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ABSTRACT

Mn-—Co—Ce mixed oxides are active and selective catalysts for the CO preferential oxida-
tion (COPROX), which is a promising process for the purification of hydrogen streams. In
this work, we report a careful spectroscopic characterization of the said system, with the
aim of relating its physical chemistry properties to the catalytic behavior. In all the Co—Mn
—Ce samples, we detected the formation of partially developed (Mn,Co)3;04 mixed spinels.
The presence of these species, which can be reduced during the TPR experiments at an
intermediate temperature range (300—600 °C), was also suggested by XRD and LRS. XPS
results show that in all cases the catalytic surface is enriched in Mn, while the opposite
occurs for Co. As regards the catalytic activity, we observed that the best formulations were
those containing intermediate Mn/Co ratios (1/4 and 1/1), which can be ascribed to the
promoting effect of Mn in improving the redox properties of Co active sites and provoking
an increase in surface area. The best catalyst, which has a Mn/Co ratio of 1/4, was very
stable after 75 h of time-on-stream with CO, included in the feed.

Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

The hydrogen used as a fuel in the PEMFC system is commonly
generated from the reforming of alcohols or hydrocarbons.
Generally, that step is followed by the water gas shift reaction,
where the hydrogen production is increased and the CO con-
tent of this effluent varies between 0.5 and 2%. Before entering
the cell, the CO concentration in the hydrogen-rich stream
must be less than 10 ppm in order not to deteriorate the cell
anode. Several methods have been used to purify hydrogen;
among these alternatives the CO preferential oxidation with
O, is an effective option [1—4].

With the aim to eliminate CO in the hydrogen-rich stream
without consuming H,, several authors have developed suc-
cessful catalysts based on precious or noble metals, achieving
excellent results [5—12], but the elevated cost of these
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materials have led researchers to investigate other alterna-
tives 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 facility to release and storage oxy-
gen. Likewise, the CuO—CeO, system has also been widely
studied by several authors and the results obtained in COP-
ROX are comparable to those reached by noble catalysts on a
great number of occasions [13—16].

In a previous work, we studied the CoO,—CeO, system
prepared by the co-precipitation method and very successful
results were obtained [17]. It was found that CeO, improved
the re-oxidation of Co?* to Co®*, which is the active species for
COPROX. Numerous publications showed that the addition of
other metals to a cerium-based mixed oxides increases the
oxygen-storage capability of the ceria. This effect is originated

0360-3199/$ — see front matter Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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by the increase of the surface-oxygen mobility due to chemi-
cal interactions between cerium and the other metals [18—21].

In this vein, Zhao and co-workers added Cos0, to
CexMn;_,O, composites and obtained very good results in the
COPROX reaction [22]. Guo et al. also investigated Co—Mn—Ce
mixed-oxide systems. These authors showed excellent values
of CO conversion for a high-Co content catalyst [23,24]. The
addition of Mn to Co30, was also analyzed by Zhanget al., who
attained a remarkable improvement in the catalytic perfor-
mance of the cobalt oxide [25].

In this work, we studied the addition of manganese to the
Co0,—CeO, system using a battery of characterization tech-
niques. A series of catalysts containing Mn, Co and Ce were
prepared by the simultaneous co-precipitation of Mn, Co and
Ce nitrates, and several Mn/Co molar ratios were studied in
order to get the most active catalyst and to gain insight into
the nature of Mn—Co—Ce interactions.

A very detailed analysis of the species present in these
complex systems was carried out, especially to investigate
the influence of Mn on the catalyst performance. For this
purpose, a thorough study of the species was performed
by means of X-ray photoelectron spectroscopy (XPS) and
Laser Raman spectroscopy (LRS). The presence of different
phases in the catalysts was analyzed by X-ray diffraction
(XRD), and the reducibility of the materials was studied
by means of temperature-programmed reduction (TPR).
Furthermore, the stability of the most active catalyst was
evaluated for more than 75 h in the COPROX reaction and in
the presence of CO,.

2. Experimental
2.1. Preparation of catalysts

MnCoCe catalysts were synthesized by the co-precipitation
method. Aqueous solutions of Co(NOs),-6H,0, Ce(N-
03)3-6H,0 and Mn(NOs),-4H,0 were simultaneously added
into a continuously stirred flask in adequate amounts to get
10 wt.% of Co and Mn/Co molar ratios of 1/8, 1/4,1/1 and 4/1in
each catalyst. An aqueous solution of NH4(OH) was added
dropwise to the flask and then, the mixture was kept 2 h under
continuous stirring. The precipitate obtained was washed
several times in deionized water, and then dried overnight at
110 °C. The resulting powders were calcined at 450 °C for 4 h
under air flow. The catalysts were labeled as MnCoCe(1/8),
MnCoCe(1/4), MnCoCe(1/1) and MnCoCe(4/1), the fractions
between brackets being the molar ratio Mn/Co in each sample.
Ce0, and bi-component samples MnCo, MnCe were also pre-
pared by the co-precipitation method using the same condi-
tions and reactants. A previously prepared CoCe catalyst was
also taken into account to be compared with the other sam-
ples [17].

2.2. Catalytic tests

Preferential CO oxidation experiments were performed in a
fixed-bed flow reactor at atmospheric pressure. Powder sam-
ples 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. In some runs, water (10%) and CO, (20%) were also
fed. The weight/total flow ratio was adjusted to
2.1 mg cm > min by means of mass flow controllers.

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

Ceo = 100- (1 - [CO}/[cor)

§ =100 - [COz)/2-([02] - [02])

where [CO], [CO,] and [O,] were reactor exit concentrations and
[COJ°, [Oy]° represented 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.

In order to study a possible deactivation caused by CO, as
the one reported in [24], the MnCoCe(1/4) catalyst was
analyzed in a stability COPROX test at 175 °C during 75 h,
adding 20% CO; in the feed.

2.3. Catalysts characterization

2.3.1. Chemical composition determinations

Elemental analyzes were performed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) on a ICP-
OPTIMA 2100 DV Perkin Elmer instrument.

2.3.2. Textural properties

N, adsorption isotherms were obtained at —196 °C with a
Micromeritics Gemini V instrument. The BET equation was
used for calculating the specific surface area of the materials
and the average pore size was calculated using a BJH formula
from the desorption branch of the N, adsorption isotherm.
Prior the measurement, the samples were degassed under
vacuum at 300 °C overnight.

2.3.3.  X-ray diffraction (XRD)

The patterns of all powder samples were measured on a Shi-
madzu XD-D1 instrument with monochromator using Cu-Ka
radiation at a scanning rate of 1°min " in 26 = 20—80°.

2.3.4. 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 (Spec-
traPhysics diode pump solid state laser). The laser power was
set at 30 mW.

2.3.5. Temperature-programmed reduction (H,-TPR)

The reduction under hydrogen was measured in a Micro-
meritics 2920 instrument. The reducing gas was a 2% Hy/Ar
mixture (25 ml min~?), the temperature was ramped up at
10°C min~* to 900 °C. In all cases, a mass of 100 mg was placed
in a quartz U-shaped reactor. Prior the TPR test, the samples
were pretreated in Ar at 200 °C for 30 min in order to clean the
surface.
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2.3.6. X-ray photoelectron spectroscopy

XPS analyzes were performed in a multi-technique system
(SPECS) equipped with a dual Mg/Al X-ray source and hemi-
spherical PHOIBOS 150 analyzer operating in the fixed
analyzer transmission (FAT) mode. The spectra were obtained
with pass energy of 30 eV, the Al Ko X-ray source
(hv = 1486.6 eV) was operated at 100 W. Also, the spectra of Ce
3d, O 1s and C 1s were measured with MgKa X-ray source
(hw = 1253.6 eV) in order to avoid the interference of the Mn
LMM region of Auger transitions with Ce 3d core-level. The
working pressure in the analyzing chamber was less than
2.0 x 108 mbar. The XPS analyzes were performed on the
calcined powders. The spectra regions corresponding to Co 2p,
O 1s, Ce 3d, Mn 2p, Mn 3s and C 1s (reference 284.6 eV) core
levels were recorded for each sample. The data treatment was
performed with the Casa XPS program (Casa Software Ltda.,
UK). The peak areas were determined by integration employ-
ing a Shirley-type background. Peaks were considered to be a
mixture of Gaussian and Lorentzian functions in a 70/30 ratio.

3. Results and discussion

The compositions of the samples analyzed by ICP are intro-
duced in Table 1, and are in agreement with the predefined
nominal values. The BET method was used to determine the
specific area of each sample and the values are also reported in
Table 1. As it can be observed, the specific surface of CeO, in-
creases when a little amount of manganese is added to the
structure. In the MnCoCe samples, as the Mn content increases,
the surface area also increases until Mn/Co = 1/1. With a high
content of Mn, in MnCoCe(4/1) the surface area decreases. For
all samples, the average pore size increases with the manga-
nese addition and corresponds to the mesoporous range.

3.1. Catalytic performance

Fig. 1 shows the CO conversion and selectivity of O, toward
CO, for the preferential oxidation of CO over MnCoCe catalysts
with different Mn/Co molar ratios. The CoCe and MnCe cata-
lysts are also included for comparison. At low temperature
(<125 °C) the Mn addition, with (1/4) and (1/1) molar ratios,

Table 1 — Chemical composition and textural properties.

Samples®  Mn®  CoP BET
(Wt.%) (Wt.%)

Average Pore
surface pore volume
area diameter (cm®g?)

(m”g™) (A)
CeO, = = 93 52 0.13
MnCe 0.94 - 115 70 0.20
MnCo 14.6 66.1 87 81 0.19
CoGe = 8.4 93 78 0.16
MnCoCe(1/8) 1.1 10.2 145 48 0.20
MnCoCe(1/4) 2.6 11.0 165 52 0.24
MnCoCe(1/1) 9.9 10.4 171 59 0.31
MnCoCe(4/1) 43.6 11.2 108 78 0.23

a The molar ratio Mn/Co between brackets.
b Composition measured by ICP-AES.
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Fig. 1 — Catalytic performance of catalysts: BMnCoCe(1/8),
AMnCoCe(1/4), ®MnCoCe(1/1), ¢ MnCoCe(4/1), xCoCe,
@MnCe. (A) CO conversion, (B) Selectivity of O, to CO,.
Reaction conditions: 1% CO, 1% 0,, 40% H, in He balance.
Catalyst weight/total flow: 2.1 mg cm ™3 min.

significantly improved the CO conversion compared with
CoCe catalyst, where the selectivity was close to 100%.

The most active catalyst, MnCoCe(1/4), reached 100% CO
conversion at 150 °C and remained constant to 180 °C. The
selectivity at 150 °C was 80% and then, it declined with the
temperature increase.

The MnCoCe(1/1) catalyst, whose manganese and cobalt
content are similar, also resulted very active with almost
complete conversion at 150—175 °C. The selectivity curve was
similar to that of sample MnCoCe(1/4), selectivity being 100%
until 125 °C then decreasing with the increase of temperature.
However, when the temperature was 140 °C the conversion
and selectivity reached 93% and 91%, respectively. For the
previously studied CoCeO catalyst, the conversion was almost
100% but at higher temperatures, between 165 and 185 °C,
thus confirming the beneficial effect of the Mn promoter [17].

The MnCoCe(1/8) catalyst, with a lower content of man-
ganese, was very active in a wide range of temperatures,
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showing a CO conversion close to 95%, between 175 and
225 °C. The shape of the selectivity curve was similar to that of
other catalysts, but in this case a slight increment was
observed. At 150 °C, when the CO conversion is 80%, the
selectivity is about 97% and then, the curve follows the same
trend as previous catalysts.

The catalysts with higher manganese loading, MnCoCe(4/1),
achieved its maximum conversion of 90% at 150 °C, and then it
decreased as the temperature increased. Beyond the low con-
version with respect to the previous catalyst, the selectivity
also showed a pronounced decrease at lower temperature. The
low activity of catalysts with high Mn loading could be related
to the surface area decrease and the lack of accessibility of
reactant molecules to Co active sites.

On the other hand, the sample without cobalt was the least
active catalyst, conversion being 95% at 225 °C. In a similar
way, selectivity showed a declining trend with increasing
temperature.

In agreement with our results, for the same reaction, Zhao
et al. [22] reported very good catalytic performance with
20 wt.% Co304/Ce; yMn,O, catalysts prepared by the SACP
method. The complete CO conversion was reached in a wide
temperature range (130—200 °C).

The effect of CO, addition in the feed on the catalytic
behavior and stability of the most active catalyst was studied.
For this purpose, the MnCoCe(1/4) catalyst was analyzed in
the COPROX reaction at 175 °C, adding 20% CO, to the feed.
Fig. 2 shows that after 75 h of time-on-stream, the catalyst
maintained 95% of CO conversion while the selectivity slightly
increased from 50 to 60%. At the end of this experiment, an
LRS spectrum was performed, in which carbon formation was
not observed. However, when H,0 (10%) was also fed, the CO
conversion decreased to 51%.

In this vein, Guo et al. showed the complete CO conversion
between 80 and 180 °C over Mn—Co—Ce catalysts with a higher
cobalt content than our catalysts. However, this catalyst suf-
fered a deactivation before 24 h of reaction, when the CO, was
in the feed. The authors attributed this deactivation to the
formation of carbonate species [23,24].
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Fig. 2 — Long term stability test for COPROX on the
MnCoCe(1/4) catalyst at 175 °C. Reaction conditions: 1% CO,
1% 0O,, 20% CO,, 40% H, in He balance. Catalyst weight/total
flow: 2.1 mg cm ™2 min.

3.2. Catalysts characterization

Fig. 3 shows the diffraction patterns of pure ceria, CoCe, MnCe,
MnCo and MnCoCe catalysts synthesized by the co-
precipitation method.

The CoCe diffractogram shows the most important peaks
corresponding to CeO, (26 = 28.6, 33.4, 47.8 and 56.6°) and
C0304 (20 = 31.3, 36.8, 44.8, 59.4 and 65.3°) phases (JCPDS 34-
0394 and JCPDS 42-1467 respectively). In the MnCe sample,
only the CeO, pattern appears and no signals of manganese
oxides are observed, possibly due to their low concentration.
In a similar way, the MnCo sample only shows the diffraction
peaks associated with Co30,.

The diffraction patterns of MnCoCe catalysts show
different phases depending on the relative concentration of
elements present. In the MnCoCe(1/8) catalyst, a broadening
of peaks corresponding to the CeO, phase was observed.
These results could indicate that the structure of CeO, is dis-
torted due to the insertion of manganese, although the type-
fluorite structure of CeO, is still maintained [26]. Also, in the
main signal of CeO, (26 = 28.6°), there appears an asymmetric
broadening associated with an incipient formation of the
(Mn,Co)304 phase, which has a characteristic peak at 29.4°
(PDF 18-408). Likewise, the main peak of the (Mn,Co0)30, phase
(26 = 36.4°) appears in this sample at 36.9°, close to the main
signal of the Co30, spinel. The MnCoCe(1/4) pattern shows a
similar behavior.

In MnCoCe(1/1), the peaks at 28.7° and 36.7° might belong
to an incipient formation of the mixed spinel (Mn,Co0)304. As
the Mn content increases, the peak at 28.6° shifts to 28.7° for
MnCoCe(1/4) and (1/1). However, the peak broadening could be
due to lower degree of crystallinity or smaller particle size.

Finally, in sample MnCoCe(4/1), where a large content of
manganese is incorporated, the mixed spinel (Mn,Co)30, is
well developed. The characteristic signals of Bragg angles at
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Fig. 3 — XRD patterns: (a) CeO,, (b) CoCe, (c) MnCo, (d) MnCe,
(€) MnCoCe(1/8), (f) MnCoCe(1/4), (g) MnCoCe(1/1) and (h)
MnCoCe(4/1).
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29.3°, 32.9°, 36.3°, 44.6° confirm the presence of this phase.
Mn;0,4 and Co30, phases could also be present.

Similar formulations of the CoMnCe system prepared with
different proportions of the constituent elements have shown
the coexistence of two phases, Co304 and CeO, [22,23]. On the
other hand, many other studies demonstrated the formation
of the Mn,Cos 4O4 solid solution in the Mn—Co—O binary
oxide prepared by different methods [25,27].

Fig. 4A shows the reduction profiles (TPR) of the CoCe
catalyst and pure CeO,. It is known that the cobalt-oxide
reduction could occur in two steps: Co>" to Co?", between
200 and 300 °C with a maximum at 283 °C and Co*" to Co® ata
slightly higher temperature [28]. A small peak at 146 °C could
also be observed, which was assigned to cobalt species highly
dispersed on the ceria surface [22]. The ceria profile presents
small peaks centered at 365 and 470 °C assigned to the

reduction of surface Ce*" species (15%) and another at 800 °C
due to reduction of bulk species (8%). According to the H,
uptake reported in Table 2, Co304 is completely reduced below
500 °C in the CoCe sample.

Fig. 4B shows the reduction profiles of the MnCo and MnCe
bi-component samples. The MnCo sample shows two well-
defined peaks at 313 and 487 °C. It has been reported that
the manganese oxides (MnO,, Mn,03, and Mn30,) could be
reduced between 200 °C and 500 °C [26]. Therefore, the peak at
313 °C could be assigned to the reduction of Co** to Co** and a
fraction of Mn,O,, while the other corresponds to the reduc-
tion of Co?" to Co® and Mn*"/Mn®" to Mn*". According to the
H, consumption of the first peak (Table 2) only the Co** spe-
cies of the Co30, phase were reduced to Co*" (Hy/Co = 0.31).
From the total H, uptake, it is possible to conclude that the
manganese Mn,O, and Cos0, are partially reduced, with a
molar ratio H,/(Co + Mn) = 0.8.

On the other hand, the MnCe profile shows a narrow peak
at 270 °C and another broad one at 360 °C that could be
assigned to the reduction of Mn**/Mn*3® to Mn'? species
incorporated in the CeO, structure. Considering that the total
of Mn** species are reduced to Mn*? below 600 °C, the H,
consumption in the 200—600 °C region (Table 2) suggests that
17% of Ce** surface species are reduced to Ce"® while in the
broad peak centered at 800 °C, associated with bulk ceria, the
reduction of a remaining manganese oxide could be included.

The profiles of MnCoCe catalysts, with Mn/Co ratios of
(1/8), (1/4) and (1/1), show three reduction zones at low
(150—420 °C), intermediate (420—620 °C) and high (650—900 °C)
temperatures (Fig. 5A). As shown by XRD, in these three
samples, the Co species seems preferentially to form the
Co304 spinel (20 = 36.9°) without distortion of the CeO,
structure, which is reduced at low temperature. The reduction
of manganese species should also be considered in this zone,
because there are multiple overlapping peaks which change

Table 2 — TPR results.

Catalyst Temperature range (°C) Metal content (umol)? H, uptake (umol) H,/(Co + Mn + Ce)
Co Mn Ce
CeO, 250-550 - - 581 44.98 0.077
600—900 26.00 0.045
CoCe 100—-600 154 - 560 256.2 0.358
600—900 20.6 0.029
MnCo 150-370 1128.4 267.3 - 357.6 0.256
370—640 754.1 0.540
MnCe 200—475 - 171 221.7 36.4 0.152
650—900 23.1 0.097
MnCoCe(1/8) 100—430 173.1 20.0 189.8 176.2 0.460
430—-650 78.8 0.206
650—900 43.4 0.113
MnCoCe(1/4) 100—-375 188.2 47.7 178.4 145.8 0.352
375-680 138.7 0.335
680—900 30.1 0.073
MnCoCe(1/1) 100—400 176.7 180.4 155.7 194.7 0.380
400—700 113.7 0.222
700—-900 24.9 0.048
MnCoCe(4/1) 100—450 192.3 803.1 65.0 457.2 0.431
550—-900 145.0 0.137

a The values (umol of Co, Mn and Ce) were determined by ICP-AES in 100 mg of sample.
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with the Mn concentration. Then, the cobalt species (Co30.4)
and a fraction of Mn*"/Mn™"? species incorporated to the ceria
structure might be reduced below 420 °C. The reduction
temperatures of Co;04 in MnCoCe catalysts are lower than in
the CoCe sample. In the intermediate region, as the manga-
nese content increases, the temperature of maximum reduc-
tion rate also increases. This could correspond to the
reduction of Mn**—Mn?" species that belong to the mixed
spinel (Mn,Co)304, as well as to the reduction of surface Ce*t
species. The other broad peak centered at 800 °C is a typical
reduction peak of bulk CeO,, and could also be associated with
some difficult-to-reduce Mn"* species.

Fig. 5B shows the reduction profile of MnCoCe(4/1) catalyst,
where the amount of Ce is lower than in the other three cat-
alysts. Three well-defined peaks can be observed, the first two
at 289 °C and 374 °C corresponding to the reduction of Co304
and MnO,, and the other at 690 °C with a shoulder around
800 °C that could correspond to the reduction of Mn**—Mn?*
species belonging to the mixed spinel (Mn,Co);04, as well as to
reduction of Ce*" bulk species.

Fig. 6A shows the Raman spectra of bi-component MnCe
and CoCe catalysts as well as pure ceria. The CeO, spectrum
shows a single peak at 464 cm™?, attributed to the CeO, with
fluorite structure. This band is due to the symmetric vibration
of the oxygen atoms around the cerium ions [29,30]. In the
MnCe spectrum, a weak signal at 594 cm ™' is also observed. As
regards Mn—Ce compounds, Xu et al. [29] reported that Mn
ions could be incorporated into the CeO, network increasing
the structure defects with oxygen vacancies.

The bi-component CoCe spectrum shows the five Raman-
activated modes of pure CosO, The band at 197 cm ™! is
assigned to the tetrahedral sites (CoO,) with F,g symmetry.
The Raman bands around 521 and 618 cm~* also correspond to
the F,, symmetry modes, while 480 cm ™ is assigned to the E,
symmetry mode. The band around 689 cm™ is attributed to
the octahedral sites (CoOg) with A1l symmetry [30,31]. A peak
at 463 cm™? is also observed and it corresponds to CeO,.

Fig. 6B shows the spectra of bi-component MnCo and
MnCoCe catalysts. The MnCoCe spectra show widening and a
slight shift to a lower wavenumber in the peak associated with
CeO,, as the manganese incorporation increases. Hong et al.
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Fig. 5 — Temperature-programmed reduction of catalyst.
(A) MnCoCe(1/8), MnCoCe(1/4), and MnCoCe(1/1). (B)
MnCoCe(4/1).
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Fig. 6 — Raman spectra. (A) GeO,, MnCe and CoCe. (B) MnCo,
MnCoCe(1/8), MnCoCe(1/4), MnCoCe(1/1) and MnCoCe(4/1).

[32] found similar results in Mn—Ce samples and they attrib-
uted this effect to the introduction of Mn ions in the CeO,
structure.

In the MnCoCe(1/8) spectrum, the peaks corresponding to
the Co304 spinel can be clearly detected, while in MnCoCe(1/4),
where the content of manganese is higher, these signals seem
to be absent. Furthermore, an incipient peak at 666 cm™" is
observed. A possible substitution of Co ions by Mn ions might
be occurring with the consequent formation of a Mn,Co mixed
spinel. Nevertheless, in XRD analysis, the main peak corre-
sponding to the Cos;04 spinel was present. Therefore, the
co-existence of Co30, and (Mn,Co);04 phases could also be
possible.

In MnCoCe(1/1), the peak at 450 cm ™ is considerably higher
than other signals and it would be indicating a stronger Mn—Ce
interaction. A broad and weak signal at around 609 cm™?,
which is less intense in MnCoCe(1/8) and MnCoCe(1/4) is
also observed, and it might indicate the incipient formation of
a Mn—Co compound.

Besides the peak assigned to CeO,, the MnCoCe(4/1) spec-
trum shows a strong band at 641 cm ' and other small signals
at 174, 297 and 348 cm ™. Several authors [33,34] have found
the main signal of Mn;04 around 641 cm™?, as well as other
signals around 350 and 293 cm~* which might also be assigned
to this phase.

In the 400—700 cm™* range, the MnCo spectrum shows two
broad signals and a small peak at 178 cm™’. The signal be-
tween 550 and 700 cm ™' seems to be composed of two peaks,
which might correspond to the main signals of Mn;O,4 and
Co304. In addition, between 400 and 500 cm ™' important peaks
of these two species also appear. Again, the co-existence of
Mn30,4 and Cos0,4 could not be discarded.

In order to investigate the chemical state and surface
concentration of species in the MnCoCe catalysts and bi-
component samples, the photoelectron spectra of samples
with different Mn/Co were analyzed. The binding energies (BE)
of Co 2p, Mn 2p and O 1s core-level are shown in Table 3. The
spectra of the Co 2ps/, region of MnCoCe(1/8) sample presents
the main peak at 780.0 + 0.1 eV (FWHM = 3.0 eV) and a satellite
peak centered at 785.3 eV (Fig. 7A). Also, the spin-orbit doublet
Co 2py1,—Co 2ps;, was about 15.0 eV. Even though the BE
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Table 3 — XPS data of Mn—Co—Ce compounds.

Catalyst B.E. Co 2p3/,/eV Isat/Imain B.E/eV Molar surface ratio® Molar bulk ratio?
Main peak Satellite Mn 2ps)» O 1s Co/Ce Mn/Co Co/Ce Mn/Co
MnCoCe(1/8)  780.0 (3.0 7853 (5.0) 022  6412(31) 77% 5293 (22) 61% 0.17 0.26 0.91 0.12
644.9 (3.1) 531.8 (2.9)
MnCoCe(1/4)  780.0 (3.1)  785.0 (5.0) 0.25 641.3 (3.0) 80% 5292 (2.0) 64% 0.19 0.39 1.06 0.25
644.7 (3.0) 531.3 (2.8)
MnCoCe(1/4)° 780.3 (3.3)  785.4 (5.5) 0.53 641.2 (3.1) 80% 529.2(1.9) 53% 0.22 0.36 1.06 0.25
644.8 (3.1) 531.4 (3.0)
MnCoCe(1/1)  780.1 (3.0)  785.0 (5.2) 0.26 641.4 (2.9) 86% 5293 (2.0) 54% 0.15 2.2 1.13 1.02
643.7 (3.1) 531.2 (3.2)
MnCoCe(4/1)  780.3 (2.8)  785.3 (5.1) 0.52 641.6 (3.0) 82% 529.6 (2.0) 55% 0.24 7.0 2.9 417
644.0 (3.0) 531.9 (3.1)
MnCe = = = 641.4 (3.1) 71% 530.0(2.0) 60% = = = =
644.9 (3.1) 532.3 (2.7)
MnCo 780.3 (3.7)  785.3 (5.3) 0.07 641.1(3.1) 58% 530.0(3.0) 90% = 0.44 = 0.24
643.2 (3.1) 533.7 (2.5)
CoCe 780.0 (3.5)  785.3 (2.7) 0.11 = 529.5 (2.3) 73% 0.20 = 0.27 =
531.9 (2.5)
Ce0, = = = = 529.4 (2.0) 56% = = = =
531.8 (3.0)

a (Full width at half maximum).

b Sample used in the long term stability test for COPROX with CO,.
¢ Molar surface ratio measured by XPS.

d Molar bulk ratio measured by ICP-AES.

values of Co** and Co?* are relatively close, both oxidation
states of cobalt can be distinguished by the presence of a
distinct shake-up satellite structure in Co®", arising from the
presence of unpaired electrons in the valence orbital. Co** is
almost always in a low spin state and, therefore, there can be
no energy transfer to an unpaired electron, meaning that a
shake-up satellite structure is not observed [35,36].

The satellite intensity is relatively low, and the ratio to the
main peak (Isat/Imain) is lower than 0.26, which indicates that
Co " is the predominant species on the surface [37]. The spinel
Co30,4 contains two distinct types of cobalt ions; Co?*" and Co**
in tetrahedral and octahedral coordination respectively,
which are present in the surface of MnCoCe(1/8), (1/4) and
(1/1), as previously shown by XRD. In addition, a (Mn,Co)304
phase had been previously proposed and it is possible that
some Mn ions replace a Co®>* in Co30, spinel to form the mixed
spinel phase.

However, in the catalysts with higher Mn content,
MnCoCe(4/1), the Co 2ps/, BE was 780.3 €V and the spin-orbit
splitting Co 2p4/,—Co 2ps/» was 15.2 eV. In addition, the ratio
(Isat/Imain) Was 0.52, indicating a high concentration of Co?" on
the surface.

Fig. 7B shows Mn 2p spectra corresponding to the MnCoCe
and MnCo samples. As it can be observed in the samples, Mn
2p spectra are composed of two main spin-orbit lines Mn 2p3/,
and Mn 2p,,, around 641 eV and 652.5 eV, respectively. Both
peaks show some asymmetry which suggests the presence of
two components in each one (Table 3). The BE difference be-
tween Mn 2py,, and Mn 2ps/, peaks was approximately 11.5 eV
and the full width at half maximum in all samples was
3.1+ 0.1eV. The main component of Mn 2ps/, peak, at 641.2 eV
for MnCoCe(1/8), is associated with Mn*? species, which is
shifted to higher values as the Mn content increases. The

other component close to 644.9 eV corresponds to Mn™ spe-
cies and these values slightly decrease as the manganese
loading increases. However, the values reported in the litera-
ture for pure oxides are lower since for MnO, Mn,03 and MnO,
are approximately 641.2, 641.8 and 642.2 eV, respectively
[38,39]. Likely, a strong interaction between the manganese
with Co and Ce ions modifies these values. In this sense, for
the Mn—Ce system, other authors reported BE values around
641 eV and 643 eV for Mn>* and Mn*", respectively [40,41]. In
addition, the spectral splitting of Mn 3s X-ray photoemission
spectra was analyzed. Fig. 7C depicts the Mn 3s splitting of
MnCoCe and MnCo samples. The largest splitting (about
6.2 eV) belongs to the MnCo sample. This value corresponds to
MnO (Mn"?) according to the XPS study by Galakhov et al. [42]
on manganites. On the other hand, MnCoCe(4/1) and (1/1)
showed Mn 3s splitting values of 5.1 and 5.2, respectively
associated with the Mn valency of 3.0—3.3. In the other sam-
ples, MnCoCe(1/4) and (1/8), with lower Mn content no signal
was detected in the Mn 3s spectra.

As can be observed in Fig. 7D, the asymmetrical O 1s signal
can be fitted with two components in all samples. The domi-
nant peak at 529.3-530.0 eV was assigned to surface lattice
oxygen, and the other peak at higher BE was associated with
surface oxygen ions with low coordination [43].

The Ce 3d region was also analyzed in the CoMnCe, CoCe,
MnCe and CeO, samples. In calcined samples, only Ce*" sig-
nals were observed. The spectra were fitted with six peaks
whose binding-energy positions of MnCoCe and CoCe cata-
lysts were very close to those found for the CeO, sample. As
mentioned by several authors [44—46], the CeO, spectrum is
composed by several peaks; for each component of spin—orbit
split doublet (usually referred to as v and u and associated
with Ce 3ds/; and Ce 3ds/,, respectively) contains three peaks.
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Fig. 7 — XPS spectra of Co 2p5,» (A), Mn 2p (B), Mn 3s (C) and
0 1s (D) for different samples.

The lower binding energy peaks at 882.7, 888.4 and 898.3 eV,
correspond to v, v” and v” peaks are characteristic of Ce 3ds,
while other three peaks u, u” and u” located at 901.2, 907.3 and
916.8 eV, respectively were assigned to Ce 3ds/,. The spectra
corresponding to calcined CeO,, MnCoCe(1/4), MnCoCe(1/8)
catalysts (Fig. 8) present the six mentioned peaks corre-
sponding to Ce*t of CeO,. However, when sample MnCoCe(1/
8) was reduced with a Hy/Ar flow at 300 °C in the pretreatment
chamber of the spectrometer, there appeared four additional
peaks associated with Ce®*" species. The Ce,05 spectrum in-
volves a spin-orbit split doublet with two peaks, v° and v’ at
881.0 and 884.2 eV belong to Ce 3ds,,, and u° and u’ at 898.5 and
902.8 eV correspond to Ce 3ds».

According to the surface ratios calculated from XPS data
(Table 3), the concentration of Co in the surface of MnCoCe
catalysts is lower than the bulk composition, while an
enrichment surface of manganese is observed.

Finally, the MnCoCe(1/4) catalyst, previously used in reac-
tion with CO, addition during 75 h was analyzed by the XPS
technique. No significant change in the binding energies of the
constituent elements was observed. In the Co 2ps/, region, an
increase of 0.25—0.53 in the I;4/Imain ratio was calculated and

v . v
v
U’ u v ch
/\ N
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MnCoCe(1/8 :
ER AN
<
= MnCoCe(1/8MX¥‘<
‘®
£/ o
£ M
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Fig. 8 — Ce3d XPS spectra of CeO,, MnCoCe(1/4) and
MnCoCe(1/8) calcined and reduced.

this indicates a higher Co?" proportion due to the reductive
atmosphere of the reaction mixture. On the other hand, the
formation of carbonate species as a consequence of the re-
action was not observed on the catalyst surface.

4, Conclusions

Catalysts composed of Mn—Co—Ce mixed oxides are active,
selective and stable for the COPROX reaction. Among the
formulations we studied, the one containing a Mn/Co ratio
equal to 1/4 showed to be the most active. The activity trend
we observed for different Mn/Co ratios was 1/4 > 1/1 > 1/8—0/
1-4/1 > 1/0 (CO conversions measured at 125 °C, and oxygen
selectivity higher than 90%). When Mn was added in small
amounts to the Co—Ce solid, the surface area increased and
for a higher Mn loading it decreased. Thus, two important
factors could be related to the increase of CO conversion when
small amounts of Mn were added: the increase on surface area
and the improvement in redox properties of Co. In general,
these results are in line with those reported by other authors
for similar catalysts.

In order to gain insight into the physical chemistry prop-
erties of the system under study, we carried out a careful
spectroscopic characterization. XPS results show that in all
cases the catalytic surface is enriched in Mn, while the
opposite occurs in Co. Thus, the low activity for catalysts with
a high Mn loading could be related to the lack of accessibility
of reactant molecules to Co active sites (note that for the
sample with a Mn/Co ratio of 4/1 the surface Mn:Co ratio is 7/
1). It is also shown that, after 75 h of time-on-stream with CO,
included in the feed, no carbonate formation was detected for
the more active sample, and the surface atomic ratios
remained constant, results that are in line with the high
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catalytic stability of the sample. The only effect we observed
after reaction was a strong increase of the Co®*/Co®" surface
ratio. This surface reduction probably took place at the
beginning of the reaction due to the strong reductive envi-
ronment; however, metallic Co was not detected.

In all the Co—Mn—Ce samples, we observed the formation
of partially developed (Mn,Co)3;0, mixed spinels. The presence
of these species, that are reduced during TPR experiments at
an intermediate temperature range (300—600 °C), was also
inferred from XRD and LRS results.
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