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bstract

Copper catalysts supported on ceria, zirconia and niobia were prepared by combustion method with urea, containing a CuO loading of 6 wt.%,
nd tested on selective oxidation of CO. The characterization of the samples by X-ray diffraction (XRD) presented the formation of solid solution
n CuO–CeO2 catalyst and a change in crystalline structure of the support with copper insertion on ZrO2 and Nb2O5 catalysts. The analysis of
emperature-programmed reduction (TPR) revealed different interaction degrees of copper with the supports, with reduction peaks between 222

nd 390 ◦C. The temperature-programmed desorption of CO (TPD-CO) profiles showed formation of CO2 and H2 only for the ceria and zirconia
atalysts. In relation to the catalytic tests, the CuO–CeO2 catalyst presented the best performance, with CO conversion of 95% at 150 ◦C up to 45 h
n stream, and CO2 selectivity of 55%.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Selective CO removal from streams containing an excess
f H2 is the current challenge in heterogeneous catalysis
esearch especially for preparation of H2 suitable for pro-
on exchange membrane fuel cell (PEMFC). The PEM fuel
ells have attracted considerable attention for its application in
ransportation due to its low operation temperature, high effi-
iency and compactness [1,2]. Hydrogen is usually produced
hrough steam reforming or partial oxidation of hydrocarbons
r alcohols, followed by water–gas shift (WGS) reaction [3].
he effluent gases from such a process contain about 40–75%
2, 15–25% CO2, 0.5–2% CO, a few% H2O and N2 [4,5].
owever, for use in PEMFC, CO levels have to be reduced
o below 100 ppm and, preferably, 10 ppm, because of the
oisoning of Pt–Ru electrocatalysts used as anode materials
6].

∗ Corresponding author at: Escola de Quı́mica – UFRJ, Centro de Tecnologia,
loco E, Sala 206, Cidade Universitaria, CEP 21941-909, Rio de Janeiro, RJ,
razil. Fax.: +55 21 25627598.
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Several options for CO removal include palladium diffusion
embranes, methanation and selective oxidation (SELOX) of
O [2,7]. Among the aforementioned methods, SELOX of CO is

egarded as the most cost-effective, simplest and straightforward
ethod. Therefore, the development of selective CO oxidation

atalysts has stimulated considerable interest worldwide. The
atalyst for the SELOX reaction must meet the requirements
f high CO oxidation activity combined with high selectiv-
ty, to avoid the undesired H2 oxidation side reaction. Another
mportant requirement is that these catalysts should have good
olerance for CO2 and H2O in the feedstock.

The catalysts for SELOX of CO reported in the literature
an be classified basically in three types: (a) noble metal cata-
ysts (Pt, Pd, Rh supported on Al2O3, SiO2 and zeolites) [8–11].
hese catalysts exhibit good activity and stability in tempera-

ure range 150–250 ◦C, but the selectivity is not good enough to
eet the practical requirements; (b) gold-based catalysts, which
ere much more active than Pt-group metal catalysts at low tem-
eratures (<100 ◦C) but not so resistant towards deactivation by

O2 and H2O in the feed [12–14]; (c) several kinds of metal
xide catalysts, such as the oxides of Cu, Ni, Co, Mn alone or
n combination [15,16]. Among these oxides, the CuO–CeO2
ixed oxides have been shown as the most promising candidate

mailto:mmattos@eq.ufrj.br
dx.doi.org/10.1016/j.jpowsour.2007.12.096
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3.1. Catalyst characterization

The chemical composition of the catalysts is shown in
Table 1. All the real copper loadings are very close to the

Table 1
Chemical composition of the catalysts
30 N.F.P. Ribeiro et al. / Journal of

atalysts for SELOX of CO [17–21]. These catalysts are more
ctive and selective than Pt-based catalysts while operating at
ignificantly lower temperatures. When compared to Au-based
atalysts, they are less active but much more selective and ther-
ally stable [20,21]. Moreover, the absence of precious metals

n their composition constitutes a great advantage in terms of
ost, especially for transportation applications.

Fluorite oxides, such as CeO2 and ZrO2, are well known
or their high oxygen mobility and high oxygen vacancy prop-
rties, which make them, appropriate candidates as oxidation
atalyst components [22,23]. Niobia is also a reducible oxide,
ith considerable oxygen storage capacity [24,25]. Although
uO–CeO2 and CuO–ZrO2 catalysts have already been reported

n the literature for SELOX of CO, CuO–Nb2O5 is a new sys-
em for this reaction, to our knowledge. In the present work
e prepare CuO–CeO2, CuO–ZrO2 and CuO–Nb2O5 catalysts
ia the combustion method and examine their catalytic proper-
ies for SELOX of CO. The combustion method is an attractive
echnique for catalyst synthesis due to its low cost and sim-
le preparation route, leading to homogeneous materials with
anocrystalline powders [26,27]. The samples were character-
zed by X-ray fluorescence (XRF), X-ray diffraction (XRD),
emperature-programmed reduction (TPR) and temperature-
rogrammed desorption of CO (TPD-CO). The results of this
hysicochemical characterization will be discussed in relation
o the catalytic performance of the copper catalysts.

. Experimental

.1. Catalyst preparation

The CuO–CeO2, CuO–ZrO2 and CuO–Nb2O5 mixed
xide catalysts were prepared by urea–nitrate combustion
ethod using a mixture of Cu(NO3)2·6H2O (Vetec, Brazil),
e(NO3)2·6H2O (Aldrich), ZrO(NO3)2·6H2O (Acros Organ-

cs) or NH4[NbO(C2O4)2(H2O)2](H2O)n (CBMM, Brazil) in
ppropriate molar ratios. The mixture of the corresponding salts
as melted on a hot plate (150 ◦C), and urea (Vetec, Brazil) was

dded to the molten reagents. The amount of urea was twice
he theoretical amount, as determined by the propellant chem-
stry [26], to improve the crystallinity of the resulting powder.
he basin was then introduced in a muffle furnace, preheated
t 600 ◦C, where the combustion reaction took place. A rapid
volution of a large quantity of gases yielded a foamy, volu-
inous powder. Because the time for the autoignition is rather

mall (typically ≤5 s) [28], to remove traces of undecomposed
rea, nitrates, and their decomposition products, the powders
ere calcined in flowing air at 600 ◦C for 3 h. The nominal CuO

oading was 6.0 wt.%.

.2. Catalyst characterization

The chemical composition of the synthesized samples was

etermined by X-ray fluorescence using a Rigaku spectrom-
ter. X-ray powder diffraction patterns were recorded in a
igaku miniflex X-ray diffractometer equipped with a graphite
onochromator using Cu K� radiation (40 kV).

C

C
C
C
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The reducibility of the catalysts was analyzed by temperature-
rogrammed reduction, carried out in a microflow reactor
perating at atmospheric pressure. The samples were dehydrated
t 150 ◦C under flowing Ar before the reduction. A mixture of
.65% hydrogen in argon flowed at 30 mL min−1 through the
ample, raising the temperature at a heating rate of 10 ◦C min−1

p to 700 ◦C. The outflowing gases were accompanied by a
hermal conductive detector.

Temperature-programmed desorption of CO was carried out
sing a QMS-200 (BALZER) mass spectrometer. Prior to CO
dsorption, the samples were reduced at 500 ◦C (10 ◦C min−1)
or 30 min using the mixture 10% H2/He (30 mL min−1) and
hen cooled to room temperature in He flow at 30 mL min−1.
ubsequently, the samples were exposed to CO atmosphere
nder flow of 10% CO/He for 1 h. Physisorbed CO was removed
y purging He, and desorption was performed raising the temper-
ture up to 500◦ (20 ◦C min−1) in He flow (30 mL min−1). The
atios m/e = 2, 12, 15, 16, 17, 18, 28, 32, and 44 were monitored.

.3. Catalytic tests

Catalyst testing was performed in a flow tubular quartz reactor
oaded with 100 mg of catalyst, under atmospheric pressure. The
atalysts were reduced with 20% H2/N2 at 550 ◦C for 1 h. After
eduction the catalyst was purged with nitrogen for 30 min at
he same temperature. The total feed flow rate was held constant
t 100 cm3 min−1, with 60% H2, 1% CO, 1% O2 and 38% He.
he loss in catalyst activity was monitored up to 45 h on stream.
he reaction products were analyzed by on-line gas chromato-
raph (Varian 3800), equipped with Poraplot Q and molecular
ieve columns. The carrier gas was helium and it was used a
hermal conductivity detector and methanizer followed by flame
onization detector.

CO and O2 conversion and selectivity for CO2 formation
ere defined as follows:

O conversion (%) = [CO]in − [CO]out

[CO]in
× 100 (1)

2 conversion (%) = [O2]in − [O2]out

[O2]in
× 100 (2)

O2 selectivity (%) = 0.5([CO]in − [CO]out)

[O2]in − [O2]out
× 100 (3)

. Results and discussions
atalyst wt.% CuO wt.% oxide

uO–CeO2 6.7 93.3
uO–ZrO2 6.9 93.1
uO–Nb2O5 6.1 93.9
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in TPR profile of 5% CuO–CeO2 prepared by impregnation
method: the low temperature peak (∼200 ◦C) was related to the
reduction of highly dispersed copper oxide species, whereas the
high temperature peak (230 ◦C) to the reduction of the bulk CuO.
ig. 1. X-ray diffractograms of the copper catalysts: (a) CuO–CeO2, (b) CuO–Zr
tetragonal); O → Nb2O5 (orthorhombic); M → Nb2O5 (monoclinic).

ominal ones, showing that the preparation methodology was
dequate.

The XRD patterns of the catalysts are presented in Fig. 1.
or comparison, the corresponding patterns of the pure supports,
repared by the same combustion method, are also depicted.

For CuO–CeO2 sample, XRD reflections characteristic of the
cc fluorite structure of CeO2 (JCPDS 34-0394) are present in
he pattern of both the support and catalyst. Diffraction lines
ue to CuO were not detected in CuO–CeO2 catalyst, even
hen the 2θ region (30◦–50◦), where CuO peaks were expected,
as expanded. Peaks due to Cu2O were also not detected. The

bsence of copper oxide peaks may be attributed to highly
ispersed CuO on the surface of ceria or the formation of
u–Ce–O solid solution, or a combination of these two phe-
omena [4,27,29]. The formation of Cu–Ce–O solid solution
as proposed by Bera et al. [30] based on Rietveld analysis of
RD spectra, which showed a reduction in the lattice parameter
f ceria upon introduction of CuO, because the ionic radius of
u2+ (0.76 Å) is smaller than that of Ce4+ (1.01 Å). Indeed, we
bserved a decrease in the cell parameter from 5.4193 Å in pure
eO2 to 5.4028 Å in CuO–CeO2, which confirms Cu2+ ion sub-

titution in the CeO2 matrix. Furthermore, the amount of Cu2+

ncorporated into the CeO2 lattice is lower than the nominal CuO
oading, so that a part of Cu2+ resides on the catalyst surface, in
ccordance to Xiaoyuan et al. [31].

The XRD patterns of CuO–ZrO2 catalyst (Fig. 1b) showed
hat ZrO2 support consists of a mixture of monoclinic (JCPDS
7-1484) and tetragonal (JCPDS 42-1164) phases. The major
eaks are due to the monoclinic-ZrO2 phase, since the Rietveld
nalysis revealed 94% of monoclinic and 6% of tetragonal phase.
fter loading CuO, there was an increase in the contribution
f tetragonal-ZrO2 phase (29%) and the appearance of CuO-
enorite phase (JCPDS 48-1548). The crystallite size of CuO is
4.7 nm, calculated by Scherrer equation. Zhou et al. [32,33],
tudying CuO–ZrO2 catalysts prepared by impregnation tech-
ique, also verified that at no copper loading, the major peaks
ere due to the monoclinic-ZrO2 phase. With introduction of
uO, the tetragonal-ZrO2 phase appeared in more peaks and
ncreased with the copper loading. The monoclinic-ZrO2 phase
isappeared fully when CuO loading was higher than 10 wt.%.

For CuO–Nb2O5 catalyst, XRD patterns of pure Nb2O5
evealed only peaks due to orthorhombic phase (or T phase,
d (c) CuO–Nb2O5. C → CeO2; � → CuO; m → ZrO2 (monoclinic); � → ZrO2

ccording to Schäffer notation) (JCPDS 27-1003). Braga et
l. [34,35] verified that niobium oxalate treated between 450
nd 500 ◦C showed reflections compatible with hexagonal (TT)
hase; above 500 ◦C, new reflections were observed, which may
e attributed to orthorhombic (T) phase at 600 ◦C and a mixture
f orthorhombic and monoclinic (M and H) phases at 800 ◦C.
he addition of copper to niobia caused the appearance of the
onoclinic-Nb2O5 phase (JCPDS 37-1468) and peaks due to

enorite CuO phase. The mean crystallite size of CuO is 25 nm,
y Scherrer equation.

In order to assess the reduction behavior of the catalysts, TPR
easurements were performed. Fig. 2 shows the TPR profiles

f the catalysts.
The CuO–CeO2 catalyst presented three overlapping reduc-

ions peaks at 222, 260 and 320 ◦C, which is an indication of
he existence of more than one copper oxide species in this cat-
lyst. The reduction of pure CuO is reported in the literature
o occur between 290 and 390 ◦C [21,29,31]. Pure CeO2, on
he other hand, starts to get reduced at temperatures higher than
80–400 ◦C [27,36,37]. It is well known that ceria promotes
he reduction of finely dispersed copper oxide surface species
23,27,30,31]. Xiaoyuan et al. [31] observed two reduction peaks
Fig. 2. TPR profiles of the copper catalysts.
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hese authors observed CuO diffraction peaks in their sample. In
ur case, we can attribute the low temperature peak (222 ◦C) to
he reduction of the finely dispersed copper oxides on the surface
f ceria and the peaks at higher temperatures (260 and 320 ◦C) to
he reduction of copper ions in the CeO2 matrix forming a solid
olution, together with some reduction of ceria (the reduction
egree was 137%, based on the real CuO loading determined by
RF).
The TPR profile of CuO–ZrO2 shows a small peak at 223 ◦C

nd the main peak at 338 ◦C. No reduction peak was observed for
rO2 support alone. The two peaks in TPR profile of CuO–ZrO2
ay be attributed to the CuO species interacting differently with

he ZrO2 support. The low temperature peak may be ascribed to
he highly dispersed CuO and/or Cu2+ ions with an octahedral
nvironment, and the high temperature peak to the bulk CuO,
ccording to Zhou et al. [32,33]. Ritzkopf et al. [38] verified by
XAFS of CuO/ZrO2 that Cu+ occurs as intermediate species
uring the reduction of the catalyst. Thus, the two peaks in TPR
rofile can be associated with the reduction of Cu2+ to Cu0 on
ifferent copper particle sizes, probably with Cu+ as interme-
iate species. There was an incomplete reduction of CuO, with
eduction degree of only 79%.

CuO–Nb2O5 catalyst presented two reduction peaks in TPR
rofile: a broad and intense band at 390 ◦C and a small shoulder
t 515 ◦C. The peak at 390 ◦C can be attributed to the reduction
f CuO to Cu0 together with the support reduction, because the
eduction degree of CuO calculated by the integration of the
eak area is higher than 100% (118%). Li et al. [39] observed
similar reduction temperature for Cu/Nb2O5 prepared by wet-
ess impregnation and calcined at 600 ◦C. This temperature
s considerable higher than that reported by Chary et al. [40]
or Cu/Nb2O5 also prepared by impregnation and calcined at
00 ◦C: 216 ◦C for the first peak and 293 ◦C for the second
ne. The small shoulder at 515 ◦C is related to the additional
eduction of niobia.

The TPD-CO spectra of the copper catalysts are given in
ig. 3. The CuO–CeO2 catalyst showed a large desorption of
O2 in two peaks, at 116 and 275 ◦C. There was also desorption
f CO at 65 ◦C and a small formation of H2, with peak maxi-

um at 153 ◦C. The CO2 desorption can be associated with the
oudouard reaction (2CO → CO2 + C) and/or the CO oxidation
y the oxygen lattice of the support. Zou et al. [29] also car-
ied out TPD-CO experiments for characterization of CuO/CeO2

r
o
o
T

Fig. 3. TPD-CO profiles of the (a) CuO–CeO2, (b
r Sources 179 (2008) 329–334

atalysts prepared by co-precipitation. They observed only one
O desorption peak at 162 ◦C and the profile did not go back

o the original baseline, probably because they monitored the
roduct gases by TCD. For CuO–ZrO2 catalyst there was also a
reat desorption of CO2, accompanied by desorption of H2 with
eak maxima at 146 and 249 ◦C. Besides the both hypothesis
ited previously for CO2 formation, it is also possible that CO
eacts with hydroxyl groups of the support producing CO2 and

2. Interestingly, for CuO–Nb2O5 catalyst CO2 desorption was
ery small and CO desorbed at 79 and 153 ◦C. This result is a
ood indicative of the low availability of the oxygen lattice for
O oxidation on CuO–Nb2O5.

.2. Catalytic tests

The activity, in terms of CO and O2 conversion, and CO2
electivity obtained with the copper catalysts for SELOX of CO
n the presence of excess hydrogen are presented in Figs. 4 and 5,
espectively. CO2 and H2O were the only reaction products; CH4
ormation was not observed. It is evident that the support has a
trong influence on the catalytic performance.

The CuO–CeO2 catalyst was the most active and selective,
ith CO conversion of 94% at 150 ◦C and CO2 selectivity of
3% at this same temperature. The CuO–ZrO2 and CuO–Nb2O5
atalysts were considerably less active, with maximum CO con-
ersion of 25% at 250 ◦C and 30% at 150 ◦C, respectively. The
ecrease of selectivity with temperature is related to the mech-
nistic model involving CO and H2 adsorption sites. At low
emperatures (and high CO coverages) hydrogen adsorption and
xidation are practically inhibited, since limited by CO desorp-
ion. With increasing temperature, the CO coverage decreases,
eading to a decline in selectivity due to increasing H2 oxida-
ion rate. Thus, the decrease in CO conversion is due to the
ncrease in H2 oxidation, since O2 conversion always increases
ith temperature up to reach 100%.
The higher activity of CuO–CeO2 catalyst can be attributed

o the presence of highly dispersed CuO clusters in strong inter-
ction with CeO2, which is easily reduced at low temperatures,
s demonstrated by TPR results. This is in agreement with other

eports, which showed that the catalysts with the higher amount
f easily reducible well-dispersed copper oxide on the surface
f ceria were the most active for SELOX of CO [17,21,27].
he promotion effect of CeO2 is due to the synergism of the

) CuO–ZrO2 and (c) CuO–Nb2O5 catalysts.
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ig. 4. Catalytic tests in terms of CO (a) and O2 (b) conversions for the SELOX
f CO over the copper catalysts.

edox properties of the system, achieved by the strong copper
xide–ceria interaction, which causes part of CuO to enter the
eO2 lattice, forming solid solutions, and other part to disperse
ver the surface [27,31].

The CuO–ZrO2 catalyst presented low activity, with acti-
ation at temperatures higher than 200 ◦C. This behavior can
e associated with the presence of bulk CuO, which showed
ow interaction with zirconia and low reducibility. According

o Ratnasamy et al. [36], while the isolated and dispersed CuO
pecies exhibit reduction–oxidation behavior, the bulk CuO-like
hase exhibits irreversible reduction behavior. And the amount
f reducible and reoxidable CuO content is greater on CeO2 than

1
c
m
1

Fig. 6. Deactivation tests of the (a) CuO–CeO2 at 150 ◦C, (b
Fig. 5. CO2 selectivity for the SELOX of CO over the copper catalysts.

n ZrO2 catalysts. The low activity of the CuO–Nb2O5 catalyst
an be related to its high reduction temperature (Fig. 2) and to
he results of TPD-CO (Fig. 3), which showed small formation
f CO2 and, consequently, low activity of this catalyst for CO
xidation.

Deactivation tests were performed under the same conditions
f the activity tests, at temperatures on which CO conversion
eached the maximum value. Comparison of catalyst stabilities
s shown in Fig. 6. The CuO–CeO2 catalyst presented a very
table behavior, with 95% of CO conversion at 150 ◦C up to 45 h
n stream. The CuO–ZrO2 also presented a stable behavior, but
ith only 25% of CO conversion at 250 ◦C. The CuO–Nb2O5

atalyst showed a significantly deactivation on the first 2 h on
tream at 150 ◦C, with CO conversion decreasing from 25% to
0%, followed by a gradual deactivation up to 36 h of reaction.

. Conclusions

CuO–MOx catalysts (M = Ce, Zr or Nb) were prepared by
he combustion method with urea, characterized and tested on
elective oxidation of CO. The CuO–CeO2 sample exhibited
he best catalytic performance, with CO conversion of 95% at

◦
50 C up to 45 h on stream. The CuO–ZrO2 and CuO–Nb2O5
atalysts presented poor activity towards SELOX of CO with
aximum CO conversion of only 25% at 250 ◦C and 30% at

50 ◦C, respectively.

) CuO–ZrO2 at 250 ◦C and (c) CuO–Nb2O5 at 150 ◦C.
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As evidenced by the physicochemical characterization of the
amples, for CuO–CeO2 there was formation of easily reducible
ell-dispersed copper oxide species strongly interacting with

he ceria surface. These species are responsible for the high
ctivity of CuO–CeO2 on SELOX of CO. The CuO–ZrO2 and
uO–Nb2O5 catalysts presented formation of bulk CuO parti-
les, with low interaction with the support and low reducibility.
oreover, CuO–Nb2O5 showed only a very small production of
O2 during TPD-CO, indicating a low availability of the oxygen

attice of niobia for CO oxidation.
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Appl. Catal. A: Gen. 302 (2006) 215–223.
39] J. Li, G. Lu, K. Li, W. Wang, J. Mol. Catal. A 221 (2004) 105–112.
40] K.V.R. Chary, K.K. Seela, G.V. Sagar, B. Sreedhar, J. Phys. Chem. B 108

(2004) 658–663.


	Combustion synthesis of copper catalysts for selective CO oxidation
	Introduction
	Experimental
	Catalyst preparation
	Catalyst characterization
	Catalytic tests

	Results and discussions
	Catalyst characterization
	Catalytic tests

	Conclusions
	References


