZ(WI)

Intensity (a.u.)

- CoCe(WI)

CoCe(CP)

CeO

20 30 40 50 60 70 80
2theta(®)

Fig. 1 — XRD patterns of CoCe(CP), CoCe(WI) and CoZ(WI)
catalysts and CeO, support.
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Fig. 2 — TEM images and size distribution graphic of (A) CoCe(W1I) and (B) CoCe(CP).

shape were similar. The CoZ(WI) particles were also analyzed
by means of TEM (not shown), they present irregular shape
and a high dispersion in their sizes.

Raman in situ

Firstly, the CeO, support was characterized by Raman spec-
troscopy under the same reaction conditions as was previ-
ously analyzed in a fixed-bed reactor. In this vein, the CeO,
showed low CO conversion, 12—55% (between 100 and 200 °C),
and a maximum of 83% at 250 °C.

Fig. 3(A) shows CeO, spectra recorded at different temper-
atures. The first spectrum was registered at room temperature.
It consisted of a main band at 464 cm?, which belongs to the

F2g mode of the CeO,. The spectrum also shows other weaker
signals at 259, 587, and 1173 cm ™! which are assigned as the
second order 2 TA, D and 2TO Raman modes, respectively
[16,17] and they are strongly related to oxygen vacancies in the
ceria structure. Moreover, a weak band at 1050 cm~* is asso-
ciated with the creation of oxygen defect sites and to the
stretching mode related to the terminal Ce=0 [18].

Then, the sample was maintained at 160 °C under reaction
flow during 60 min with the aim to identify any possible
change due to the chemical reaction. This temperature is
related to the maximum conversion previously reached by the
Co/CeO; catalysts in the fixed-bed reactor. Although at this
temperature the CO conversion resulted 25% for the CeO,
sample, the Co/CeO, catalysts reached almost 100%.
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Fig. 3 — (A) In situ Raman spectra of CeO, support at different temperatures, under reaction conditions: 1% CO, 1% O, and
40% H, in inert stream. (B) Enlargement of main CeO, peaks zone at different temperatures.

After that period, no appreciable modification in the in-
tensity of the signals was detected and only a shift of the main
peak towards a lower wavenumber was observed. Fig. 3(B)
shows an enlarged zone corresponding to the main peak of
CeO, and it is possible to observe the peak shift in detail.

After that, the temperature was increased and the
recording of the spectra was carried out at 200, 250, 300, 350,
400 and 450 °C. The spectrum measured at 250 °C also showed
a shift of the main signal of the CeO, at 459 cmL

Then, as the temperature continued increasing, the spectra
recorded at 300 and 350 °C showed the same Raman signals at
459, 259, 587, and 1173 cm ™%, but at 400 °C the bands at 259, 587
and 1173 em ™~ ! were weaker, while at 450 and 500 °C, the bands
at 259 and 1173 cm > were almost undetectable.

The position of the main peak moved from 464 cm™' to
454 cm~! and the peak width increased with rising tempera-
ture from 25 °C to 500 °C under reaction conditions. Smaller
peaks near 259, 587, 1050 and 1173 cm* depended on tem-
perature but to a lesser extent.

The shift in Raman signal of 4—5 cm ™~ could be due to ther-
mal expansion as well as to phonon coupling and decay [19]. In
agreement with Lee et al. [18], the additional downward shift is
mostly due to the lattice expansion and mode softening that
occurs when oxygen vacancies are created from the oxidation of
CO, which leads to two Ce*?ions (ionic radius 1.143 A) replacing
two Ce™* ions (0.970 A) for each oxygen vacancy created [19].

2Ce*" 4+ CO + 0%~ — 2Ce*" + CO, + Vo (oxygen vacancy)

Afterwards, as described in the Experimental section, Co/
CeO, catalysts were prepared both by the co-precipitation and

wet impregnation methods. In both catalysts, the CO con-
version was by far higher than the CO conversion reached by
CeO,, even at lower temperature.

When the CoCe(CP) was analyzed by the in situ Raman
technique, the main signal of CeO, at 464 cm ™! as well as the
signals associated with Co304 were detected at room tem-
perature, and they are shown in Fig. 4(A). The bands corre-
sponding to Co;04 at 195, 523 and 621 cm~ ! were attributed to
the F2g mode, while the peaks at 481 and 685 cm™' were
assigned to the Eg and Alg modes, respectively [20]. Moreover,
two broad, very weak signals were detected at 500—600 cm™*
and 1100-1200 cm™?, which were ascribed to oxygen va-
cancies of the CeO, structure. On the other hand, Vuurman
et al. assigned the broad signal between 500 and 600 cm™* to
CoO dispersed over the surface of alumina support [21].

Next spectra were recorded at 155 °C during 3 h because
this temperature value is close to the temperature at which
this catalyst reached the highest CO conversion. Fig. 4(B)
shows that this catalyst reached 99% of CO conversion at
165 °C.

After 3h of reaction, the mostimportant change detected is
a slight shift of the main signal of the CeO, toward a lower
wavenumber. This peak shift was also observed in the spectra
recorded at 200 °C and 250 °C.

At 300 °C, the signal associated with CeO, and Co30, were
still present, but the intensity of the Co30, signals showed a
decrease in comparison to the spectra recorded at lower
temperature. When the temperature reached 350 °C, the
bands belonging to Co304 were almost undetected. However,
the signals at 500—600 cm~* could be still distinguished and
the main signal of CeO, was shifted to a lower wavenumber (at
453 cm™Y).
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Fig. 4 — (A) In situ Raman spectra of the CoCe(CP) catalyst at different temperatures, under reaction conditions: 1% CO, 1% O,,
40% H,, in inert stream. (B) CO conversion and selectivity bars of the COPrOx reaction carried out in a fixed-bed reactor.

At 450 and 500 °C, the only detected signals were the main
CeO, peak and the broad signal at 500—600 cm ™' associated
with oxygen vacancies. In addition, by TPR results it was
possible to confirm that Co30, species are completely reduced
above 450 °C.

The CoCe(WI) catalyst prepared by wet impregnation
method was also analyzed by means of Raman in situ with a
similar procedure as the one used with the previous catalyst.
Fig. 5(A) shows the spectra recorded at different temperatures,
whereas Fig. 5(B) shows the CO conversion and O, selectivity
toward CO,. These figures show that both the spectroscopic
and the catalytic results from this catalyst are very close to the
results obtained by the catalyst prepared by the co-
precipitation method.

The spectrum which was measured at room temperature
showed the main signal of the CeO, at 464 cm?!, as well as the
Co304 bands at 196, 480, 522, 620 and 688 cm 1. Also two broad
signals were detected at 500—600 cm ™' and 1100—1200 cm .
After that, the temperature was increased at 165 °C and
several spectra were recorded during 3 h. This catalyst
reached its maximum CO conversion at 175 °C, so it was
interesting to analyze a possible change in the catalyst during
the chemical reaction.

Fig. 5(A) shows that the intensity of Co3;0, bands and the
main CeO, band remained constant after 3 h of reaction. This
stability of the active centers is in agreement with the cata-
lytic stability tested for us in a previous work, where Co/CeO,
catalysts were stable after 100 h of time-on-stream [13].

*
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: A 450 °Cl
: R et 400C
P m 350,°C
, ” et ¥l | 300 °C
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Fig. 5 — (A) In situ Raman spectra of the CoCe(WI) catalyst at different temperatures, under reaction conditions: 1% CO, 1% O,,
40% H,, in inert stream. (B) CO conversion and selectivity bars of the COPrOx reaction carried out in a fixed-bed reactor.
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However, the slight increasing of the band at 500—600 cm™*

could suggest a change of the oxygen vacancies.

After that, the spectra measured at 200, 250 and 300 °C did
not show significant changes as compared with the previously
recorded spectra, although a little decrease of the intensity of
the main CeO, signal and an increase in the band between 500
and 600 cm ™! were observed.

When the temperature reached 350 °C, the intensity of the
Co30, signals started to decrease, and at 450 °C these bands
completely disappeared. Only the main band of CeO, at
456 cm~? could be detected, which indicates that the cobalt
species were completely reduced.

Despite the different preparation methods used, both Co/
CeO, catalysts showed very similar catalytic results, as the
Raman spectra recorded under COPrOx conditions. It has been
observed in Figs. 4(B) and 5(B) that the catalysts prepared by
the co-precipitation method are a bit more active than the
catalyst prepared by wet impregnation. As a matter of fact, Co
Ce(CP) reached the maximum conversion (99%) at 165 °C,
while the maximum reached by CoCe(WI) (99%) was a bit
higher temperature, 175 °C. This fact could be related to a
greater interaction between the cobalt and cerium species,
which are benefited by the preparation method.

On the other hand, it can be observed that in both Co/CeO,
catalysts the Raman spectra corresponding to the active
species (Cos04) remained stable during the temperature in-
terval at which they showed the highest activity. However, a
very little difference was found, particularly at 200 and
250 °C, where a more pronounced band at 500—-600 cm ™! in
the CoCe(WI) than in CoCe(CP) was observed. In this way, the
small difference in this band assigned to oxygen vacancies
(see above) is not enough to produce an activity
improvement.

In this vein, for this kind of catalysts composed by a tran-
sition metal oxide like Co;0, in contact with cerium oxide, it
has been proposed that they follow a Mars van Krevelen
mechanism for the COPrOx reaction. For CuCeOx catalysts, it
has been accepted that both CO and H, oxidation reactions
involving molecular oxygen over metal oxide catalysts pro-
ceed by a redox mechanism [22]. Thus, it is possible that
CoCeOx catalysts also have these characteristics.

For CO and H, oxidation, the following reactions could be
written:

Co304+ CO — 3Co0 + CO,

C0304 +H, — 3Co0 + Hzo

While, the reoxidation of reduced cobalt oxide is written as:

3Co0 + ZCGOZ d C0304 + Ce203

In this process, the Co®* species are always re-oxidized by
the Ce*" species which are in contact with Co®" and, there-
fore, the Ce*" species are reduced to Ce**. Finally, the Ce,05
formed during the re-oxidation of CoO, is later re-oxidized to
CeO, by O, from the gas phase.

As a consequence, a permanent equilibrium is established:

Ce4+ + CO2+ PN Ce3+ T Co3+

This equilibrium acts as a buffer effect by which Co®",
which is the active species in this reaction, is always present,
even in a reducing atmosphere.

Finally, a 9.2 wt. % cobalt catalyst prepared by wet
impregnation over ZrO, was studied by Raman in situ in order
to analyze another kind of support, which has no redox
properties under the reaction temperature range. Fig. 6(A)
shows the spectra recorded at different temperatures, while
Fig. 6(B) shows the CO conversion and O, selectivity, previ-
ously obtained with a fixed-bed reactor. This catalyst was less
active than the Col0Ce catalysts previously analyzed. It
reached the higher CO conversion (89%) at a 200 °C, which is a
temperature rather higher than the maximum CO conversion
temperature for Co10Ce catalysts.

At room temperature, the spectra show the bands associ-
ated with Cos04 as well as those of monoclinic ZrO,. The main
ZrO, bands appeared at 179 and 192 and 476 cm ™, which were
overlapped with Co;0, bands. Another support signals at 334,
504, 560 and 580 cm ™! were also detected.

Then, the temperature was increased at 190 °C, which is a
value close to the temperature of higher conversion for this
catalyst and it was maintained at this value during 3 h in order
to study any change during the reaction. However, any
appreciable change in the intensity of the signals was
detected.

When the temperature increased up to 300 °C, the intensity
of the bands remained stable. At 350 °C, it was possible to
observe a partial decrease of the intensity of Cos0, bands,
which indicate that these species are reduced to some extent
due to the increase of temperature in a high hydrogen con-
centration environment. At 400 °C, the Cos0, bands
completely disappeared and only the main signals of the ZrO,
were observed.

It should be noted that the highest CO conversion is
reached at a temperature value in which the reduction of the
cobalt species have not yet been detected in any of the cata-
lysts studied.

In this sense, Fig. 7 shows TPR experiments were carried
out for Co/Ce0O, and CoZ(WI) catalysts. It can be seen that the
reduction of the Co30, species started around 250 °C and it is
completed close to 450 °C. In agreement, when the Raman
spectra measured under reaction conditions, the intensity of
the signals corresponding to the Cos;0O4 species started to
decrease at 350 °C for all catalysts and they disappeared at
450 °C completely. These results suggest that at temperatures
between 250 °C and 350 °C, both CO and hydrogen are able to
reduce the Cos04 species, yielding CO,, H,0 as products, and
CoO and Co° species.

Under steady-state reaction conditions, the small amount
of oxygen present (1%) is enough to quickly reoxidize these
reduced species, thus restoring Cos04, since only Cos04 is
detected by in situ Raman measurements. In order to support
this result, others in situ Raman experiments with CoCe(WTI)
catalyst were carried out. More details can be seen in the
Supplementary Data Section. First of all the calcined was
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Fig. 7 — Temperature-programmed reduction of CoCe(CP),
CoCe(WI) and CoZ(WI) catalysts and CeO, support.

exposed to reducing stream (1% CO/Ar). The Fig. S1(A) shown
that the cobalt species of the catalyst were completely
reduced at 325 °C. Then, the sample was treated with an
oxidizing stream (1% O,/Ar), where it can be clearly seen at
200 °C the reoxidation of reduced cobalt species to Co304
(Fig. S1(B)). After that, the catalyst was again reduced by a
reducing stream (1% CO and 40% H, in Ar) at 350 °C and then, it
was cooled at room temperature. Finally, the catalyst was
treated with COPrOx gaseous reactants (1% CO, 1% O,, 40% H,
in Ar). I was possible to observe at 150 °C the bands corre-
sponding to Cos04 species, which means the catalyst was
reoxidized (Fig. S1(C)).

This result suggests that the redox mechanism probably
proceeds for the catalyst studied in this work, in which the
reduction step limits the overall reaction and the re-oxidation
of the surface being very fast.

In addition, the surface species of CoCe(WI) catalyst were
analyzed by means of XPS after being exposed to different in
situ treatments. Fig. 8(A) shows the Co2p spectral region cor-
responding to calcined and after-treated sample under
reducing (H/Ar at 350 °C) and reoxidizing (O,/He 170 °C)
streams.

In the calcined sample, the Co 2ps,» peak position was
found around 780.0 + 0.1 eV, with a spin—orbit splitting at
795.0 eV corresponding to the Co 2p,/, peak. The binding en-
ergy of the main peak correspond to either Co®" or Co®" spe-
cies of Co30, phase, since binding energy differences are
negligible for both oxidation states. Also, it is known that the
XP spectrum exhibits a satellite peak for Co*" component, on
the high energy binding energy side of the main peak [12,13].

In the spectra corresponding to the reduced sample, the
main peak of Co 2ps/, can be observed at 777.6 + 0.1 eV which
correspond to metallic Co. Moreover, it is possible to identify
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Fig. 8 — XP spectra of CoCe(WI) catalyst, Co 2p (A) and Ce 3d (B) regions.

another component at 779.6 eV belong to cobalt oxide. In
contrast, when the catalyst was re-oxidized at 170 °C, the
spectrum shows a change. The peak intensity associated with
metallic Co decreased while the peak at 780.1 eV increased,
indicating a fast reoxidation of the cobalt species, even at low
temperature.

The CoCe(WI) Ce 3d spectra corresponding to the calcined,
in situ reduced at 350 °C and reoxidized at 170 °C sample are
depicted in Fig. 8(B).

The spectra of the Ce 3d region show signals with binding
energies at 882.0, 888.3 and 897.7 eV, which correspond to the
Ce3ds/, core level and peaks at 900.4, 906.9 and 916.2 eV, which
belong to the Ce 3ds/, level. These B.E. values are characteristic
of Ce*" species [13]. In addition, peaks corresponding to Ce>"
species were found at 881.7, 885.2, 899.5 and 903.0 eV after
reducing treatment. Finally, the re-oxidation treatment at
170 °C decreased the intensities of signals associated to Ce>*
component, indicating that a reoxidation process occurred.

The results observed by XPS are agreement with the re-
oxidation proposed in the Mars Van Krevelen mechanism at
the reaction temperature, where the CO conversion reaches
its maximum at 165 °C.

In brief, CoZ(WI) resulted less active than the Co1l0Ce
catalysts. The higher performance of the CoCeO, catalysts
compared to the CoZ(WI) catalysts could be related to two
reasons(could be explained by two possible reasons): i) the
buffer equilibrium mentioned above, which always provides
Co30, species; ii) the oxygen vacancies which were originally
present and were also created in the ceria during the
reaction.

In the redox mechanism postulated for CoCeO, catalysts,
vacancies are created when either CO, or H,O are desorbed
from the catalyst surface. These vacancies are then filled by

oxygen from the gas phase and, simultaneously, the reduced
cations are re-oxidized. The oxygen which fills the vacancy
could also be transported through the lattice of the ceria.

These facts which occur in the CoCeO, catalysts allow a
better catalytic performance with respect to the CoZ(WI)
catalyst.

In addition, in TPR experiments it has been mentioned that
the reduction of Co30,4 started around 250 °C in the three
catalysts, but the reduction profile of CoCeO, and CoZ(WI)
presents some differences. While the CoCeO, catalysts
showed two reduction peaks associated with two stages of
reductions (C030,/CoO and CoO/Co%, the CoZ(WI) catalyst
showed only one reduction peak, whose maximum is at a bit
higher temperature. This could be explained due to the fact
that the presence of oxygen vacancies enhances the reduction
of Cos0,4, whereas ZrO, does not interact with the active
phase. In the same way, CeO, is more able to reduce Co304in a
reducing stream. It is also more able to oxidize the reduced
CoO species which are produced during the chemical reaction
due to CO, and H,0 production.

Conclusions

The reaction atmosphere during the COPrOx reaction, in
contact with the surface of Co/CeO, and Co/ZrO, catalysts
provokes changes in the species present that can be effec-
tively studied with the in situ Raman spectroscopy. These
changes occur not only in the Co active species, but also in the
CeO, support, but not in the case of ZrO,. A Raman shift of the
CeO, main peak is observed when increasing the temperature,
which could be related to CeO, surface reduction,
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accompanied by the lattice expansion that occurs when oxy-
gen vacancies are created from the oxidation of CO.

CoCe(CP) and CoCe(WI) catalysts showed very similar
Raman spectra under COPrOx conditions despite using
different preparation methods, in agreement with the cata-
lytic activity shown by both catalysts. The maximum CO
conversion (99%) on the Co Ce(CP) catalyst was at 165 °C, while
on the CoCe(WI) was at bit higher temperature (175 °C). This
fact could be related to a greater interaction between the co-
balt and cerium species, which are benefited by the prepara-
tion method.

In situ Raman and XP spectroscopies show that the redox
mechanism occurs on the Co/CeO, catalysts, where the
reduction step limits the overall reaction and the re-oxidation
of the surface is very fast.

On the other hand, the CeO, support is better than the ZrO,
one because the former accelerates the surface exchange be-
tween reduced and oxidized species due to the high mobility
of surface lattice oxygen and the presence of oxygen va-
cancies. The Ge*t + Go?" < Ge®' + Co®" process acts as a
buffer effect by which Co®*, which is the active species in this
reaction, is always present even in a reducing atmosphere, as
seen by in situ Raman characterization.
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