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The interaction of CO and CO, with CuO-CeO, 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 CO,. 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 CO,. Such profiles of CO, consist of a

Ic(gywords: peak at 100-120°C along with CO, desorption at high temperatures, which was significant for catalysts
Adsorption activated at 300 °C. TPSR of preadsorbed CO showed that reversibly adsorbed CO is highly reactive in the
TPD presence of gaseous oxygen. Catalytic sites, which form carbonates during interaction with CO, get elim-
Ceria inated with increase of catalyst activation temperature and do not contribute to the steady-state activity

Copper oxide of the catalysts. The effect of CeO, 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

between the two oxides.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The CuO-CeO, catalytic system has been studied by a large
number of investigators in view of its application in (preferen-
tial) CO oxidation and many techniques have been employed
for its characterization [1-34]. These include N,O chemisorption,
TPR, SEM, TEM, XRD, XPS, EXAFS, EPR and FTIR spectroscopy.
On the other hand, temperature-programmed techniques, such
as temperature-programmed desorption (TPD) and temperature-
programmed surface reaction (TPSR), have been less often used
to study the characteristics of CO adsorption on CuO-CeO,. CO-
TPD experiments over CuO-CeO, catalysts with CuO content up to
15 wt.% prepared by impregnation have been carried out by Luo et
al.[14]. They found that almost no CO is desorbing from the catalysts
and the TPD profile consists of a single CO, peak at 110 °C. Martinez-
Arias et al. [4] have carried out CO-TPD for a 1wt.% CuO/CeO,
catalyst prepared by impregnation and activated at 500°C. The
reported TPD profiles consist of a small CO peak at 70-80°C and
a CO, peak at 110°C with a tail extending up to 450°C. Similar
desorption behavior has been reported recently by Caputo et al.
[33] during CO-TPD over a 4wt.% CuO/CeO, catalyst prepared by
impregnation. We have also reported on the adsorption and reac-
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tion of CO on combustion-synthesized CuO-CeO, catalysts [32].
Adsorption of CO was found to proceed through initial reduction
of Cu?* and formation of carbonate species followed by adsorption
of CO on reduced Cu* sites.

In the present work, we examine the interaction of CO with
CuO-Ce0, materials, prepared via a citrate-hydrothermal method,
employing the techniques of TPD and TPSR of preadsorbed CO. TPD
experiments of preadsorbed CO, were also carried out, as CO, is the
reaction product between CO and O,. The effect of copper content
and activation temperature on the adsorptive behavior of the cat-
alysts has been investigated. Physicochemical characterization and
activity data in preferential CO oxidation of these catalysts have
been reported in a previous publication [1].

2. Experimental
2.1. Preparation of catalysts

CuO-Ce0O, samples were prepared via a citrate-hydrothermal
method [1]. Aqueous solutions of metal acetates - cerium acetate
[Ce(CyH303)3-1.5H,0] and copper acetate [Cu(C;H303)2-H,0] -
were mixed with an aqueous solution of citric acid under contin-
uous stirring. The molar ratios of citric acid to each metal acetate
were adjusted as citric acid/Ce=1/1 and citric acid/Cu=2/3. The
mixed solution was treated hydrothermally in a stainless steel
autoclave, at 150°C (heating rate =2 °Cmin~!) for 24 h. Following
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hydrothermal treatment, the autoclave was opened, excess water
was decanted and the remaining paste was dried for 12 h at 120°C
and subsequently activated at 300, 400 or 500°C under a flowing
20% 0;/He mixture (20 cm3 min~1) for 2 h.

For comparison purposes, two additional catalysts, namely
7.5wt.% CuO/CeO, and 7.5wt.% CuO/Al,03, were prepared by
impregnation using an aqueous Cu(NOs3),-3H,0 solution of the
desired concentration. The supports in this case were CeO, made
via the hydrothermal-citrate method (Sger =27.6 m? g~!) and com-
mercial Al,O3; (Alfa-Aesar, Sger=90m2g-1). The samples were
dried overnight in an oven at 120°C and then activated at 400°C
under a flowing 20% O, /He mixture (20 cm® min—') for 2 h.

All samples were sieved to obtain the desired fraction of particle
diameter between 90 and 180 pm. For ease of reference, the cata-
lysts are encoded as follows: xCu-TTT, where x is the Cu/(Cu+Ce)
atomicratio and TTT is the activation temperature. For example, the
catalyst 0.25Cu-400 was prepared at a ratio of Cu/(Cu+Ce)=0.25
and was activated at 400°C.

2.2. Temperature-programmed techniques (CO-TPD, CO,-TPD and
TPSR)

TPD and TPSR experiments were performed in a fixed-bed reac-
tor system, described in detail elsewhere [5]. Prior to TPD, the
catalyst (30-50mg with particle size 90 wum<d, <180 wm) was
treated at its activation temperature for 30 min under a 20% O,/He
flow (20cm3 min~1), and cooled under the same gas flow to 32°C.
After purging with He, adsorption of CO (CO-TPD and TPSR) or CO,
(CO,-TPD) was carried out under a flow of 1% CO/He or 1.7% CO,/He
mixture, respectively. Following completion of the adsorption, as
indicated by stable signals of CO or CO, in the mass spectrome-
ter, the reactor was purged with pure He for ~10 min. Then, the
TPD or TPSR run was started under a flow of 40 cm3 min~! of He
(CO-TPD and CO,-TPD) or 1% O, /He (TPSR-0O;) with a heating rate
of 20°Cmin~! up to the corresponding activation temperature for
each catalyst. This was followed by soak at this temperature until
the MS signals returned to baseline levels. A mass spectrometer
(Omnistar/Pfeiffer Vacuum) was used for on-line monitoring of
effluent gases. Mass peaks of CO, CO,, O,, H, and H,O were mon-
itored during the experiments. The only products detected, in all
cases, were CO and CO,. CO (m/z 28) and CO, (m/z 44) signals were
calibrated using gas mixtures prepared in situ and analyzed in a
pre-calibrated gas chromatograph with a TC detector (Shimadzu
14B). The contribution of CO, to the m/z 28 signal was taken into
account for the calculation of CO concentration.

3. Results
3.1. TPD of CO and CO,

As stated in Section 2, the maximum temperature during TPD
was the same as the corresponding activation temperature of the
catalyst tested in the specific run. In the case of catalysts acti-
vated at 300°C, for example, the TPD run consisted of a ramp of
20°Cmin~! to 300°C, followed by soak at this temperature, until
the signals returned to baseline levels. Typical TPD profiles along
with the applied temperature program after CO adsorption at RT
are shown in Fig. 1(a) and (b) for 0.50Cu-300 and 0.50Cu-400 cat-
alysts, respectively. The majority of adsorbed CO desorbs as CO,,
but there is also molecular desorption of CO at low temperatures
with a peak at 75°C. CO desorption starts immediately upon initi-
ation of the temperature ramp. The CO, profiles are characterized
by a main peak at ~110°C and a second peak above 300 °C, which
is more intense for the 0.50Cu-300 sample.
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Fig. 1. CO and CO, TPD profiles along with the applied temperature program after
CO 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
CO, following CO adsorption is depicted in Fig. 2(a)-(c) for catalysts
activated at 300, 400 and 500 °C, respectively. The corresponding
profiles of CuO and CeO, are also shown for comparison purposes.
CO desorption profiles were similar in all cases to those shown in
Fig. 1 and are not plotted for reasons of clarity. In the case of CeO,,
very small amounts of CO, and no CO were detected during TPD,
with CO, appearing above 225 °C and slightly increasing with tem-
perature. The CO, profile of pure CuO consisted of a small peak at
~100°C with a tail extending up to 300°C. Regarding CuO-CeO,
catalysts, the profiles of 0.25Cu, 0.50Cu and 0.75Cu bear many sim-
ilarities, while the behavior of 0.10Cu is significantly different: CO,
desorption from the 0.10Cu-300 sample starts above 130 °C giving a
broad peak at 200-250°C compared to a peak at 120 °C for all other
catalysts activated at 300 °C (Fig. 2(a)). The CO, profiles of catalysts
activated at 400°C (Fig. 2(b)) also indicate a gradual shift of the
CO,, peak to lower temperatures accompanied by an increase in the
amount of desorbed CO, with increase of Cu content. When the
activation temperature is 500°C (Fig. 2(c)), the high-temperature
CO, peak has diminished and the profiles are characterized by a
peak at 100°C (150°C for 0.10Cu). Increase of catalyst activation
temperature leads to a decrease of the amount of CO, desorbing
from the catalysts. The high-temperature (HT) CO, desorption peak
diminishes with increase of catalyst activation temperature: it is
quite significant for the samples activated at 300 °C, but has essen-
tially disappeared for catalysts activated at 500 °C. In addition, the
intensity of the low-temperature (LT) CO, peak decreases by half. A
small shift of the CO, peak temperature from 110-120 to 100°C is
also observed with increase of the catalyst activation temperature.

The quantities of desorbed CO, and CO (in pmolg~1) and the
specific adsorption capacity (in umol m~2) of the catalysts follow-
ing adsorption of CO at RT are presented in Table 1 (calculation of
specific adsorption capacities employed the specific surface areas,
Sget, of all catalysts, which are given in Table 2). The quantity of
desorbed CO is 5-15% of the total (CO + CO, ) amount desorbed from
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Fig. 2. Effect of copper content on TPD profiles of CO,, after adsorption of CO at RT,
for CuO-CeO, catalysts activated at (a) 300°C, (b) 400°C and (c) 500°C.

the catalysts and there appears no definite trend with Cu content or
activation temperature. The quantity of desorbed CO, is up to one
order of magnitude higher in Cu-Ce catalysts compared to pure
CuO and increases with increase of Cu content of the catalysts.
On the other hand, the quantity of desorbed CO, decreases by 3-4
times with increase of catalyst activation temperature from 300 to
500 °C. The specific adsorption capacity of Cu-Ce catalysts is larger
than the one of pure CuO and pure CeO, and it tends to increase
with: (i) increase of copper loading and (ii) decrease of activation
temperature. The CuO/CeO, catalyst prepared by impregnation has

similar specific adsorption capacity to the 0.15Cu catalyst, while the
CuO/Al,03 sample shows the lowest capacity among all catalysts.
By comparison, the quantity of desorbed CO, and CO for a 0.15Cu
catalyst, prepared by combustion, was 131.2 umol g1 [32] and its
corresponding specific capacity is 3.36 umol m~2. These values are
quite similar to the ones presented in Table 1 for catalysts prepared
by the citrate method.

TPD experiments following adsorption of CO, at RT were also
carried out. Adsorption of CO, is interesting from the fact that CO,
acts as an inhibitor of CO oxidation [1,5,6,15]. The TPD profiles of
CO, after its adsorption at RT are shown in Fig. 3 for CuO-CeO,
catalysts, as well as for pure CuO and CeO,. In the case of pure
CuO, CO, desorption took place in the form of a peak at 100 °C with
a tail up to 300°C. For pure CeO,, the CO, profile consisted of a
LT main peak at 85°C and a second - lower in intensity — peak
at 250°C. In the case of CuO-CeO, catalysts, a main CO, peak at
90 °C was found with a tail up to 300-400 °C. The high-temperature
CO, desorption is most significant at low-copper loadings (0.10Cu)
and gradually weakens with increase of copper loading. The des-
orbed quantity of CO, expressed in wmol g~ and the specific CO,
adsorption capacity of the catalysts (umol m~2) are presented in
Table 3. Similarly to the case of CO adsorption, the specific CO,
adsorption capacity decreases with increase of catalyst activation
temperature. On the other hand, the specific capacity of CuO-CeO,
catalysts attains intermediate values between those for pure CuO
and pure Ce0O,. Hence, it is quite probable that CO, adsorption on
CuO-CeO0, catalysts takes place on both CuO and CeO, moieties.
In addition, the amounts of adsorbed CO, are considerably smaller
than the amounts of adsorbed CO, as deduced from comparison of
the results in Tables 1 and 3. The relative amounts of CO,45/CO5,4s
appear also to increase with increase of Tat.

3.2. TPSR of adsorbed CO with O,

In TPSR experiments, the temperature ramp following adsorp-
tion of CO at RT was carried out using an O,/He mixture as the
carrier gas. No CO was found to desorb in this case, in contrast to
what was found during TPD. Therefore, reversibly adsorbed CO gets
oxidized in the presence of gas phase oxygen. The only product
detected in the gas phase was CO, and the corresponding TPSR
profiles of CO, from 0.25Cu catalysts activated at 300, 400 and
500°C are shown in Fig. 4. It can be observed that the reactivity of
preadsorbed CO increases with increase of activation temperature
from 300 to 400°C, as indicated from the shift of peak tempera-
ture from 120 to 70 °C. Further increase of Tt from 400 to 500°C
leads to decrease of the amount of desorbed CO, (as in the case of
TPD of preadsorbed CO), but the shapes of both profiles are similar
in all respects. The TPSR profiles of CO, from CuO-CeO, catalysts
of varying Cu content activated at 400 °C, as well as of pure CuO,
are shown in Fig. 5. Compared to TPD, the peak temperatures of
CO, over CuO-CeO, catalysts are shifted to lower temperatures
in the presence of gas phase O,. In the case of 0.10Cu, for exam-
ple, the observed shift is from 220 to 120°C, while for 0.50Cu the
corresponding shift is from 110 to 70°C. In contrast, there is no
appreciable shift in the case of pure CuO. All profiles are rather
broad showing a tail extending up to 400°C. In order to be able to
compare more clearly the effect of gas phase O, on the reactivity
of adsorbed CO, the TPD and TPSR profiles from the 0.15Cu-400,
7.5wt.% CuO/Ce0, and 7.5 wt.% CuO/Al,03 catalysts are compared
in Figs. 6(a)—(c), respectively. It can be observed that the CO, pro-
file during TPSR is essentially the sum of CO and CO, TPD profiles,
i.e. species, which desorb as CO in the absence of oxygen, appear
as CO,, in the presence of oxygen. There is not any significant dif-
ference in the shape and position of TPSR profiles of 0.15Cu-400,
7.5 wt.% CuO/Ce0O, and 7.5 wt.% CuO/Al, O3 catalysts, but only in the
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Amounts (expressed as wmolg~! and pmol m~2) of CO, and CO desorbed in CO-TPD experiments.

Catalyst Desorbed amounts of CO and CO,
pmolg-! pmol (CO +CO, ) m—2
Tact =300°C Tact =400°C Tact =500°C Tact =300°C Tact =400°C Tact =500°C
€O, co €O, co CO, co
Ce0, 7.5 0.0 0.27
0.10Cu 284.6 16.5 108.5 11.2 725 13.1 3.54 1.85 1.91
0.15Cu 129.5 22.4 2.39
0.25Cu 286.6 333 161.8 204 85.2 14.7 3.79 2.75 2.12
0.50Cu 249.8 21.0 201.5 18.9 94.9 13.8 3.98 436 332
0.75Cu 295.9 39.0 205.4 21.0 107.6 19.5 5.47 4.49 4.18
Cu0 314 22 1.58
7.5 wt.% CuO/Ce0, 52.9 9.4 2.66
7.5 wt.% CuO/Al, 03 10.6 4.0 0.17
Table 2 0.6
Specific surface areas, Sger, of catalysts activated at various temperatures [1].
Catalyst Sger (m? g~") 0.5 <
Tact =300°C Tact =400°C Tact =500°C -
"
0.10Cu 85.1 64.8 44.8 o 049
0.15Cu 86.4 63.5 41.9 " |
0.25Cu 843 66.3 47.1 o
0.50Cu 68.1 505 327 5 031
0.75Cu 61.2 50.4 304 £
Cu0 21.3 2 i
7.5 wt.% CuO/Ce0, 23.4 g
7.5wt.% CuO/AL, O3 88.1 o 1
0.1 4
00 Ll L] L] L
0.25 0 100 200 300 400
T,°C
0.20+ Fig. 4. TPSR profiles of CO, (carrier gas: 1% O,/He) after adsorption of CO at RT, for
i3 0.25Cu catalyst activated at 300, 400 and 500°C.
&
i 0157 amount of produced CO,, which is considerably smaller over the
_og alumina-supported catalyst. The amounts of CO, produced during
£ i TPSR were, in all cases, almost equal to the sum of (CO +CO,) pro-
= duced during TPD of preadsorbed CO. This result, therefore, helps
‘z% validate and confirm the corresponding TPD results.
0.054
4. Discussion
0.00 y T ¥ ¥ The observation of molecular desorption of CO during TPD
O 100 1?0(?0 200 400 implies that part of CO adsorbs reversibly on all catalysts when the
L

Fig. 3. TPD profiles of CO, after CO, adsorption at RT, for Cu-400 catalysts and pure
CuO and Ce0O, samples.

Table 3

adsorption s carried out at RT. This is in line to what has been found
previously by us [32], as well as other investigators [4]. Reversibly
adsorbed CO is obviously bound on a reduced Cul* site, which
has been created during exposure of the catalysts to CO prior to
TPD or TPSR. FTIR studies of adsorbed CO over CuO-CeO, indicate

Amounts (expressed as pmol g~! and wmol m~2) of CO, desorbed in CO,-TPD experiments.

Catalyst Desorbed amounts of CO,

pmol CO, g ! mol CO, m—2

Tact =300°C Tact =400°C Tact =500°C Tact =300°C Tact =400°C Tact =500°C
CeO, 61.6 2.23
0.10Cu 115.8 1.79
0.25Cu 144.3 73.7 29.8 1.71 1.11 0.63
0.50Cu 113.2 62.4 324 1.66 1.24 0.99
0.75Cu 130.9 81.3 26.6 2.14 1.61 0.88
CuO 26.7 1.25
7.5 wt.% CuO/CeO, 28.6 1.22




G. Avgouropoulos, T. loannides / Journal of Molecular Catalysis A: Chemical 296 (2008) 47-53 51

0,6
0.50
0,5 0.25\-
n.rc\

Rdes’ (“mOICO 'fchat)
o
w
1

0,2 -
0,1 -
0,0 - . , . ] -
0 100 200 300 400
T, (°C)

Fig. 5. TPSR profiles of CO, (carrier gas: 1% O, /He) after adsorption of CO at RT, for
Cu-400 catalysts and pure CuO.

formation of Cu* carbonyls due to interaction of CO with Cu?*
ions with unsaturated coordination leading to their reduction
with accompanying CO, formation, while subsequent CO adsorp-
tion on reduced centers produces the Cu*-carbonyl species [24].
Microcalorimetric studies of CO interaction with CuO-ZnO cata-
lysts in the oxidized state have shown the occurrence of surface
reduction by CO as indicated by the high heat of interaction, while
the heat of adsorption of CO on the resulting Cu* centers takes
values in the range of 110-66kJmol~! [35]. Our TPD and TPSR
results are in agreement with such a scheme of CO adsorption.
The Cu*-CO species are very reactive in the presence of gaseous
oxygen, which is rapidly taken up by the reduced catalyst surface
even at room temperature, as has been found by Caputo et al. [33].
Regarding CO, adsorption, CO,-TPD experiments showed that CO,
desorption takes place with peak at around 100°C. It is expected,
therefore, that the surface coverage of CO, will become quite
low at temperatures around 150°C or higher. This is in line with
the observed inhibition effect of CO, during CO oxidation under
steady-state conditions [1]. The observation that CO, inhibition
is stronger over pure CuO than on CuO-CeO, catalysts may be
attributed to: (i) the stronger adsorption of CO, on pure CuO
compared to CuO-CeO, catalysts, as indicated by the higher CO,
peak temperature in the former case and (ii) the higher value of
the ratio CO,4s/CO5,4s On CuO-CeO, catalysts compared to pure
CuO, indicating that CO, occupies a larger fraction of active sites
on pure CuO, causing in this way a stronger inhibition.

4.1. Effect of Cu content on CO-TPD

In the case of pure CeO,, CO, started to form above 225°C and
its formation rate increased gradually with temperature, but the
amount of CO, produced was very low compared to CuO-CeO,, cat-
alysts. This result shows, however, that these small amounts of CO
are held quite strongly on the CeO, surface, probably via formation
of carbonate species. The total amount of (CO + CO;), which is pro-
duced during TPD from CuO-CeO, catalysts does not increase in an
analogous fashion with increase of Cu content. When the catalyst
activation temperature is 300 °C, the total amount of (CO+CO,) is
in the range of 270-335 wmol g~ 1. At the activation temperature of
400°C, increase of Cu content from 0.10 to 0.75 leads to doubling of
desorbed amount from 120 to ~230 wmol g1, while at Taer =500 °C
the corresponding increase is ~50%, i.e. from 85 to 127 wmolg~1.
This means that most of the added copper oxide does not contribute
appreciably to the creation of sites for CO adsorption. Caputo et
al. [33] have measured the quantity of adsorbed CO over a 4 wt.%
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Fig. 6. TPD profiles of CO (1) and CO; (2) along with TPSR profiles of CO, (3) (carrier
gas: 1% 0, /He) after adsorption of CO at RT on (a) 0.25Cu-400, (b) 7.5 wt.% CuO/Ce0O,
and (c) 7.5 wt.% CuO/Al, 05 catalysts.

Cu0/Ce0, catalyst to be 163 wmolg~! corresponding to a specific
capacity of 3.26 wmol m~2. Jung et al. [34] have measured the irre-
versible CO uptake of a CuO-CeO, (5.1 wt.% Cu) catalyst at RT with a
static method. They found a value of ~446 wmol g~! for the catalyst
activated at 500 °C (Sger =78 m? g~ 1) and a value of ~125 umol g~!
for the catalyst activated at 700 °C (Sger =22 m? g~1), which was the
most active one. It should be noted that these measurements were
obtained with higher CO pressure (500 mm Hg) than that of the
present work.
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Table 4
Adsorption, Q/Qcyo, and activity, R/Rcyo, ratios for CO adsorption and CO oxidation, respectively, over CuO-CeO, catalysts activated at various temperatures.
Catalyst Q/Qcuo? R/Rcuo®

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.% Cu0/CeO, 25 36
7.5wt.% CuO/Al, 03 6 1.6

2 Qcuo =33.6 wmol g1 (total desorbed CO +CO,, Table 1).

b CO oxidation rates measured at 75 °C. Feed: 1% CO, 1.25% O, 50% H;, He balance. W/F=0.03 gscm3; Rcyo =0.25 wmolg=! s~ [1].

TPD profiles in Fig. 2 show that the CO, peak temperatures shift
to lower values with increase of copper content, while the 0.10Cu
catalyst shows a significant delay in the appearance of CO; in the gas
phase compared to the other catalysts. When this catalyst was acti-
vated at 300 °C, the total amounts of CO and CO, desorbed after CO
adsorption were ~300 wmol g~1. The CuO loading of this catalyst is
615 wmol g—! and the corresponding CO/Cu ratio is 0.5. This result
indicates the presence of highly dispersed, isolated Cu?* species
on the surface. Increase of activation temperature to 400 or 500 °C
causes a marked decrease in the amount of desorbed CO and CO,
by 3-4 times to 120 and 85 wmol g~1, respectively, implying a loss
of adsorption sites due to agglomeration of copper ions with for-
mation of very small CuO clusters. At the same time, TPD profiles
showed a shift of CO, desorption to lower temperatures — hence
easier decomposition of formed carbonates - with increase of Tact.
Under steady-state CO oxidation conditions, the 0.10Cu catalyst had
slightly higher activity when activated at 400 or 500°C than at
300°C [1], showing that the “lost” adsorption sites do not actually
contribute to the catalyst activity. The same applies for the catalysts
with Cu content of 0.15 and 0.25.

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

Significant amounts of CO, desorbing at high temperature were
found over the catalysts activated at 300°C. These were consid-
erably diminished for catalysts activated at 400 °C and had almost
disappeared, when T, was 500 °C. A similar feature in CO-TPD over
CuO-CeO, catalysts prepared by co-precipitation has been reported
by Zou et al. [36] and may be attributed to decomposition of car-
bonate species formed upon reaction of adsorbed CO with surface
oxygen. This explanation assumes that carbon dioxide formed on
the surface is bound in a different mode compared to carbon diox-
ide adsorbed from the gas phase, because no high-temperature CO,
peak was observed during CO,-TPD. The main difference between
CO, formed on the surface by reaction of adsorbed CO with surface
oxygen and CO, adsorbed from the gas phase is that the former
resides on a locally reduced surface due to abstraction of lattice
oxygen. Formation of carbonates, carboxylates and linear adsorbed
CO with exposure of CeO, to CO at room temperature has been
previously reported [37,38]. Hilaire et al. [39] have also found that
carbonate species are formed upon exposure of a Pd/Ce0O, catalyst
to CO at 400 °C. These carbonate species were found to be quite sta-
ble on a reduced ceria surface, but decomposed with exposure in
oxygen. Karpenco et al. [40] have also reported fast decomposition
of carbonate species during oxidative treatment (0, /N, )at 180 °C of
Au/CeO, catalysts. These carbonate species are generally associated
with reduced sites (Ce3*) and the oxidative treatment causes their
decomposition with simultaneous oxidation of the ceria surface
(Ce3* — Ce*"). Comparison of TPD and TPSR profiles for the cata-
lysts activated at 400 °C shows that CO, desorption is completed
earlier during TPSR, as the CO, peak observed at 400 °C during TPD

is absent in TPSR. This is in line with a greater instability of carbon-
ates (thus larger tendency towards decomposition) in the presence
of 0.

It should be pointed out that the disappearance of the
high-temperature CO, peak with increase of catalyst activation
temperature has almost no effect on catalyst activity, because cat-
alysts activated at 500°C - for which this peak is not present -
have comparable activities with catalysts activated at 300°C [32].
CuO-CeO, catalysts exhibit activity in CO oxidation even at 50°C,
whereas at this temperature the species responsible for the HT CO,
desorption will certainly be spectator species.

The low-temperature peak of CO, observed during TPD of pread-
sorbed CO was found to decrease by ~50% with increase of Tact
from 300 to 500°C, i.e. in an analogous fashion to the concomitant
decrease of the surface area of the catalysts. Therefore, as far as the
LT CO, peak is concerned, no significant change in the amount of
the corresponding adsorbed CO per unit surface area of the catalyst
takes place. The overall decrease in the amount of adsorbed CO per
m? of catalyst with increase in Tac is due to the disappearance of
the HT CO, peak. The shift of the CO, peak temperature from 120
to 100 °C with increase of T,c¢ can be considered as an indication of
enhancement of catalyst reactivity, because surface carbonates are
less stable and tend to decompose at lower temperatures.

4.3. Adsorption sites and catalytic activity

Quantitative analysis of TPD and TPSR experiments has provided
an estimation of the active sites of CuO-CeO-, catalysts, i.e. of sites
which are able to interact with CO at room temperature. The results
of this analysis and the derived conclusions may be summarized as
follows:

e 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.

e Highly dispersed Cu?* species (essentially isolated Cu?*) which
are more abundant on CuO-CeO, 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 CO, desorption feature.

The CO adsorption capacity and the catalytic activity in CO oxi-
dation of all catalysts, is compared in Table 4, which depicts the
adsorption ratio, Q/Qcyo (Qis the sum of (CO + CO, ) desorbed during
TPD expressed in pumol ga}o and Qg is the corresponding value for
pure CuO) and the activity ratio, R/Rcyo (R is the CO oxidation rate
expressed in pwmols~! ga}o and Rcyo the corresponding reaction
rate for pure CuO). As the adsorption ratio, Q/Qcyo, compares the
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amount of CO adsorbed on the catalysts to that on pure CuO based
on the same CuO mass, it provides an indication of the effect of the
support (CeO, or Al,03) on enhancing CuO dispersion and creat-
ing additional adsorption sites. The activity ratio, R/Rcyo, Operates
in an analogous fashion regarding catalytic activity. For example,
1 g of CuO contained in the 0.10Cu-300 catalyst adsorbs 183 times
more CO and is 54 times more active in CO oxidation than pure
CuO. The results of Table 4 show that the adsorption ratio decreases
both with increase of copper content and with increase of activation
temperature. This corresponds to a decrease of CuO dispersion due
to diminishing of atomically dispersed copper ions and CuO cluster
growth. The 7.5 wt.% CuO/CeO,, catalyst, prepared by impregnation,
has a smaller adsorption and activity ratio than the correspond-
ing 0.15Cu-400 catalyst of the same CuO content, obviously due
to its smaller surface area and the different preparation method.
The 7.5 wt.% CuO/Al, 03 catalyst has the smallest adsorption ratio
among all catalysts. The activity ratio decreases with increase of
copper content in a fashion analogous to the adsorption ratio, but
decreases with increase of activation temperature only for cata-
lysts with high copper content (0.50Cu and 0.75Cu). In the case
of catalysts with low copper content (0.10Cu-0.25Cu), the activ-
ity ratio shows a weak maximum at the activation temperature of
400°C. A similar example can be derived from the work of Jung
et al. [34], in which it is shown that the catalytic activities of a
5.1 wt.% CuO-CeO, catalyst prepared by co-precipitation and cal-
cined at 500°C or 900°C are comparable, despite the fact that the
surface area is more than 6 times lower and the CO uptake 14 times
lower for the catalyst calcined at 900°C. The observed trends of
adsorption and activity ratios for our catalysts lead to the conclu-
sion that the “lost” adsorption sites do not contribute to catalyst
activity. On the basis of TPD results, these sites are most probably
blocked by carbonate species under steady-state reaction condi-
tions. DRIFTS experiments under PROX reaction conditions have
shown the formation of different carbonate species on CuO-CeO,
catalysts, located at the interfacial region of the support in contact
with the dispersed copper oxide species [18]. Another interesting
observation regarding the data in Table 4 is that the values of the
adsorption and activity ratios for most catalysts are quite similar
(exceptions are the 0.10Cu-300 and 0.75Cu). This implies that the
enhanced CO oxidation activity of CuO-CeO, catalysts compared
to CuO is in a major part due to their higher active site density and
not to a higher intrinsic site activity. If one calculates the Q/Qcyo
ratio on a surface area basis, it turns out that it obtains values in
the range of 1.2-3.5, hence CuO-CeO, catalysts have a density of
sites for CO adsorption 1.2-3.5 times higher than the one of pure
CuO. These additional sites for CO adsorption and reaction reside
probably at the interface between the two oxides.

5. Conclusions

The interaction of CO with CuO-CeO,, CuO and CuO/Al, 03 cat-
alysts can be described as a reactive adsorption leading to surface
reduction and formation of carbonates and concomitant reversible
adsorption of CO on reduced sites (Cu*). Reversibly adsorbed CO
is weakly bound and desorbs with peak below 100 °C, but is highly
reactive towards gaseous oxygen. Surface carbonates, formed by the
interaction of CO with the catalysts at room temperature, decom-
pose during TPD towards CO,. The corresponding CO, profiles

consist of a LT peak at 100-150 °C - common on all catalysts — along
with CO, desorption at high temperatures in the case of CuO-CeO,
catalysts activated at low temperature. Increase of catalyst activa-
tion temperature leads to CuO cluster growth and decrease of CO
adsorption capacity, but this is not detrimental to catalyst activ-
ity, because the ‘lost’ sites are those which bind carbonate species
and are inactive under reaction conditions. The beneficial effect of
Ce0, on the activity of CuO-CeO, catalysts may be attributed to
the stabilization of highly dispersed CuO species with concomitant
creation of additional CO adsorption and reaction sites, probably at
the interface between the two oxides.
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