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a b s t r a c t

The interaction of CO and CO2 with CuO–CeO2 catalysts, prepared by a citrate-hydrothermal method, has
been studied employing the techniques of temperature-programmed desorption (TPD) and temperature-
programmed surface reaction (TPSR) of preadsorbed CO, as well as TPD of preadsorbed CO2. The effect
of copper content and activation temperature on the adsorptive behavior of the catalysts has been inves-
tigated. TPD studies of preadsorbed CO showed that a small fraction of CO is reversibly adsorbed, while
most of it undergoes reaction with surface oxygen and desorbs as CO2. Such profiles of CO2 consist of a

◦

O
dsorption
PD
eria
opper oxide

peak at 100–120 C along with CO2 desorption at high temperatures, which was significant for catalysts
activated at 300 ◦C. TPSR of preadsorbed CO showed that reversibly adsorbed CO is highly reactive in the
presence of gaseous oxygen. Catalytic sites, which form carbonates during interaction with CO, get elim-
inated with increase of catalyst activation temperature and do not contribute to the steady-state activity
of the catalysts. The effect of CeO2 appears to be mainly related to stabilization of highly dispersed copper
oxide species and to creation of additional sites for CO adsorption and reaction, probably at the interface
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between the two oxides.

. Introduction

The CuO–CeO2 catalytic system has been studied by a large
umber of investigators in view of its application in (preferen-
ial) CO oxidation and many techniques have been employed
or its characterization [1–34]. These include N2O chemisorption,
PR, SEM, TEM, XRD, XPS, EXAFS, EPR and FTIR spectroscopy.
n the other hand, temperature-programmed techniques, such
s temperature-programmed desorption (TPD) and temperature-
rogrammed surface reaction (TPSR), have been less often used
o study the characteristics of CO adsorption on CuO–CeO2. CO-
PD experiments over CuO–CeO2 catalysts with CuO content up to
5 wt.% prepared by impregnation have been carried out by Luo et
l. [14]. They found that almost no CO is desorbing from the catalysts
nd the TPD profile consists of a single CO2 peak at 110 ◦C. Martinez-
rias et al. [4] have carried out CO-TPD for a 1 wt.% CuO/CeO2
atalyst prepared by impregnation and activated at 500 ◦C. The
eported TPD profiles consist of a small CO peak at 70–80 ◦C and

CO2 peak at 110 ◦C with a tail extending up to 450 ◦C. Similar

esorption behavior has been reported recently by Caputo et al.
33] during CO-TPD over a 4 wt.% CuO/CeO2 catalyst prepared by
mpregnation. We have also reported on the adsorption and reac-
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ion of CO on combustion-synthesized CuO–CeO2 catalysts [32].
dsorption of CO was found to proceed through initial reduction
f Cu2+ and formation of carbonate species followed by adsorption
f CO on reduced Cu+ sites.

In the present work, we examine the interaction of CO with
uO–CeO2 materials, prepared via a citrate-hydrothermal method,
mploying the techniques of TPD and TPSR of preadsorbed CO. TPD
xperiments of preadsorbed CO2 were also carried out, as CO2 is the
eaction product between CO and O2. The effect of copper content
nd activation temperature on the adsorptive behavior of the cat-
lysts has been investigated. Physicochemical characterization and
ctivity data in preferential CO oxidation of these catalysts have
een reported in a previous publication [1].

. Experimental

.1. Preparation of catalysts

CuO–CeO2 samples were prepared via a citrate-hydrothermal
ethod [1]. Aqueous solutions of metal acetates – cerium acetate

Ce(C2H3O2)3·1.5H2O] and copper acetate [Cu(C2H3O2)2·H2O] –

ere mixed with an aqueous solution of citric acid under contin-
ous stirring. The molar ratios of citric acid to each metal acetate
ere adjusted as citric acid/Ce = 1/1 and citric acid/Cu = 2/3. The
ixed solution was treated hydrothermally in a stainless steel

utoclave, at 150 ◦C (heating rate = 2 ◦C min−1) for 24 h. Following

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:theo@iceht.forth.gr
dx.doi.org/10.1016/j.molcata.2008.09.013
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ydrothermal treatment, the autoclave was opened, excess water
as decanted and the remaining paste was dried for 12 h at 120 ◦C

nd subsequently activated at 300, 400 or 500 ◦C under a flowing
0% O2/He mixture (20 cm3 min−1) for 2 h.

For comparison purposes, two additional catalysts, namely
.5 wt.% CuO/CeO2 and 7.5 wt.% CuO/Al2O3, were prepared by
mpregnation using an aqueous Cu(NO3)2·3H2O solution of the
esired concentration. The supports in this case were CeO2 made
ia the hydrothermal-citrate method (SBET = 27.6 m2 g−1) and com-
ercial Al2O3 (Alfa-Aesar, SBET = 90 m2 g−1). The samples were

ried overnight in an oven at 120 ◦C and then activated at 400 ◦C
nder a flowing 20% O2/He mixture (20 cm3 min−1) for 2 h.

All samples were sieved to obtain the desired fraction of particle
iameter between 90 and 180 �m. For ease of reference, the cata-

ysts are encoded as follows: xCu-TTT, where x is the Cu/(Cu + Ce)
tomic ratio and TTT is the activation temperature. For example, the
atalyst 0.25Cu-400 was prepared at a ratio of Cu/(Cu + Ce) = 0.25
nd was activated at 400 ◦C.

.2. Temperature-programmed techniques (CO-TPD, CO2-TPD and
PSR)

TPD and TPSR experiments were performed in a fixed-bed reac-
or system, described in detail elsewhere [5]. Prior to TPD, the
atalyst (30–50 mg with particle size 90 �m < dp < 180 �m) was
reated at its activation temperature for 30 min under a 20% O2/He
ow (20 cm3 min−1), and cooled under the same gas flow to 32 ◦C.
fter purging with He, adsorption of CO (CO-TPD and TPSR) or CO2

CO2-TPD) was carried out under a flow of 1% CO/He or 1.7% CO2/He
ixture, respectively. Following completion of the adsorption, as

ndicated by stable signals of CO or CO2 in the mass spectrome-
er, the reactor was purged with pure He for ∼10 min. Then, the
PD or TPSR run was started under a flow of 40 cm3 min−1 of He
CO-TPD and CO2-TPD) or 1% O2/He (TPSR-O2) with a heating rate
f 20 ◦C min−1 up to the corresponding activation temperature for
ach catalyst. This was followed by soak at this temperature until
he MS signals returned to baseline levels. A mass spectrometer
Omnistar/Pfeiffer Vacuum) was used for on-line monitoring of
ffluent gases. Mass peaks of CO, CO2, O2, H2 and H2O were mon-
tored during the experiments. The only products detected, in all
ases, were CO and CO2. CO (m/z 28) and CO2 (m/z 44) signals were
alibrated using gas mixtures prepared in situ and analyzed in a
re-calibrated gas chromatograph with a TC detector (Shimadzu
4B). The contribution of CO2 to the m/z 28 signal was taken into
ccount for the calculation of CO concentration.

. Results

.1. TPD of CO and CO2

As stated in Section 2, the maximum temperature during TPD
as the same as the corresponding activation temperature of the

atalyst tested in the specific run. In the case of catalysts acti-
ated at 300 ◦C, for example, the TPD run consisted of a ramp of
0 ◦C min−1 to 300 ◦C, followed by soak at this temperature, until
he signals returned to baseline levels. Typical TPD profiles along
ith the applied temperature program after CO adsorption at RT

re shown in Fig. 1(a) and (b) for 0.50Cu–300 and 0.50Cu–400 cat-
lysts, respectively. The majority of adsorbed CO desorbs as CO2,

ut there is also molecular desorption of CO at low temperatures
ith a peak at 75 ◦C. CO desorption starts immediately upon initi-

tion of the temperature ramp. The CO2 profiles are characterized
y a main peak at ∼110 ◦C and a second peak above 300 ◦C, which
s more intense for the 0.50Cu-300 sample.

s
i
s
S
d

ig. 1. CO and CO2 TPD profiles along with the applied temperature program after
O adsorption at RT on 0.50Cu catalyst, activated at 300 ◦C (a) and 400 ◦C (b).

The effect of catalyst Cu content on the resulting TPD profiles of
O2 following CO adsorption is depicted in Fig. 2(a)–(c) for catalysts
ctivated at 300, 400 and 500 ◦C, respectively. The corresponding
rofiles of CuO and CeO2 are also shown for comparison purposes.
O desorption profiles were similar in all cases to those shown in
ig. 1 and are not plotted for reasons of clarity. In the case of CeO2,
ery small amounts of CO2 and no CO were detected during TPD,
ith CO2 appearing above 225 ◦C and slightly increasing with tem-
erature. The CO2 profile of pure CuO consisted of a small peak at
100 ◦C with a tail extending up to 300 ◦C. Regarding CuO–CeO2

atalysts, the profiles of 0.25Cu, 0.50Cu and 0.75Cu bear many sim-
larities, while the behavior of 0.10Cu is significantly different: CO2
esorption from the 0.10Cu-300 sample starts above 130 ◦C giving a
road peak at 200–250 ◦C compared to a peak at 120 ◦C for all other
atalysts activated at 300 ◦C (Fig. 2(a)). The CO2 profiles of catalysts
ctivated at 400 ◦C (Fig. 2(b)) also indicate a gradual shift of the
O2 peak to lower temperatures accompanied by an increase in the
mount of desorbed CO2 with increase of Cu content. When the
ctivation temperature is 500 ◦C (Fig. 2(c)), the high-temperature
O2 peak has diminished and the profiles are characterized by a
eak at 100 ◦C (150 ◦C for 0.10Cu). Increase of catalyst activation
emperature leads to a decrease of the amount of CO2 desorbing
rom the catalysts. The high-temperature (HT) CO2 desorption peak
iminishes with increase of catalyst activation temperature: it is
uite significant for the samples activated at 300 ◦C, but has essen-
ially disappeared for catalysts activated at 500 ◦C. In addition, the
ntensity of the low-temperature (LT) CO2 peak decreases by half. A
mall shift of the CO2 peak temperature from 110–120 to 100 ◦C is
lso observed with increase of the catalyst activation temperature.

The quantities of desorbed CO2 and CO (in �mol g−1) and the

pecific adsorption capacity (in �mol m−2) of the catalysts follow-
ng adsorption of CO at RT are presented in Table 1 (calculation of
pecific adsorption capacities employed the specific surface areas,
BET, of all catalysts, which are given in Table 2). The quantity of
esorbed CO is 5–15% of the total (CO + CO2) amount desorbed from
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file during TPSR is essentially the sum of CO and CO TPD profiles,
ig. 2. Effect of copper content on TPD profiles of CO2, after adsorption of CO at RT,
or CuO–CeO2 catalysts activated at (a) 300 ◦C, (b) 400 ◦C and (c) 500 ◦C.

he catalysts and there appears no definite trend with Cu content or
ctivation temperature. The quantity of desorbed CO2 is up to one
rder of magnitude higher in Cu–Ce catalysts compared to pure
uO and increases with increase of Cu content of the catalysts.
n the other hand, the quantity of desorbed CO2 decreases by 3–4

imes with increase of catalyst activation temperature from 300 to

00 ◦C. The specific adsorption capacity of Cu–Ce catalysts is larger
han the one of pure CuO and pure CeO2 and it tends to increase
ith: (i) increase of copper loading and (ii) decrease of activation

emperature. The CuO/CeO2 catalyst prepared by impregnation has

i
a
f
7
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imilar specific adsorption capacity to the 0.15Cu catalyst, while the
uO/Al2O3 sample shows the lowest capacity among all catalysts.
y comparison, the quantity of desorbed CO2 and CO for a 0.15Cu
atalyst, prepared by combustion, was 131.2 �mol g−1 [32] and its
orresponding specific capacity is 3.36 �mol m−2. These values are
uite similar to the ones presented in Table 1 for catalysts prepared
y the citrate method.

TPD experiments following adsorption of CO2 at RT were also
arried out. Adsorption of CO2 is interesting from the fact that CO2
cts as an inhibitor of CO oxidation [1,5,6,15]. The TPD profiles of
O2 after its adsorption at RT are shown in Fig. 3 for CuO–CeO2
atalysts, as well as for pure CuO and CeO2. In the case of pure
uO, CO2 desorption took place in the form of a peak at 100 ◦C with
tail up to 300 ◦C. For pure CeO2, the CO2 profile consisted of a

T main peak at 85 ◦C and a second – lower in intensity – peak
t 250 ◦C. In the case of CuO–CeO2 catalysts, a main CO2 peak at
0 ◦C was found with a tail up to 300–400 ◦C. The high-temperature
O2 desorption is most significant at low-copper loadings (0.10Cu)
nd gradually weakens with increase of copper loading. The des-
rbed quantity of CO2 expressed in �mol g−1 and the specific CO2
dsorption capacity of the catalysts (�mol m−2) are presented in
able 3. Similarly to the case of CO adsorption, the specific CO2
dsorption capacity decreases with increase of catalyst activation
emperature. On the other hand, the specific capacity of CuO–CeO2
atalysts attains intermediate values between those for pure CuO
nd pure CeO2. Hence, it is quite probable that CO2 adsorption on
uO–CeO2 catalysts takes place on both CuO and CeO2 moieties.

n addition, the amounts of adsorbed CO2 are considerably smaller
han the amounts of adsorbed CO, as deduced from comparison of
he results in Tables 1 and 3. The relative amounts of COads/CO2ads
ppear also to increase with increase of Tact.

.2. TPSR of adsorbed CO with O2

In TPSR experiments, the temperature ramp following adsorp-
ion of CO at RT was carried out using an O2/He mixture as the
arrier gas. No CO was found to desorb in this case, in contrast to
hat was found during TPD. Therefore, reversibly adsorbed CO gets

xidized in the presence of gas phase oxygen. The only product
etected in the gas phase was CO2 and the corresponding TPSR
rofiles of CO2 from 0.25Cu catalysts activated at 300, 400 and
00 ◦C are shown in Fig. 4. It can be observed that the reactivity of
readsorbed CO increases with increase of activation temperature
rom 300 to 400 ◦C, as indicated from the shift of peak tempera-
ure from 120 to 70 ◦C. Further increase of Tact from 400 to 500 ◦C
eads to decrease of the amount of desorbed CO2 (as in the case of
PD of preadsorbed CO), but the shapes of both profiles are similar
n all respects. The TPSR profiles of CO2 from CuO–CeO2 catalysts
f varying Cu content activated at 400 ◦C, as well as of pure CuO,
re shown in Fig. 5. Compared to TPD, the peak temperatures of
O2 over CuO–CeO2 catalysts are shifted to lower temperatures

n the presence of gas phase O2. In the case of 0.10Cu, for exam-
le, the observed shift is from 220 to 120 ◦C, while for 0.50Cu the
orresponding shift is from 110 to 70 ◦C. In contrast, there is no
ppreciable shift in the case of pure CuO. All profiles are rather
road showing a tail extending up to 400 ◦C. In order to be able to
ompare more clearly the effect of gas phase O2 on the reactivity
f adsorbed CO, the TPD and TPSR profiles from the 0.15Cu–400,
.5 wt.% CuO/CeO2 and 7.5 wt.% CuO/Al2O3 catalysts are compared
n Figs. 6(a)–(c), respectively. It can be observed that the CO2 pro-
2
.e. species, which desorb as CO in the absence of oxygen, appear
s CO2 in the presence of oxygen. There is not any significant dif-
erence in the shape and position of TPSR profiles of 0.15Cu-400,
.5 wt.% CuO/CeO2 and 7.5 wt.% CuO/Al2O3 catalysts, but only in the
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Table 1
Amounts (expressed as �mol g−1 and �mol m−2) of CO2 and CO desorbed in CO-TPD experiments.

Catalyst Desorbed amounts of CO and CO2

�mol g−1 �mol (CO + CO2) m−2

Tact = 300 ◦C Tact = 400 ◦C Tact = 500 ◦C Tact = 300 ◦C Tact = 400 ◦C Tact = 500 ◦C

CO2 CO CO2 CO CO2 CO

CeO2 7.5 0.0 0.27
0.10Cu 284.6 16.5 108.5 11.2 72.5 13.1 3.54 1.85 1.91
0.15Cu 129.5 22.4 2.39
0.25Cu 286.6 33.3 161.8 20.4 85.2 14.7 3.79 2.75 2.12
0.50Cu 249.8 21.0 201.5 18.9 94.9 13.8 3.98 4.36 3.32
0.75Cu 295.9 39.0 205.4 21.0 107.6 19.5 5.47 4.49 4.18
CuO 31.4 2.2 1.58
7.5 wt.% CuO/CeO2 52.9 9.4 2.66
7.5 wt.% CuO/Al2O3 10.6 4.0 0.17

Table 2
Specific surface areas, SBET, of catalysts activated at various temperatures [1].

Catalyst SBET (m2 g−1)

Tact = 300 ◦C Tact = 400 ◦C Tact = 500 ◦C

0.10Cu 85.1 64.8 44.8
0.15Cu 86.4 63.5 41.9
0.25Cu 84.3 66.3 47.1
0.50Cu 68.1 50.5 32.7
0.75Cu 61.2 50.4 30.4
CuO 21.3
7.5 wt.% CuO/CeO2 23.4
7.5 wt.% CuO/Al2O3 88.1

Fig. 3. TPD profiles of CO2 after CO2 adsorption at RT, for Cu-400 catalysts and pure
CuO and CeO2 samples.
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Table 3
Amounts (expressed as �mol g−1 and �mol m−2) of CO2 desorbed in CO2-TPD experimen

Catalyst Desorbed amounts of CO2

�mol CO2 g−1

Tact = 300 ◦C Tact = 400 ◦C Tact = 5

CeO2 61.6
0.10Cu 115.8
0.25Cu 144.3 73.7 29.8
0.50Cu 113.2 62.4 32.4
0.75Cu 130.9 81.3 26.6
CuO 26.7
7.5 wt.% CuO/CeO2 28.6
ig. 4. TPSR profiles of CO2 (carrier gas: 1% O2/He) after adsorption of CO at RT, for
.25Cu catalyst activated at 300, 400 and 500 ◦C.

mount of produced CO2, which is considerably smaller over the
lumina-supported catalyst. The amounts of CO2 produced during
PSR were, in all cases, almost equal to the sum of (CO + CO2) pro-
uced during TPD of preadsorbed CO. This result, therefore, helps
alidate and confirm the corresponding TPD results.

. Discussion

The observation of molecular desorption of CO during TPD
mplies that part of CO adsorbs reversibly on all catalysts when the

dsorption is carried out at RT. This is in line to what has been found
reviously by us [32], as well as other investigators [4]. Reversibly
dsorbed CO is obviously bound on a reduced Cu1+ site, which
as been created during exposure of the catalysts to CO prior to
PD or TPSR. FTIR studies of adsorbed CO over CuO–CeO2 indicate

ts.

�mol CO2 m−2

00 ◦C Tact = 300 ◦C Tact = 400 ◦C Tact = 500 ◦C

2.23
1.79

1.71 1.11 0.63
1.66 1.24 0.99
2.14 1.61 0.88
1.25

1.22
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ig. 5. TPSR profiles of CO2 (carrier gas: 1% O2/He) after adsorption of CO at RT, for
u-400 catalysts and pure CuO.

ormation of Cu+ carbonyls due to interaction of CO with Cu2+

ons with unsaturated coordination leading to their reduction
ith accompanying CO2 formation, while subsequent CO adsorp-

ion on reduced centers produces the Cu+-carbonyl species [24].
icrocalorimetric studies of CO interaction with CuO–ZnO cata-

ysts in the oxidized state have shown the occurrence of surface
eduction by CO as indicated by the high heat of interaction, while
he heat of adsorption of CO on the resulting Cu+ centers takes
alues in the range of 110–66 kJ mol−1 [35]. Our TPD and TPSR
esults are in agreement with such a scheme of CO adsorption.
he Cu+–CO species are very reactive in the presence of gaseous
xygen, which is rapidly taken up by the reduced catalyst surface
ven at room temperature, as has been found by Caputo et al. [33].
egarding CO2 adsorption, CO2-TPD experiments showed that CO2
esorption takes place with peak at around 100 ◦C. It is expected,
herefore, that the surface coverage of CO2 will become quite
ow at temperatures around 150 ◦C or higher. This is in line with
he observed inhibition effect of CO2 during CO oxidation under
teady-state conditions [1]. The observation that CO2 inhibition
s stronger over pure CuO than on CuO–CeO2 catalysts may be
ttributed to: (i) the stronger adsorption of CO2 on pure CuO
ompared to CuO–CeO2 catalysts, as indicated by the higher CO2
eak temperature in the former case and (ii) the higher value of
he ratio COads/CO2ads on CuO–CeO2 catalysts compared to pure
uO, indicating that CO2 occupies a larger fraction of active sites
n pure CuO, causing in this way a stronger inhibition.

.1. Effect of Cu content on CO-TPD

In the case of pure CeO2, CO2 started to form above 225 ◦C and
ts formation rate increased gradually with temperature, but the
mount of CO2 produced was very low compared to CuO–CeO2 cat-
lysts. This result shows, however, that these small amounts of CO
re held quite strongly on the CeO2 surface, probably via formation
f carbonate species. The total amount of (CO + CO2), which is pro-
uced during TPD from CuO–CeO2 catalysts does not increase in an
nalogous fashion with increase of Cu content. When the catalyst
ctivation temperature is 300 ◦C, the total amount of (CO + CO2) is
n the range of 270–335 �mol g−1. At the activation temperature of
00 ◦C, increase of Cu content from 0.10 to 0.75 leads to doubling of

esorbed amount from 120 to ∼230 �mol g−1, while at Tact = 500 ◦C
he corresponding increase is ∼50%, i.e. from 85 to 127 �mol g−1.
his means that most of the added copper oxide does not contribute
ppreciably to the creation of sites for CO adsorption. Caputo et
l. [33] have measured the quantity of adsorbed CO over a 4 wt.%

a
f
m
o
p

ig. 6. TPD profiles of CO (1) and CO2 (2) along with TPSR profiles of CO2 (3) (carrier
as: 1% O2/He) after adsorption of CO at RT on (a) 0.25Cu-400, (b) 7.5 wt.% CuO/CeO2

nd (c) 7.5 wt.% CuO/Al2O3 catalysts.

uO/CeO2 catalyst to be 163 �mol g−1 corresponding to a specific
apacity of 3.26 �mol m−2. Jung et al. [34] have measured the irre-
ersible CO uptake of a CuO–CeO2 (5.1 wt.% Cu) catalyst at RT with a
tatic method. They found a value of ∼446 �mol g−1 for the catalyst

ctivated at 500 ◦C (SBET = 78 m2 g−1) and a value of ∼125 �mol g−1

or the catalyst activated at 700 ◦C (SBET = 22 m2 g−1), which was the
ost active one. It should be noted that these measurements were

btained with higher CO pressure (500 mm Hg) than that of the
resent work.
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Table 4
Adsorption, Q/QCuO, and activity, R/RCuO, ratios for CO adsorption and CO oxidation, respectively, over CuO–CeO2 catalysts activated at various temperatures.

Catalyst Q/QCuO
a R/RCuO

b

Tact = 300 ◦C Tact = 400 ◦C Tact = 500 ◦C Tact = 300 ◦C Tact = 400 ◦C Tact = 500 ◦C

0.10Cu 183 73 52 54 73 57
0.15Cu nm 60 nm 54 80 71
0.25Cu 71 41 22 40 57 38
0.50Cu 26 21 10 20 14 12
0.75Cu 17 12 6.5 6 3.6 2.8
7.5 wt.% CuO/CeO2 25 36
7
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.5 wt.% CuO/Al2O3 6

a QCuO = 33.6 �mol g−1 (total desorbed CO + CO2, Table 1).
b CO oxidation rates measured at 75 ◦C. Feed: 1% CO, 1.25% O2, 50% H2, He balanc

TPD profiles in Fig. 2 show that the CO2 peak temperatures shift
o lower values with increase of copper content, while the 0.10Cu
atalyst shows a significant delay in the appearance of CO2 in the gas
hase compared to the other catalysts. When this catalyst was acti-
ated at 300 ◦C, the total amounts of CO and CO2 desorbed after CO
dsorption were ∼300 �mol g−1. The CuO loading of this catalyst is
15 �mol g−1 and the corresponding CO/Cu ratio is 0.5. This result
ndicates the presence of highly dispersed, isolated Cu2+ species
n the surface. Increase of activation temperature to 400 or 500 ◦C
auses a marked decrease in the amount of desorbed CO and CO2
y 3–4 times to 120 and 85 �mol g−1, respectively, implying a loss
f adsorption sites due to agglomeration of copper ions with for-
ation of very small CuO clusters. At the same time, TPD profiles

howed a shift of CO2 desorption to lower temperatures – hence
asier decomposition of formed carbonates – with increase of Tact.
nder steady-state CO oxidation conditions, the 0.10Cu catalyst had
lightly higher activity when activated at 400 or 500 ◦C than at
00 ◦C [1], showing that the “lost” adsorption sites do not actually
ontribute to the catalyst activity. The same applies for the catalysts
ith Cu content of 0.15 and 0.25.

.2. Effect of activation temperature of catalysts on CO-TPD

Significant amounts of CO2 desorbing at high temperature were
ound over the catalysts activated at 300 ◦C. These were consid-
rably diminished for catalysts activated at 400 ◦C and had almost
isappeared, when Tact was 500 ◦C. A similar feature in CO-TPD over
uO–CeO2 catalysts prepared by co-precipitation has been reported
y Zou et al. [36] and may be attributed to decomposition of car-
onate species formed upon reaction of adsorbed CO with surface
xygen. This explanation assumes that carbon dioxide formed on
he surface is bound in a different mode compared to carbon diox-
de adsorbed from the gas phase, because no high-temperature CO2
eak was observed during CO2-TPD. The main difference between
O2 formed on the surface by reaction of adsorbed CO with surface
xygen and CO2 adsorbed from the gas phase is that the former
esides on a locally reduced surface due to abstraction of lattice
xygen. Formation of carbonates, carboxylates and linear adsorbed
O with exposure of CeO2 to CO at room temperature has been
reviously reported [37,38]. Hilaire et al. [39] have also found that
arbonate species are formed upon exposure of a Pd/CeO2 catalyst
o CO at 400 ◦C. These carbonate species were found to be quite sta-
le on a reduced ceria surface, but decomposed with exposure in
xygen. Karpenco et al. [40] have also reported fast decomposition
f carbonate species during oxidative treatment (O2/N2) at 180 ◦C of
u/CeO2 catalysts. These carbonate species are generally associated

ith reduced sites (Ce3+) and the oxidative treatment causes their
ecomposition with simultaneous oxidation of the ceria surface
Ce3+ → Ce4+). Comparison of TPD and TPSR profiles for the cata-
ysts activated at 400 ◦C shows that CO2 desorption is completed
arlier during TPSR, as the CO2 peak observed at 400 ◦C during TPD

a
T
p
e
r

1.6

= 0.03 g s cm−3; RCuO = 0.25 �mol g−1 s−1 [1].

s absent in TPSR. This is in line with a greater instability of carbon-
tes (thus larger tendency towards decomposition) in the presence
f O2.

It should be pointed out that the disappearance of the
igh-temperature CO2 peak with increase of catalyst activation
emperature has almost no effect on catalyst activity, because cat-
lysts activated at 500 ◦C – for which this peak is not present –
ave comparable activities with catalysts activated at 300 ◦C [32].
uO–CeO2 catalysts exhibit activity in CO oxidation even at 50 ◦C,
hereas at this temperature the species responsible for the HT CO2
esorption will certainly be spectator species.

The low-temperature peak of CO2 observed during TPD of pread-
orbed CO was found to decrease by ∼50% with increase of Tact

rom 300 to 500 ◦C, i.e. in an analogous fashion to the concomitant
ecrease of the surface area of the catalysts. Therefore, as far as the
T CO2 peak is concerned, no significant change in the amount of
he corresponding adsorbed CO per unit surface area of the catalyst
akes place. The overall decrease in the amount of adsorbed CO per

2 of catalyst with increase in Tact is due to the disappearance of
he HT CO2 peak. The shift of the CO2 peak temperature from 120
o 100 ◦C with increase of Tact can be considered as an indication of
nhancement of catalyst reactivity, because surface carbonates are
ess stable and tend to decompose at lower temperatures.

.3. Adsorption sites and catalytic activity

Quantitative analysis of TPD and TPSR experiments has provided
n estimation of the active sites of CuO–CeO2 catalysts, i.e. of sites
hich are able to interact with CO at room temperature. The results

f this analysis and the derived conclusions may be summarized as
ollows:

Interaction of CO with all catalysts has identical features: (i)
reactive adsorption leading to surface reduction and bound car-
bonates and (ii) adsorption of CO on reduced sites: this adsorption
is weak and reversible. This type of adsorbed CO is highly reactive
towards gaseous oxygen.
Highly dispersed Cu2+ species (essentially isolated Cu2+) which
are more abundant on CuO–CeO2 catalysts activated at low tem-
perature, which possess a high surface area, get reduced by
interaction with CO and form surface carbonates.
Increase of catalyst activation temperature leads to CuO cluster
growth and diminishes the HT CO2 desorption feature.

The CO adsorption capacity and the catalytic activity in CO oxi-
ation of all catalysts, is compared in Table 4, which depicts the

dsorption ratio, Q/QCuO (Q is the sum of (CO + CO2) desorbed during
PD expressed in �mol g−1

CuO and QCuO is the corresponding value for
ure CuO) and the activity ratio, R/RCuO (R is the CO oxidation rate
xpressed in �mol s−1 g−1

CuO and RCuO the corresponding reaction
ate for pure CuO). As the adsorption ratio, Q/QCuO, compares the
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mount of CO adsorbed on the catalysts to that on pure CuO based
n the same CuO mass, it provides an indication of the effect of the
upport (CeO2 or Al2O3) on enhancing CuO dispersion and creat-
ng additional adsorption sites. The activity ratio, R/RCuO, operates
n an analogous fashion regarding catalytic activity. For example,
g of CuO contained in the 0.10Cu-300 catalyst adsorbs 183 times
ore CO and is 54 times more active in CO oxidation than pure

uO. The results of Table 4 show that the adsorption ratio decreases
oth with increase of copper content and with increase of activation
emperature. This corresponds to a decrease of CuO dispersion due
o diminishing of atomically dispersed copper ions and CuO cluster
rowth. The 7.5 wt.% CuO/CeO2 catalyst, prepared by impregnation,
as a smaller adsorption and activity ratio than the correspond-

ng 0.15Cu–400 catalyst of the same CuO content, obviously due
o its smaller surface area and the different preparation method.
he 7.5 wt.% CuO/Al2O3 catalyst has the smallest adsorption ratio
mong all catalysts. The activity ratio decreases with increase of
opper content in a fashion analogous to the adsorption ratio, but
ecreases with increase of activation temperature only for cata-

ysts with high copper content (0.50Cu and 0.75Cu). In the case
f catalysts with low copper content (0.10Cu–0.25Cu), the activ-
ty ratio shows a weak maximum at the activation temperature of
00 ◦C. A similar example can be derived from the work of Jung
t al. [34], in which it is shown that the catalytic activities of a
.1 wt.% CuO–CeO2 catalyst prepared by co-precipitation and cal-
ined at 500 ◦C or 900 ◦C are comparable, despite the fact that the
urface area is more than 6 times lower and the CO uptake 14 times
ower for the catalyst calcined at 900 ◦C. The observed trends of
dsorption and activity ratios for our catalysts lead to the conclu-
ion that the “lost” adsorption sites do not contribute to catalyst
ctivity. On the basis of TPD results, these sites are most probably
locked by carbonate species under steady-state reaction condi-
ions. DRIFTS experiments under PROX reaction conditions have
hown the formation of different carbonate species on CuO–CeO2
atalysts, located at the interfacial region of the support in contact
ith the dispersed copper oxide species [18]. Another interesting

bservation regarding the data in Table 4 is that the values of the
dsorption and activity ratios for most catalysts are quite similar
exceptions are the 0.10Cu-300 and 0.75Cu). This implies that the
nhanced CO oxidation activity of CuO–CeO2 catalysts compared
o CuO is in a major part due to their higher active site density and
ot to a higher intrinsic site activity. If one calculates the Q/QCuO
atio on a surface area basis, it turns out that it obtains values in
he range of 1.2–3.5, hence CuO–CeO2 catalysts have a density of
ites for CO adsorption 1.2–3.5 times higher than the one of pure
uO. These additional sites for CO adsorption and reaction reside
robably at the interface between the two oxides.

. Conclusions

The interaction of CO with CuO–CeO2, CuO and CuO/Al2O3 cat-
lysts can be described as a reactive adsorption leading to surface
eduction and formation of carbonates and concomitant reversible

dsorption of CO on reduced sites (Cu+). Reversibly adsorbed CO
s weakly bound and desorbs with peak below 100 ◦C, but is highly
eactive towards gaseous oxygen. Surface carbonates, formed by the
nteraction of CO with the catalysts at room temperature, decom-
ose during TPD towards CO2. The corresponding CO2 profiles
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onsist of a LT peak at 100–150 ◦C – common on all catalysts – along
ith CO2 desorption at high temperatures in the case of CuO–CeO2

atalysts activated at low temperature. Increase of catalyst activa-
ion temperature leads to CuO cluster growth and decrease of CO
dsorption capacity, but this is not detrimental to catalyst activ-
ty, because the ‘lost’ sites are those which bind carbonate species
nd are inactive under reaction conditions. The beneficial effect of
eO2 on the activity of CuO–CeO2 catalysts may be attributed to
he stabilization of highly dispersed CuO species with concomitant
reation of additional CO adsorption and reaction sites, probably at
he interface between the two oxides.
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