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bstract

Influence of preparation methods (i.e. co-precipitation, chelating, citric acid and critical phase) on the preferential oxidation of CO in excess
ydrogen over CuO-CeO catalysts has been investigated. CuO-CeO catalysts are characterized by using BET, X-ray powder diffraction (XRD),
2 2

V Raman and temperature-programmed reduction (TPR) techniques. The catalyst prepared by chelating is most active for the preferential oxidation
f CO. In addition, XRD, UV Raman and TPR show that the chelating method enhances the formation of defects of ceria and produces a synergic
ffect between the cycle of Cu1+/Cu2+ and that of Ce3+/Ce4+, which is beneficial to the improvement of the performance of CuO-CeO2 catalysts.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently, the CuO-CeO2 catalyst has been attracting atten-
ions because of its activity higher than that of conventional
opper-based catalysts and comparable or superior to that of
latinum catalysts for the preferential oxidation of CO in excess
ydrogen [1–5], which has been used for PEM fuel cells (PEM-
CS). It is believed that the reaction is catalyzed by the interfacial
opper oxide-ceria centers in which ceria presents a high num-
er of oxygen vacancies that permits a high mobility of lattice
xygen [6,7].

For CuO-CeO2 catalysts, preparation methods have a critical
nfluence on preferential oxidation of CO in excess hydro-
en. Preparation methods reported are co-precipitation [8–10],
rea-nitrate combustion method [11,12], sol–gel peroxo route
13,14], etc. Avgouropoulos et al. [15] investigated the dif-
erence among four CuO-CeO2 catalysts prepared by using
he co-precipitation, the citrate-hydrothermal, the urea-nitrates
ombustion and the impregnation methods. They found that

he combustion-prepared sample exhibited the best catalytic
erformance, followed by the citrate-hydrothermally-prepared
ample. The impregnated one was least active. However,
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uO-CeO2 catalysts synthesized by Kim and Cha [3] using
o-precipitation methods, with a BET specific surface area of
1 m2/g, showed superior performance in the preferential oxi-
ation of CO in excess hydrogen; i.e., these catalysts reduced
he CO content to less than 100 ppm at the temperature below
70 ◦C for a feed of 1% CO, 1% or 1.25% O2, 50% H2 in the
resence of H2O and CO2. Obviously, the preparation methods
ad a marked effect on the performance of CuO-CeO2 catalysts
n the preferential oxidation of CO.

In this work, influence of the preparation methods (i.e. co-
recipitation, chelating, citric acid and critical phase) on the
referential oxidation of CO in excess hydrogen over CuO-CeO2
atalysts has been investigated, and the catalysts have been char-
cterized by BET, X-ray powder diffraction (XRD), UV Raman
nd temperature-programmed reduction (TPR) techniques. The
atalyst prepared by chelating gave a catalytic performance in
he preferential oxidation of CO superior to the catalysts pre-
ared by the other preparation methods.

. Experimental
.1. Catalyst preparation

Sample 1 (designated as 5CuC-CP) was synthesized by co-
recipitation from the mixture (250 ml) of 0.055 mol/l Ce(NO3)2

mailto:zhourenxian@zju.edu.cn
dx.doi.org/10.1016/j.molcata.2006.11.036
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325 nm radiation. H2 temperature-programmed reduction was
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nd 0.008 mol/l Cu(NO3)2. 0.362 mol/l KOH was added drop-
ise with vigorous stirring, and then the mixture was aged for

bout 20 min. The pH value of the mixture was 12.5 and the
btained precipitate was washed with distilled water until pH
as decreased to 7.0, followed by washing with 200 ml ethanol
efore being dried at 105 ◦C for about 3 h. The dried sample was
hermally treated at 500 ◦C for about 2 h.

Sample 2 (designated as 5CuC-CE) was synthesized by dry-
ng under a critical phase of ethanol. The other steps were similar
o those for the co-precipitation-prepared sample.

Sample 3 (designated as 5CuC-CH) was synthesized by the
helating method. The solution of cetytrimethyammonium bro-
ide (C19H42BrN) was added dropwise into the mixture of

.055 mol/l Ce(NO3)2 and 0.008 mol/l Cu(NO3)2 solutions with
igorous stirring, and the obtained sol–gel was aged for 30 min
t ambient temperatures. It should be noted that all the solvent
n the experiment is not water but ethanol. Then, the sol–gel was
ried at 100 ◦C for about 5 h and then thermally treated at 500 ◦C
or 2 h.

Sample 4 (designated as 5CuC-CA) was prepared by the cit-
ic acid method. Aqueous solution of 0.060 mol/l citric acid was
dded dropwise into the mixture of equal amount of 0.055 mol/l
e(NO3)2 and 0.008 mol/l Cu(NO3)2 under continuous stirring
nd then the mixture was kept stirring for 6 h. The mixed solu-
ion was dried at 120 ◦C for a few hours to obtain the powder,
ollowed by thermal treatment at 500 ◦C for 2 h.

All treated catalysts were crushed and sieved to 60–80
eshes. The Cu content over all the catalysts was expressed as

he Cu/(Cu + CeO2) wt% ratio and all data below were obtained
ith 5.0 wt% Cu catalysts.

.2. Measurement of catalytic performance

The activity measurement was carried out in a fixed-
ed micro-reactor (quartz glass, i.d. 4 mm, o.d. 6 mm, length

50 mm) at atmospheric pressure. The reactor temperature was
easured with a K-type thermocouple located at the top of the

acked catalyst bed and controlled by a temperature controller.
he mass of catalyst used in the experiments was 50 mg, and the

c
F
H
1

ig. 1. The activity and selectivity of CuO-CeO2 catalysts prepared with different pre
O, 1.0% O2, 50% H2, balance Ar.
is A: Chemical 267 (2007) 137–142

atalyst was diluted with inert alumina particles (60–80 meshes)
ith a mass ratio of 1:1. A desired mixture of gases (i.e. 50% H2,
.0% O2, 1.0% CO and Ar in balance) was prepared by adjust-
ng the ratio of flows with the mass flow controllers (Scientific
licat). The steam was introduced with reacting gases bubbling

hrough a thermostat water bath.
The reactor inlet and outlet streams were measured using an

n-line gas chromatograph equipped with a thermal conductivity
etector (TCD) and a flame ionization detector (FID). H2 and O2
ere separated by a carbon molecular sieve (TDX-01) column

nd detected with TCD. CO and CO2 were separated by a carbon
olecular sieve (TDX-01) column, then converted to methane

y a methanation reactor and analyzed by FID. The detection
imit of FID for CO is less than 3 ppm.

Taking into consideration of the existence of CO2 in the
eedstock, the CO conversion was calculated based on the CO
ecrease as follows:

of conversion of CO = [CO]in − [CO]out

[CO]in
× 100

he selectivity was defined as the oxygen consumed by CO
xidation, namely:

of selectivity = 0.5([CO]in − [CO]out)

[O2]in − [O2]out
× 100

.3. Characterization of catalysts

The specific area of the sample was obtained at −196 ◦C
sing a Coulter Omnisorp 100CX. Prior to the measurement, the
ample was pretreated at 250 ◦C for 2 h. X-ray powder diffrac-
ion patterns were recorded on a Rigaku D/Max 2550PC powder
iffractometer using nickel-filtered Cu K� radiation. UV Raman
pectra were recorded on a UV-HR Raman spectrograph. The
aser power measured at the samples was below 4.0 mW for
arried out using a conventional reactor equipped with TCD.
ifty milligrams catalyst and 40 ml/min flowing velocity of 5%
2/Ar were applied in this work. The temperature rate was
0 ◦C/min from 30 ◦C to 570 ◦C.

paration methods, at a space velocity of 120,000 ml g−1 h−1, in a feed of 1.0%
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Fig. 2. The influence of the space velocity on the catalytic performance of
CuO-CeO2 catalyst prepared with the chelating method, at a space velocity of
30,000–120,000 ml g−1 h−1, in a feed of 1.0% CO, 1.0% O2, 50% H2, balance
Ar.
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. Results and discussion

.1. The catalytic performance of CuO-CeO2 catalysts

The preferential oxidation of CO in excess hydrogen over
he CuO-CeO2 catalysts prepared by different methods is
llustrated in Fig. 1. From Fig. 1, it can be seen that the prepa-
ation methods have a significant influence on the catalytic
erformance of CuO-CeO2 catalysts. 5CuC-CH exhibits the
ighest catalytic activity in the preferential oxidation of CO
nd 5CuC-CA shows the lowest catalytic activity. T60 (i.e. the
emperature required for 60% conversion of CO) for 5CuC-
P, 5CuC-CH, 5CuC-CA and 5CuC-CE are 106 ◦C, 81 ◦C,
09 ◦C and 95 ◦C, respectively. However, in the temperature
ange from 60 ◦C to 160 ◦C, the highest conversions of CO
ppear in the light-off curves of the catalysts, and the cor-
esponding temperatures for 5CuC-CP, 5CuC-CH, 5CuC-CA
nd 5CuC-CE are 160 ◦C (98.0% of CO conversion), 120 ◦C
99.6% of CO conversion), 160 ◦C (99.2% of CO conver-
ion) and 145 ◦C (97.3% of CO conversion), respectively. In
ddition, at a space velocity of 120,000 ml g−1 h−1, 5CuC-CP
nd 5CuC-CE cannot reach CO conversion higher than 99.0%
namely the CO concentration less than 100 ppm) in con-
rast with 5CuC-CH and 5CuC-CA attaining CO conversion
igher than 99.0%. It is evident that 5CuC-CH shows out-
tanding catalytic activity in the preferential oxidation of CO
n excess hydrogen compared with 5CuC-CP, 5CuC-CA and
CuC-CE.

The selectivity of O2 shows a contrary trend with the increase
n reaction temperatures, due to the fact that displacement of
dsorbed hydrogen by carbon monoxide and blocking of hydro-
en adsorption by preadsorbed carbon monoxide occur during
he competing adsorption of hydrogen and carbon monoxide
16]. For example, in case of 5CuC-CH, the selectivity declines
rom 100.0% at 100 ◦C to about 48.0% at 145 ◦C. In addition, for
CuC-CA and 5CuC-CE, 100% selectivity of O2 is still observed
t 110 ◦C. Consequently, 5CuC-CH has a lower selectivity of O2
han 5CuC-CA and 5CuC-CE.

Fig. 2 illustrates the influence of the space velocity. As seen
rom Fig. 2, increase in the space velocity has a negative effect

n the performance of CuO-CeO2 catalysts prepared with the
helating method. At the space velocity of 120,000 ml g−1 h−1,
he CO conversion and selectivity of O2 over CuO-CeO2 catalyst
re slightly lower than at 30,000 ml g−1 h−1.

c
r
e
s

able 1
haracteristics of CuO-CeO2 catalysts and comparison of their activity in CO oxidat

atalysts SBET (m2/g) PV (ml/g)a APD (nm)b rCO at 1

�molCO

CuC-CP 111 0.22 7.9 5.2
CuC-CH 99 0.18 7.3 14.4
CuC-CA 31 0.16 20.6 4.4
CuC-CE 89 0.16 7.2 11.2

a PV, pore volume.
b APD, average pore diameter (APD = 4 × pore volume/BET surface area).
c According to literature [7].
d W/F = 0.03 g s cm−3.
ig. 3. Time on stream over the CuO-CeO2 catalyst prepared with the chelating
ethod at 120 ◦C.

In order to investigate the stability of 5CuC-CH and elimi-
ate the influence of initial activity of CuO-CeO2 catalysts on
he measurement of activity, the duration test is run for 12 h at
20 ◦C and 120,000 ml g−1 h−1 of GHSV in a feed of 1% CO,
% O2, 50% H2 and Ar in balance. As shown in Fig. 3, the CO

onversions is kept at the values higher than 99% during the
un. Selectivity of O2 exhibits a slight increase, about 1% in the
nd of the test. It is evident that 5CuC-CH possesses a desirable
tability, which is consistent with some literature [2,3]. Thus,

ion

00 ◦Cc T60 (◦C)d

(s gcat)−1 �molCO (s gCu)−1 �molCO (s m2)−1

104 0.047 106
288 0.145 81

88 1.419 109
224 0.126 95
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ferent methods are illustrated in Fig. 6. From Fig. 6, it can be
seen that the overlapping reduction peaks of CuOx species, for
5CuC-CP, 5CuC-CE and 5CuC-CA, consist of a low-intensity,
low-temperature peak at about 161 ◦C (α peak) and a higher-
ig. 4. XRD patterns of CuO-CeO2 catalysts prepared by different methods.

he influence of initial activity of CuO-CeO2 catalysts on the
easurement of activity is eliminated.

.2. The structural studies of CuO-CeO2 catalysts

Table 1 lists the pore volume, average pore diameter and
urface areas and catalytic activity of the CuO-CeO2 catalysts
repared by different methods. From Table 1, it can be seen that
CuC-CP has the largest BET area (111 m2 g−1) and the lowest
OF (0.047 �molCO (s m2)−1), while 5CuC-CA has a BET
rea of only about one third of that of 5CuC-CP and the highest
OF (1.419 �molCO (s m2)−1). 5CuC-CH with a surface area of
9 m2 g−1 achieves the highest activity in preferential oxidation
f CO. Namely T60 of 5CuC-CH is as low as 81 ◦C, compared
ith 109 ◦C over 5CuC-CA and 106 ◦C over 5CuC-CP.
Fig. 4 shows the XRD patterns of CuO-CeO2 catalysts pre-

ared by different preparation methods. It can be seen that the
istinct fluorite-type oxide structure of CeO2 is observed in all
amples [17], and that the peaks of 5CuC-CH are broader than
hose of other catalysts, which indicates that 5CuC-CH has a
maller particle size than the other catalysts. In addition, four
eaks can be found at 36◦, 38.6◦, 42◦ and 43◦. Peaks at 36◦ and
8.6◦ are assigned to the peak of crystal CuO. The peaks of CuO
ppear in the XRD patterns of 5CuC-CP, 5CuC-CA and 5CuC-
E. However, no peaks of CuO can be seen in that of 5CuC-CH,
hich means that CuO is well dispersed in 5CuC-CH. Two peaks

t 42◦ and 43◦ are assigned to the formation of cerium and cop-
er solid solution. The peaks of cerium and copper solid solution
ppear in the XRD patterns of 5CuC-CP, 5CuC-CA and 5CuC-
E. No peaks of cerium and copper solid solution can be seen in

hat of 5CuC-CH. However, it should also be noted that the XRD
eaks of CeO2 are rather broad and shifts of small magnitude
annot be detectable. Therefore, the possibility of existence of
race copper and cerium solid solution cannot be excluded.

Fig. 5 shows the UV Raman spectra recorded by using a

aser at 325 nm as the excitation source. A broad band with rel-
tively high intensity at 462 cm−1 is assigned to cubic CeO2 in
uO-CeO2 catalysts together with two bands at 584 cm−1 and
176 cm−1 [12]. The bands at about 584 cm−1 and 1176 cm−1 F
ig. 5. UV Raman spectra of CuO-CeO2 catalysts prepared by different meth-
ds.

an be linked to oxygen vacancies in the CeO2 lattice and
ttributed to the CeO2 defects [18,19]. It can also be seen that
he intensity of 584 cm−1 and 1176 cm−1 bands of CuO-CeO2
atalysts builds up with the increase in the turn of 5CuC-CP,
CuC-CE, 5CuC-CA and 5CuC-CH, which indicates that the
mount of defects in CuO-CeO2 catalysts is increased. Defects
ave a beneficial influence on the catalytic performance of
uO-based catalysts in preferential oxidation of CO in excess
ydrogen [20]. Consequently, the amount of defects correlates
ell with the activity of CuO-CeO2 catalysts.
The H2-TPR profiles of CuO-CeO2 catalysts prepared by dif-
ig. 6. TPR profiles of CuO-CeO2 catalysts prepared by different methods.
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Table 2
H2 consumption and temperature of TPR peaks for catalysts prepared by different methods

Catalysts α peak β peak β′ or γ peak

H2 consumption
(�mol/gcat)

Peak
temperature (◦C)

H2 consumption
(�mol/gcat)

Peak temperature
(◦C)

H2 consumption
(�mol/gcat)

Peak temperature
(◦C)

5CuC-CP 325 162.6 479 183.1
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CuC-CH 295 161.7 568
CuC-CA 199 161.8 522
CuC-CE 312 160.5 551

ntensity peak at about 180 ◦C (β peak). In addition, a shoulder
eak is found at 203.7 ◦C in the case of 5CuC-CA, and assigned
o β′ peak. Generally, there are several types of copper-oxygen
ntities [20,21]: (a) isolated Cu2+ ions can strongly interact with
he support; (b) weak magnetic associates consist of several Cu2+

ons and these Cu2+ ions have close contact with each other; (c)
mall two- and three-dimensional clusters have so loose struc-
ures that they have no specific and regular lattice arrangement;
d) large three-dimensional clusters and bulk CuO phase have
haracters and properties identical to those of pure CuO powder.
herefore, in this work, α peak may be attributed to a type or b

ype, β peak may be assigned to c type and γ or β′ peak may be
ssigned to d type.

However, for 5CuC-CH, not only α peak at 161.7 ◦C but also
peak at 274.6 ◦C is found. There is an overlapping reduc-

ion peak between α peak and γ peak. H2 consumptions of α,
and γ peaks are (multi-peaks fitted according to the Lorentz
ethod and shown in Table 2) 295 �mol/gcat, 568 �mol/gcat and

56 �mol/gcat, respectively. The amount of H2 consumption for
, β and γ peaks are 1119 �mol/gcat and larger than the theoreti-
al amount of H2 consumption in 5CuC-CH (i.e. 787 �mol/gcat).
urthermore, in Fig. 7, CeO2-CH (prepared by the chelating
ethod) has two peaks in the TPR profile, one at 414 ◦C and the

ther at 513 ◦C. When copper oxide and cerium oxide is pre-
ared by the chelating method, 5CuC-CH exhibits H2 reduction

eaks well below 450 ◦C. Obviously, the reduction of surface
r bulk oxygen species of ceria is involved, which indicates
hat ceria has an amount of copper oxide dissolved in it. The
mount of copper oxide, even though perhaps small, is large

Fig. 7. TPR profiles of 5CuC-CH and CeO2-CH.

C

T
s

199.5 256 274.6
189.8 157 203.7
178.9

nough to change its oxide ion transport properties and enable
ulk reduction at 400 ◦C [9].

In addition, γ peaks in TPR patterns of 5CuC-CH cannot be
ssigned to the reduction of bulk CuO. If γ peak were assigned
o the reduction of bulk CuO, signal of bulk CuO should have
een strong enough to be seen in the XRD pattern, due to the
xistence of large amount of bulk CuO. However, in the case
f 5CuC-CH, bulk CuO or solid solution of copper and cerium
annot be found in the XRD patterns, which indicates that some
ther species are reduced at the position of γ peak.

In general, pure CuO and Cu2O catalysts exhibit H2 reduction
eaks at approximately 180 ◦C and 300 ◦C [22]. Therefore, α and
peaks may be assigned to the reduction of CuO and Cu2O,

espectively. Moreover, Fig. 8 indicates the influence of redox
ycles on reducibility of 5CuC-CH. With the increase in redox
ycles, α peak shifts to higher temperature and β peaks appear
etween α and γ peaks, while the position of γ peaks slightly
hanges. Thus, β peak is assigned to the reduction of CuO with
arger particle sizes.

According to above discussion, the reduction of 5CuC-CH
ncludes several types: (a) reduction of CuO with small particle
izes; (b) reduction of CuO with large particle sizes; (c) reduction
f Cu2O; (d) reduction of surface or bulk oxygen species of
eria.During the reduction of 5CuC-CH the equilibrium of the
bove reduction types can be expressed as follow [23,24]:
e4+ + Cu1+ ↔ Ce3+ + Cu2+

his equilibrium can stabilize the cationic copper species in the
tructure even in highly reductive atmosphere [9]. If so, the high

Fig. 8. TPR profiles of 5CuC-CH reoxidized with different times.
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ctivity of CO oxidation in excess hydrogen over 5CuC-CH can
volve as a synergic effect between the cycle of Cu1+/Cu2+ and
hat of Ce3+/Ce4+.

. Conclusions

In this work, the influence of preparation methods (i.e.
o-precipitation, chelating, citric acid and critical phase) on
he preferential oxidation of CO in excess hydrogen over
uO-CeO2 catalysts has been investigated and CuO-CeO2
atalysts are characterized by using BET, XRD, UV Raman
nd TPR techniques. The catalyst prepared by chelating is most
ctive in preferential oxidation of CO. CO conversion over
CuC-CH is 99.6% at the temperature of 120 ◦C, while CO
onversions over 5CuC-CE and 5CuC-CP cannot reach 99%
n all reaction temperature range and that over 5CuC-CA is
9.2% at the temperature of 160 ◦C. In addition, the chelating
ethod enhances the formation of defects of ceria and produces
synergic effect between the cycle of Cu1+/Cu2+ and that of
e3+/Ce4+, which are beneficial to the improvement of the
erformance of CuO-CeO2 catalysts.
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