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The stability of Co–Ce–Mn mixed-oxide catalysts for CO preferential oxidation in H2-rich gases was inves-
tigated. The deactivation mechanism was explored using Fourier-transform infrared spectroscopy (FTIR),
temperature-programmed desorption (TPD), and reduction and oxidation techniques. The deactivation
of the catalysts was observed in reaction gas streams containing CO2. FTIR and CO2-TPD revealed car-
bonate formation in the deactivated samples. The activity of the deactivated catalysts could be partially
arbon monoxide
referential oxidation
eactivation
arbon dioxide
obalt
eria

regenerated by CO2 desorption and fully regenerated by oxidation treatment which led to a change in
the oxidation state of cobalt ions. It is proposed that both carbonate accumulation and the change in
the oxidation state of cobalt ions during CO preferential oxidation are responsible for the deactivation of
Co–Ce–Mn catalysts.

© 2010 Elsevier B.V. All rights reserved.
anganese
xidation state

. Introduction

Carbon monoxide must be removed from H2-rich hydrocarbon
ases used as the hydrogen source for fuel cells. H2-rich gases
roduced by steam or autothermal reforming of hydrocarbons
ollowed by the water–gas shift reaction contain approximately
vol.% CO. Fuel-cell anodes are highly sensitive to trace mounts
f CO, resultantly the CO content needs to be purified to less than
0 ppm or less than 100 ppm for CO-resistant anodes [1–5]. Among
ifferent methods used to remove CO from H2-rich gases, CO prefer-
ntial oxidation (CO-PROX) is considered as the simplest and most
ffective one [6].

Cobalt oxide catalysts show high activity for CO-PROX in H2-
ich gases and for low-temperature CO oxidation [7–15]. We found
hat Co3O4–CeO2 and Co3O4–CeO2–MnOx catalysts exhibited good
atalytic performance for CO-PROX in H2-rich gases and could com-
letely remove CO from H2-rich gases at ∼170 ◦C [8,9]. Wang et al.
11] reported that pure Co3O4 catalysts showed high activity for

O oxidation at room temperature. Shao et al. [12] and our research
roup [14] confirmed that 100% CO conversion could be obtained at
70 ◦C over Co3O4/CeO2 and manganese-doped Co3O4/CeO2 cata-

ysts with a small Co3O4 particle size, respectively. However, cobalt

∗ Corresponding author. Tel.: +86 022 87401675; fax: +86 022 87401675.
E-mail addresses: yuanliu@tju.edu.cn, llwinwill@163.com,

eilei 112@yahoo.com.cn (Y. Liu).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.10.029
oxide catalysts show relatively poor stability for CO oxidation and
CO-PROX, which limits their application. The deactivation of cobalt-
based oxide catalysts for CO oxidation is generally attributed to
the presence of water or the accumulation of carbonate species
[16–20]. Jansson et al. proposed another hypothesis and suggested
that the deactivation of cobalt oxide-based catalysts was caused
by a change in graphite, since neither the formation of surface car-
bonates nor the irreversible reduction of Con+ could explain their
deactivation [21].

More detailed studies of the deactivation mechanism for cobalt
oxide catalysts during CO-PROX are needed for improving cat-
alytic performance and for the design of new stable catalysts. The
objective of the present study is to further investigate the catalyst
deactivation and regeneration mechanisms for Co3O4–CeO2–MnOx

catalysts during CO-PROX.

2. Experimental

2.1. Catalyst preparation

Co3O4–CeO2–MnOx catalysts were prepared by co-precipitation
as previously described [9]. Aqueous solutions of Ce(NO3)3·6H2O,

Co(NO3)2·6H2O, and Mn(NO3)2·6H2O were mixed at a molar ratio
of 8:1:1. The mixed solution and a sodium carbonate solution were
then gradually and simultaneously dropped into a continuously
stirred flask at pH 8.5–9.5. After an aging period of 4 h, the resulting
precipitate was filtered and washed with hot water until no change

dx.doi.org/10.1016/j.cej.2010.10.029
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:yuanliu@tju.edu.cn
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Fig. 1. Variation of CO conversion with reaction time over Co–Ce–Mn catalysts at
Q. Guo et al. / Chemical Engin

n pH was observed. The sample was dried in static air at 80 ◦C for
4 h and calcined at 350 ◦C for 5 h. Catalysts prepared in this way
re denoted as Co–Ce–Mn.

.2. Catalytic performance

The catalytic performance was tested in a fixed-bed flow reac-
or system consisting of a vertical quartz tube reactor (8 mm inner
iameter) placed in an oven, where the temperature could be con-
rolled between room temperature and 800 ◦C. The temperature
as measured with thermocouples in the reactor bed. The samples
ere sieved to 40–60 mesh so that pressure drop and concentration

nd temperature gradients over the catalyst bed were negligible.
50 mg of catalysts was used for each run. The flow rates of reaction
ases were controlled by Brooks mass flow meters. The reaction
as mixture consisted of 1 vol.% CO, 1 vol.% O2, 50 vol.% H2, 20 vol.%
O2, 10 vol.% H2O and N2 (balance), and the space velocity was
0,000 ml h−1 gcat

−1. H2O was pumped to the reactor system by
P-500 micro infusion pump (JMS, Japan). Before each test, the
o–Ce–Mn catalyst was firstly oxidized with a gas mixture of 5 vol.%
2/N2 at 300 ◦C for 40 min on-line. The reactor was then cooled to

he reaction temperature of 170 ◦C and the CO-PROX reaction tests
ere initiated.

To investigate the influence of H2, CO2 and H2O on CO con-
ersion, H2, CO2 or H2O in the feeding gases was replaced by N2,
espectively.

The influence of pretreatment of Co–Ce–Mn catalysts on CO-
ROX activity was investigated as follows. In the pre-oxidation
ases, the catalysts were pretreated with a gas mixture of 5 vol.%
2/N2 at 300 ◦C for 40 min. In the pre-reduction cases, the samples
ere pretreated with a gas mixture of 5 vol.% H2/Ar at 300 ◦C for

0 min. After pretreatment, the reactor was cooled to room tem-
erature in N2. The samples were then treated in a flow of CO2 or
2 at room temperature for 60 min and the temperature was then

ncreased to 170 ◦C. Finally, CO2 or N2 was replaced by the reaction
as mixture as described above, and variations in CO conversion
ith reaction time were measured.

The outlet gas from the reactor was analyzed on a gas chro-
atography system equipped with thermal conductivity and flame

onization detectors. A nickel catalytic converter was used to detect
race amounts (<10 ppm) of CO.

.3. Characterization

Fourier-transform infrared (FTIR) spectra were recorded on a
icolet Nexus spectrometer over the range of 4000–400 cm−1. The

amples were diluted with KBr at a ratio of about 1:200 before tests,
nd the mixtures were then ground to a fine powder using an agate
ortar and pestle. After finely mixed, the diluted samples were

ompressed into tablet form. Then, the tablets were put on a holder
or FTIR spectral measurement.

CO2 temperature-programmed desorption (CO2-TPD) tests
ere conducted in a fixed-bed flow reactor. Before each test, fresh

r pre-reduced catalyst samples (reduced at 300 ◦C for 30 min) were
reated in flowing CO2 at room temperature for 1 h. For CO2-TPD
ests on deactivated catalysts, no CO2 pretreatment was performed
nd only He was introduced into the CO2-TPD system. CO2-TPD pro-
les were obtained by heating the samples from room temperature
o 700 ◦C at 10 ◦C/min.

TPR and temperature-programmed oxidation (TPO) experi-
ents were performed in a micro-flow reactor using samples of
0 mg. Prior to each TPR test, the samples were outgassed with N2
t 40 ◦C for 30 min. H2-TPR experiments then were performed at
heating rate of 10 ◦C/min from 40 to 900 ◦C in 5 vol.% H2/Ar at a
ow rate of 30 ml/min. Prior to each TPO test, the samples were pre-
educed at 300 ◦C for 40 min, then cooled to 40 ◦C in an N2 flow. TPO
170 ◦C under the space velocity of 80,000 ml h−1 gcat
−1 and in reaction gases of (�)

1 vol.% CO, 1 vol.% O2, 50 vol.% H2, 20 vol.% CO2, 10 vol.% H2O and N2; (�) 1 vol.% CO,
1 vol.% O2, 20 vol.% CO2, 10 vol.% H2O and N2; (�) 1 vol.% CO, 1 vol.% O2, 50 vol.% H2,
10 vol.% H2O and N2; (�)1 vol.% CO, 1 vol.% O2, 50 vol.% H2, 20 vol.% CO2 and N2.

profiles were obtained by measuring the amount of O2 consumed
when the temperature was increased from 40 to 600 ◦C at 10 ◦C/min
under a flow of 5 vol.% O2/He at 30 ml/min.

3. Results

3.1. Influence of H2, CO2 and H2O on catalyst activity

Since H2, CO2 or H2O in the feed gases may influence CO oxi-
dation over cobalt oxide or other transition metal oxides, their
influence was investigated by changing the components of the
reaction gas. Fig. 1 shows the variation in CO conversion with reac-
tion time over Co–Ce–Mn catalysts for CO-PROX using different
feed gases. When the reaction gas contained CO2, regardless of
whether H2 and/or H2O were present, CO conversion decreased
with the reaction time with a similar trend over Co–Ce–Mn cat-
alysts. CO conversion rapidly decreased after ∼1100 min and the
catalytic activity was almost completely lost after ∼1400 min. By
contrast, when the feed gas did not contain CO2, 100% CO con-
version was achieved throughout the reaction time, even though
the gas contained both H2 and H2O. This suggests that Co–Ce–Mn
catalysts deactivation for CO-PROX was caused by CO2 in the feed
gas, whereas H2 and H2O had little influence on CO removal over
Co–Ce–Mn catalysts.

3.2. FTIR of the deactivated sample

The FTIR spectrum of the deactivated Co–Ce–Mn catalyst is
shown in Fig. 2. At high wave-number, the broad band at around
3400 cm−1 is due to H-bound hydroxyl groups. The strong bands at
567 and 663 cm−1 are indicative of the existence of Co3O4 spinel
oxide in the deactivated catalyst as suggested in references [22–24].
The band at 567 cm−1 is associated with OB3 vibrations in the spinel
lattice, where B denotes Co3+ in an octahedral position, and the
band at 663 cm−1 is attributed to the ABO3 vibrations, where A
denotes Co2+ in a tetrahedral position.

There are two broad adsorption bands at 1490 and 1380 cm−1

and a weaker band at 1050 cm−1 in the spectrum. The bands at 1490

and 1380 cm−1 can be attributed to C–O stretching of CO3

2− ions
[25,26]. The band at 1050 cm−1 is assigned to horizontally adsorbed
CO2 on the catalyst surface or metal–oxygen stretching of coordina-
tively unsaturated metal ions and surface oxygen atoms [27]. These
results confirm the accumulation of CO2 on the deactivated cata-
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Fig. 2. FTIR spectrum of deactivated Co–Ce–Mn catalyst.
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Temperature / C

ig. 3. CO2-TPD profiles of the fresh and reduced catalysts with CO2 adsorption
retreatment and the deactivated catalyst.

ysts, which may be responsible for the large impact of CO2 on the
tability of Co–Ce–Mn catalysts.

.3. CO2-TPD

Fig. 3 presents CO2-TPD results for Co–Ce–Mn samples after
ifferent pretreatments. The fresh catalyst pretreated with CO2
howed two small peaks at temperatures <100 ◦C and a strong
eak at ∼300 ◦C. The two small peaks can be attributed to the
esorption of weakly adsorbed CO2 (linear or shearing) and the
igh-temperature peak to the desorption of carbonates or strongly
dsorbed CO2 (horizontal) [28,29]. The CO2 desorption peaks for
he reduced catalyst were shifted to higher temperature compared
o the fresh catalyst. The reduction pretreatment led to the reduc-
ion of some cobalt ions from Co3+ to Co2+ (see the TPR results
elow). This suggests that the valence state of cobalt has a signifi-
ant influence on CO2 desorption and a higher valence state favors
O2 desorption. The area of the low-temperature peaks is much
reater for the pre-reduced sample than for the fresh catalyst, indi-
ating that the reduced catalyst can adsorb much more CO2 than

he fresh sample. This may be attributed to that the reduced sample
an offer electrons to CO2,which favors CO2 adsorption [30–32].

For deactivated catalysts, low-temperature TPD peaks could
ardly be observed, suggesting that weakly adsorbed CO2 probably
as little influence on CO-PROX over Co–Ce–Mn catalysts. The area
170 ◦C under the space velocity of 80,000 ml h−1 gcat
−1 and in reaction gases of 1 vol.%

CO, 1 vol.% O2, 50 vol.% H2, 20 vol.% CO2, 10 vol.% H2O and N2. (�) Deactivation with
running time; (©) after treated with N2 at 170 ◦C for 30 min; (�) after treated with
N2 at 350 ◦C for 30 min; (�) after treated with 5% O2/N2 at 300 ◦C for 30 min.

of the peak attributed to carbonate desorption is much greater for
the deactivated catalyst than for the fresh and pre-reduced samples,
indicating that carbonate accumulation is the cause of deactivation
of Co–Ce–Mn catalysts during CO-PROX, in agreement with the FTIR
results.

3.4. Regeneration of deactivated Co–Ce–Mn catalysts

If CO2 accumulation were the only factor causing catalyst deac-
tivation, the deactivated catalyst should be fully regenerated by
desorption of CO2 from the surface of the sample. The results
for regeneration of catalysts deactivated in CO-PROX are shown
in Fig. 4. After outgassing with N2 at 170 ◦C, the deactivated
catalyst still exhibited very low activity for CO-PROX. The deac-
tivated sample could be partially reactivated by N2 degassing at
a higher temperature of 350 ◦C, and this treatment could com-
pletely remove CO2 from the surface of the deactivated catalyst
(Fig. 3). When the deactivated catalyst was treated with O2/N2 at
300 ◦C, its activity completely recovered, confirming that the deac-
tivation of Co–Ce–Mn catalysts during CO-PROX is reversible and
that ions in the catalysts may have been reduced during deactiva-
tion.

3.5. H2-TPR

Fig. 5 shows the H2-TPR results for pure Co3O4, fresh and deac-
tivated Co–Ce–Mn catalysts. The H2-TPR behavior of as-prepared
Co–Ce–Mn and pure Co3O4 was reported in our previous paper [9].
Owing to the low content of MnOx and CeO2 in the catalysts and
their partial reduction, the relatively smaller reduction peaks for
MnOx and CeO2 were completely overlapped by those for Co3O4.
Therefore, the three reduction peaks denoted by �, � and � should
be attributed to Co3+ reduction to Co2+, reduction of Co2+ not inter-
acting with ceria, and reduction of Co2+ interacting with CeO2,
respectively [9].

The �/� peak area ratio changed from 0.47:1 to 0.29:1 as the
Co–Ce–Mn catalyst deactivated during CO-PROX. Although Mnn+

might be reduced to Mn2+ during the reaction, the �/� ratio could

not decrease to such a low value of 0.29:1, if the valence state of
cobalt oxide did not change. This confirms that some of the Co3+

ions in the Co–Ce–Mn catalysts were reduced to Co2+ in the reac-
tion process. The change in oxidation state of cobalt has seldom
been pointed out in the literature, as most researchers have focused
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n CO2 accumulation as the cause of catalyst deactivation. Our
esult also contradicts previous report which suggested that there
ere no changes in the oxidation state of cobalt during CO low-

emperature oxidation [21]. This difference may be attributed to
he different reaction conditions. The ratio of O2:CO in the reac-
ant mixture was 0.6 or 1.5 in [21], so the feeding gases contained
nough oxygen for CO oxidation. In the case of this study, O2 is
nsufficient since both the oxidation of CO and H2 consume oxygen
ompetitively. Furthermore, in this work, CO2 content is 20 times
f that in their work [21]. As CO2 can interact and block the reoxi-
ation of reduced cobalt oxide, some cobalt ions in the catalysts of
his study tend to be reduced to lower valence state.

.6. TPO results

Fig. 6 presents the TPO results for deactivated and 300 ◦C pre-
educed Co–Ce–Mn catalysts during CO-PROX. The H2-TPR results
ndicate that pre-reduction at 300 ◦C lead to conversion of Co3+ to
o2+. The TPO results for the pre-reduced sample show that Co2+

as re-oxidized to Co3+ at 100–350 ◦C. Similar reoxidation behav-
or is evident from the TPO profile of the deactivated Co–Ce–Mn
atalyst. The TPO results for the deactivated catalysts suggest that
o2+ ions reduced from Co3+ during the reaction process can be
eoxidized to Co3+ in the oxidation regeneration process.
.7. Activity of Co–Ce–Mn catalysts after different pretreatments

Fig. 7 shows that pretreatments significantly affect the activity
f Co–Ce–Mn catalysts. The catalyst pretreated with 5%O2/N2 at
00 ◦C exhibited very high activity for CO-PROX during the whole
Fig. 7. The activity of Co–Ce–Mn catalyst with different pretreatments for CO PROX.
Reaction temperature: 170 ◦C; space velocity: 80,000 ml h−1 gcat

−1; Reaction gas:
1 vol.% CO, 1 vol.% O2, 50 vol.% H2, 20 vol.% CO2, 10 vol.% H2O and N2.

reaction period. Even when the pre-oxidized catalyst was treated
in a flow of CO2 before activity tests, it was still very active. By con-
trast, pre-reduction treatment resulted in a significant decrease in
activity and CO conversion only reached 42.2%. Since pre-reduction
with H2/Ar reduces Co3+ to Co2+ (see the H2-TPR results), it can be
deduced that Co2+ is less active for CO oxidation and Co3+ in Co3O4
is essential for the high activity, in agreement with the literatures
[12,15,33].

CO conversion over the pre-reduced Co–Ce–Mn catalyst
increases with time in the initial stage and then slowly decreases,
regardless of whether the catalyst was treated with a CO2 flow
or not. The increase in CO conversion is probably due to partial
reoxidation of Co2+ to Co3+ by O2 in the reaction gas, whereas CO2
accumulation on the catalyst surface and a decrease in Co3+/Co2+

ratio should be responsible for the decrease in conversion. Car-
bonated cobalt may be formed along with CO2 accumulation
with the reaction time, and cobalt carbonates are more difficult
to be reoxidized. Thus, both the Con+ oxidation state and CO2
accumulation have a great impact on CO removal from H2-rich
gases.

For the pre-reduced catalyst, CO2 treatment leads to a decrease
in CO conversion. This may result from the adsorption of CO2
molecules on the catalysts preventing O2 adsorption and reox-
idation of Co2+. For the pre-oxidized catalyst, samples treated
with CO2 exhibited the same catalytic performance as those
without CO2 treatment. This suggests that different oxida-
tion states of cobalt show different CO2 adsorption/desorption
behaviors: oxidized Co3+ ions are resistant to deactivation by
CO2 adsorption, whereas Co2+ ions are readily occupied by
CO2.

4. Discussion

It has been proposed that CO2 or H2O leads to deactivation of
cobalt oxide catalysts for CO oxidation [15–19,34]. In the present
study, however, only CO2 in the feeding gas had an impact on CO
removal over Co–Ce–Mn catalysts. The presence of H2O in the reac-
tion gas had little influence on the catalytic activity. This may be due
to the higher reaction temperature in this study, which favors H2O
desorption from the catalyst surface.
The accumulation of carbonates and the resulting blockage of
active sites should be one reason for the deactivation of Co–Ce–Mn
catalysts during CO-PROX, since CO2 in the feeding gas led to an
obvious decrease in CO conversion and adsorbed CO2 was detected
on the deactivated catalyst by FTIR and CO2-TPD. So far, most
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esearchers have focused on CO2 adsorption on the deactivation
f cobalt oxide and attributed the deactivation to CO2 accumu-
ation on the catalyst surface. However, we think that this is not
he only reason for Co–Ce–Mn deactivation during CO-PROX, oth-
rwise the deactivated catalyst would be fully regenerated by N2
reatment at 350 ◦C which causes carbonate decomposition or CO2
esorption.

The other reason proposed here for catalyst deactivation is
eduction of Co3+ active sites. It has been agreed that Co3+ in Co3O4
s responsible for the high activity of cobalt oxide-based catalysts
or CO oxidation [9,15,33]. Our TPR and TPO results indicate that
ome of the Co3+ ions were reduced to Co2+ in the deactivated cat-
lyst. Thus, reduction of Co3+ ions in the reaction process results in a
oss of activity, and oxidation treatment of the deactivated catalyst
an regain its high activity for CO-PROX.

It has been proposed that CO oxidation over cobalt oxide cat-
lysts follows a redox mechanism. CO species adsorbed on cobalt
ites react with the oxygen atoms around cobalt ions to produce
O2, which leads to the reduction of Co3+ to Co2+. The reduced
obalt ions can then be reoxidized to Co3+ by oxygen from the gas
hase or additives such as ceria. However, if CO2 cannot be des-
rbed from cobalt sites timely, it will transform to carbonates as a
ore stable state, which affects the activity of the cobalt oxide. In

he present study, CO2-TPD results demonstrate that CO2 adsorp-
ion occurs more readily on Co2+ than on Co3+

, and it is much more
ifficult for CO2 to desorb from Co2+ than from Co3+. The occupancy
f Co2+ sites in cobalt oxide by CO2 would prevent the adsorption
f O2 on Co2+ sites and make Co2+ oxidation difficult. In summary,
o3+ ions are the key active sites. In the CO-PROX reaction process,
o3+ is reduced to Co2+. However, Co2+ sites tend to be occupied by
O2, which blocks the regeneration of Co3+ via Co2+ → Co3+. Thus,
he redox recycle is broken and the catalyst is deactivated.

. Conclusions

Co–Ce–Mn catalysts exhibit low stability for CO-PROX, so
urther insights into the deactivation mechanism are of great signif-
cance. In the present study, a deactivation framework is proposed.
o3+ ions in Co3O4 are responsible for the high activity for CO-PROX,
nd Co3+ is not prone to adsorb CO2. In the reaction process, Co3+

an be reduced to Co2+ which tends to adsorb CO2. The Co2+ sites

ccupied by CO2 are difficult to be oxidized, preventing the regener-
tion of Co3+ via Co2+ → Co3+. Thus the redox recycle is broken and
he catalyst is deactivated. In other words, carbonate accumulation
round Co2+ ions and the reduction of Co3+ ions during reaction
ooperatively result in the deactivation of Co–Ce–Mn catalysts.
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