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The reducibility of Ce—Al—0 and Cu—Ce—AI-0 solids is studied by H,-TPR and EPR in order
to identify the different ceria and copper oxide species. The study of Ce—Al-O oxides
shows that dispersion of ceria on alumina improves reducibility of ceria bulk and stabilizes
surface ceria. Concerning quantitative results, ceria reduction extent is more important for
Ce—AIl—-0 oxides than for pure ceria. This result can be related to the dispersion of ceria on
alumina which decreases ceria crystallites size and enhances the ceria bulk reduction. For
ternary oxides, copper oxide and ceria interact strongly. Introduction of copper facilitated
ceria reduction, and quantitatively, the presence of copper favors the total reduction of ceria
contrary to Ce—Al—-0 oxides. When ceria loading is low, two copper species are identified,
and are attributed to small clusters and highly dispersed copper oxides. During the
reduction of copper species, a partial reduction of ceria is observed. Increasing of copper
loading leads to the formation of CuO aggregates. © 2004 Kluwer Academic Publishers

1. Introduction

Elaboration of automobile catalysts for diesel engine is
one of the most important environmental problems of
these last decades. CeO; is widely used as a promoter in
current based automobile catalysts. Three main prop-
erties make ceria an essential component in such redox
catalysts: its oxygen storage capacity (OSC) [1]; its re-
dox properties (Ce**/Ce*) and its thermal stabilizing
influence on alumina [2-4]. Copper oxide is a well-
known component of catalysts for a lot of reaction, as
CO [5-11], volatile organic compounds (VOC) [12, 13]
or CHy [8, 9] oxidation, NO, reduction [11, 14-16]
or soot combustion [17-22]. For automotive catalysts,
copper is an interesting substitute to noble metal be-
cause of its catalytic properties and its cost. Copper
can exist on different forms (isolated Cu®* ions, highly
dispersed clusters, small clusters and CuO aggregates),
and depending on the reaction, one of these species is
more interesting than the others. According to literature
data, isolated copper ions are the most active copper
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species for CH, oxidation [9] whereas for CO oxida-
tion, small clusters are the most active copper species
[9, 10]. For decomposition of nitrous oxide (N,O), iso-
lated copper has little effect on activity, whereas small
clusters seem to be the most active copper species [15].
Concerning soot combustion, aggregates seem more ac-
tive than isolated copper species [20]. Thus, it is very
interesting to know the copper species distribution on
solid in order to explain the behavior of catalysts ver-
sus oxidation reactions. The aim of this work is to study
the reduction of Ce—Al—O and Cu—Ce—AIl—O solids,
to know the influence of both copper oxide and ceria on
the reduction of the system and the influence of their
loading on copper dispersion.

2. Experimental

2.1. Solids preparation

Alumina is synthesized by sol-gel method. Secondary
aluminum butylate (AlI(OC4Hy)3;, Fluka, ~11.0 wt%
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TABLE I Ce—Al—O and Cu—Ce—AIl—O samples composition and specific area after calcination at 600°C

wt% of wt% of Specific Calculated

CuO CeO, area (m?/ 2) specific area (mZ/g) Atomic composition
Al,O3 - - 420 (420) Al O3
1Cel10Al - 26.2% 301 (324) Ce05A110017.1
3Cel0Al - 51.0% 212 (234) Ce3.08A110021.16
10Ce10A1 - 75.8% 149 (143) Ceg.23Al10033.56
CeOy - 100% 55 (55) CeO>
1Cul0Al 16.4% - 351 (352) Cuj.26Al10016.26
1CulCel0Al 10.8% 23.3% 277 (290) Cu].05C61.05A110013.15
1Cu3Cel0Al 6.6% 47.6% 192 (219) Cug.92Ce3.08A110022.08
5Cu3Cel0Al 25.6% 38.1% 152 (175) Cu4,53Ceg,11A110025,75
1Cul0Cel0Al 3.6% 73.1% 110 (138) Cug.98Ceg.28Al 1903454
5Cul0Cel0Al 15.1% 65.5% 98 (119) CusCejpAljpOy9
1Cul0Ce 4.4% 95.6% 47 (53) Cug.99Ce10020.99

Italics: calculated wt% values.

Al is dissolved in butan-2-ol (Fluka, purity >99.5%).
Then, complexing agent (Butan-1,3-diol, Fluka,
purity >98%) is added before hydrolysis [23]. Alumina
is calcined at 500°C for 4 h before used as support for
preparing supported catalysts. With this method alu-
mina is partially crystallized under y form.

Ceria is prepared by precipitation of Ce(NOj3);3-
6H,0 (Prolabo, total amount of rare earth oxides is
99.5%) in an ammonia aqueous solution (0.7 mol/L).
The solid is filtered, washed, dried at 100°C and
calcined at 600°C for 4 h with a temperature rate of
0.5°C/min.

Different Ce—Al—O oxides are prepared by incip-
ient wetness of cerium nitrate solution onto alumina
pre-calcined at 500°C. Then, the sample is dried at
100°C and calcined for 4 h in a flow of dry air at
600°C. Cerium containing solids are denoted 1Cel10Al,
3Cel0Al and 10Cel0Al, where the number before
chemical symbol represents the atomic content in the
solid.

Copper containing solids are prepared by incipient
wetness of a support calcined at 500°C (aluminum,
cerium or Ce—Al oxides) with aqueous solution
of copper nitrate (Cu(NO3)3-3H,0, Prolabo, purity
>99.0%). The mixture is dried at 100°C and cal-
cined at 600°C for 4 h in a flow of dry air. Copper
containing solids are denoted as supports, 0.5Cul0Al,
1Cul0Al, 1CulCel0Al, 1Cu3Cel0Al, 5Cu3Cel0Al,
1Cul0Cel0Al, 5Cul0Cel0Al and 1Cul0Ce.

Table I summarizes composition of supports and cop-
per containing catalysts performed in the central ele-
mentary analysis office of the CNRS (Vernaison).

2.2. Specific area

Specific area measurements are performed using a
Quantasorb Junior System (Ankerschmidt). Approx-
imately 30 mg of catalyst are outgassed in a flow
of helium at 130°C for 30 min prior to adsorption
measurements. Adsorption is made with a No/He mix-
ture (30% N,) at —196°C. With this one-point method,
the accuracy of specific area is about 10%.

Table I shows specific area obtained for supports
and copper based catalysts calcined at 600°C. In paral-
lel, theoretical values are calculated from specific area
of simple oxides (Al,O3, CeO; and CuO calcined at
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600°C) and their weight percentage in the considered
solid. Sol-gel synthesized alumina has a high specific
area of 420 m?/g. Specific area of ceria and copper ox-
ide are respectively 55 and 8 m?/g.

2.3. Temperature programmed reduction
(TPR)

Temperature programmed reduction (TPR) of samples
is carried out in a flow device equipped with a system of
gas preparation and purification, a quartz reactor, a tube
furnace and a thermal conductivity detector (TCD). All
solids used for TPR experiments were previously cal-
cined at 600°C. Before the TPR measurements, the
solids are activated at 450°C under an oxygen flow for
1 h. A typical reduction is performed on 50 mg of sam-
ple in a mixture of 5 vol% H; in Ar. The flow rate is
23 mL/min and the heating rate is 13.2°C/min. H; con-
sumption is estimated by comparison of the integrated
peak areas with those obtained for standard (NiO). Inte-
gration is performed after the correction of the baseline
of each TPR peak. The area of the TPR (related to quan-
tity of labile oxygen) and the temperature of maximal
reduction (characteristic of oxygen mobility) are cho-
sen as parameters used for interpretation of TPR data
on the redox properties of solids.

2.4. Electron paramagnetic resonance (EPR)
The electron paramagnetic resonance (EPR) measure-
ments are performed at —196°C on a EMX BRUKER
spectrometer equipped with a cavity operating at a
frequency of ~9.5 GHz (X band). The magnetic field
was modulated at 100 kHz. The g values are determined
from precise frequency and magnetic field values. EPR
intensity is given by the normalized double integration
of the EPR signal.

3. Results and discussion
3.1. Ce—Al-0 samples
Four supports are studied: Al,O3, 1Cel0Al, 10Cel10Al
and CeO;. Hydrogen consumption curves are presented
in Fig. 1.
For alumina, no hydrogen peak is observed. Indeed,
alumina is well known to be stable versus H, reduction.
The TPR profile of CeO, shows 3 peaks (Fig. 1).
The first peak centered at 416°C is due to removal
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Figure 1 TPR profiles of Ce—Al—O samples.

of adsorbed oxygen on ceria [24]. Both major peaks
centered at 680 and 940°C are attributed respectively to
surface and bulk ceria reduction into Ce, O3 [1, 25, 26].

2Ce0O, + Hy, — Cey03 + H,0 (1)

For mixed oxides, TPR profiles show 3 peaks as for
pure ceria, due to adsorbed oxygen removal, surface and
bulk ceria reduction. The removal of adsorbed oxygen
needs lower temperature with increasing of ceria con-
tents (Fig. 1). Indeed, for low ceria loading, ceria is
highly stabilized and removal of adsorbed oxygen oc-
curs at 458°C (1Cel0Al sample). This temperature de-
creases with increasing of ceria loading and passes to
433°C for 10Cel0Al sample and reaches a minimum
of 416°C for pure ceria.

In the same order, surface ceria reduction takes place
at lower temperature for pure ceria than for Ce—Al—O
oxides. As for adsorbed oxygen removal, low ceria
loading stabilizes surface ceria and the reduction takes
place at 727°C for 1CelOAl sample. With increas-
ing of ceria content, surface ceria are less stabilized
and temperature of reduction decreases to 696°C for
10Cel0Al sample and to 680°C for pure ceria.

Bulk reduction peak is observed on each sample,
even on 1Cel0Al sample, showing a saturation of ce-
ria dispersion. Indeed, the lowest content of ceria in
our mixed oxides is 26.2 wt% (for 1Cel10Al), and ac-
cording to literature data [1], bulk ceria reduction peak
is observed from about 6 wt% of ceria. Furthermore,
when ceria content increases, bulk ceria reduction is
more difficult to occur, and needs higher temperature
of reduction. Thus, bulk ceria reduction takes place at
881°C in the case of 1Cel0Al sample, whereas, it oc-
curs at 940°C for pure ceria. Those results are in good
agreements with those of Appel et al. [26], showing
that increasing of ceria content leads to higher temper-
ature of reduction of bulk ceria. Moreover, concerning
bulk ceria reduction, the peak shape is different for pure
ceria and mixed oxides. For pure ceria, reduction peak
is broad, whereas for mixed oxides, the reduction peak
of bulk ceria is well resolved and sharper, showing that
hydrogen diffusion is easier for mixed oxides than for
pure ceria.

Concerning quantitative results, if the complete re-
duction of ceria is achieved, the amount of hydrogen
calculated from Equation 1 is 2.90 mmol per gram of ce-
ria. Using this theoretical value, ceria reduction extents
are calculated for each sample. Thus, for pure ceria,
only 67 wt% of ceria are reduced. Bulk ceria is hardly
reductible thus it is possible that bulk ceria cannot be
entirely reduced in these experimental conditions. For
10Cel10Al, ceria reduction extents is 83 wt%. This in-
crease of ceria reduction extent is probably due to better
accessibility of bulk ceria. However, for 1Ce10Al sam-
ple, the ceria reduction extent is 68 wt%. In this case,
the low value may be ascribable to better stabilization
of surface ceria.

To summarize, pure ceria presents three peaks of re-
duction due to respectively removal of adsorbed oxy-
gen, surface and bulk ceria reduction. For ceria dis-
persed on alumina, removal of adsorbed oxygen and
surface ceria reduction need higher temperature to be
achieved than pure ceria. On the contrary, bulk ce-
ria reduction is facilitated when dispersed on alumina.
Those phenomena are enhanced with decreasing of
ceria content.

3.2. Cu—Ce—AI-0 samples
Fig. 2 shows hydrogen consumption curves obtained
for 1CulOAL 0.5CulOAl, 1CulOCe, 1CulCelOAl,
1Cu3Cel0Al, 1CulOCel0Al, 5Cu3Cel0Al and
5Cul0CelOAl samples. Assuming that all copper
species are reduced as followed:
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Figure 2 TPR profiles of copper based catalysts.
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copper reduction extents are calculated from Equation 2
and from weight percent of copper oxide (Table I) for
each sample.

TPR profile of 1CulOAl sample shows a single
peak centered at 208°C. According to literature data
[13, 14, 27-31], this peak is attributed to the reduc-
tion of highly dispersed copper oxide species, which
include isolated copper ions and well dispersed clus-
ters. No bulk copper reduction is observed. Indeed,
bulk copper reduction peak occurs from about 5 wt%
of CuO per 100 m?/g of alumina support [27-29] or
6 wt% of CuO per 100 m?/g of ceria support [10, 32].
In this case (1CulOAl), the amount of copper oxide

iS et x 100 = 4.7 wi% per 100 m¥/g

of support, where 16.4 represents the weight percent
of copper oxide in the solid, 420 the specific area
of alumina support and 0.836 the alumina loading in
the solid. Consequently, the high dispersion of cop-
per in 1CulOAIl sample allows to obtain only dis-
persed copper species. To confirm this result, EPR
spectrum of 1Cul0Al is recorded at —196°C (Fig. 3).
The spectrum shows two signals of copper species.
The first signal with hyperfine structure is character-
istic of Cu?* ions with an axial symmetry [33-35].
The EPR parameters of this axial signal are: g, =
2.326; g, = 2.054; A, =128G; A =39G. The other
signal is isotropic, centered at gjso = 2.140 with a line
width A H,, = 400G and can be assigned to small clus-
ters of copper ions [33, 34, 36, 37]. When the copper
content is 2 times lower (0.5Cul0Al), the isotropic sig-
nal presents a sharper line width (A Hp,, = 273G) than
1CulOAl sample (Fig. 3) and thus the relative intensity
is significantly lower, while the total intensity of the
0.5CulOAI sample is ~2 times higher than 1Cul0Al
sample (Table IT), showing that copper is mainly under
isolated Cu?* ions. Moreover, TPR study of 0.5Cul0Al
shows that copper reduction needs higher temperature
to be achieved (Fig. 2: 233°C), evidencing a better sta-
bilization of copper species. According to Berger and
Roth [38], the observed EPR intensity is a percentage
of the theoretical total intensity due to nearly isolated
Cu?* ions only. Moreover, Kucherov et al. [39] have
shown that intensity is correlated with the concentra-
tion and the dispersion of the copper (II) species. Using
0.5Cul0AI sample as reference for total dispersion of
copper oxide, Table I summarizes the percentage of de-
tected copper species by EPR. Only 19.4 wt% of Cu(II)
species is detected by EPR technique for 1Cul0OAl sam-
ple. However, quantitative TPR results, deduced from
H; consumption and presented in Fig. 4, show that cop-

1Cul0Al

0.5Cul0Al

Dimer
1Cul0Ce

1CulCel0Al
x40

1Cu3Cel0Al <40

EPR Signal (a.u.)

1Cul0Cel0Al

5Cul0Cel0Al

750 1250 1750 2250 2750 3250 3750 4250 4750
Magnetic Field (G)

Figure 3 EPR spectra of copper based catalysts recorded at —196°C.

per oxide is entirely reduced into Cu® (98 wt%). Fur-
thermore, TPR profile of 1Cul0Al shows only one re-
duction peak. Regarding these results, this peak should
be related to clusters reduction, including also the dis-
persed species reduction peak.

The TPR profile of 1Cul0Ce sample exhibits differ-
ent peaks (Fig. 2). As for pure ceria, two peaks cen-
tered at 594 and 932°C are observed and respectively
ascribed to surface and bulk ceria reduction. The tem-
perature of surface ceria reduction of 1Cul0Ce sample
(594°C) is considerably lower than that observed in the
case of pure CeO, (680°C). This phenomenon shows
an interaction between copper oxide and ceria surface,
which improves ceria reducibility. For ceria bulk, the
presence of copper does not change reducibility since
temperature of reduction is 940 and 932°C for pure ceria
and 1Cul0Ce respectively. In addition to these peaks, a
double peak is shown at 150 and 184°C. According to

TABLE II EPR parameters of copper based catalysts spectra recorded at —196°C

EPR intensity Dispersion (wt% of CuO Copper detection Ay
Sample (a.u) per 100 m?/g of support) (Wt% of CuO) g// monomer monomer (G)
0.5Cul0Al 130.7 1.9 100% 2.346 138
1CulOAl 62.8 4.7 19.4% 2.326 128
1CulCel0OAl 87.8 4.0 31.9% 2.320 128
1Cu3Cel0Al 130.4 33 57.4% 2.322 128
5Cu3Cel0Al 89.2 16.2 8.0% 2.317 130
1Cul0Cel0Al 72.5 25 42.2% 2.320 133
5Cul0Cel0OAl 64.7 11.9 7.9% 2312 132
1Cul0Ce 157.1 8.4 27.2% 2.295 134
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Figure 4 Quantitative results of TPR for copper based catalysts.

Kundakovic and Flytzani-Stephanopoulos [40], when
copper content is sufficiently low (2.4 wt% of CuO
per gram of catalyst), copper is well dispersed and is
only present as isolated copper Cu”* ions or highly dis-
persed clusters. At higher Cu content (2.4-10.4 wt%
of CuO per gram of catalyst), copper is mainly under
small clusters. Thus, small clusters are weakly inter-
acting with the support and then are more easily re-
duced than dispersed species. Reduction peaks of clus-
ters take place at about 160°C. Finally, at higher Cu
loading (23.6 wt% of CuO per gram of catalyst), cop-
per is mainly under larger CuO particles, which do not
interact with support. In our case, 1Cul0Ce sample con-
tains 4.4 wt% of CuO per gram of catalyst (Table I).
Thus, copper can exist under well dispersed copper and
cluster form [40]. EPR study shows as for 1Cul0Al
sample, an axial signal attributed to Cu?* ions and an
isotropic signal related to small clusters (Fig. 3). How-
ever, EPR parameters of the axial signal are different
from 1Cul0Al sample due to environmental difference
(gy = 2.295; g, = 2.047; Ar = 134G; AL = 39G).
Moreover, a third signal is observed and is attributed to
copper (II) ion dimers [37]. This signal displays a fine
structure corresponding to the Amg = =1 transition
of a triplet state, where two signals with axial sym-
metries are observed. The EPR parameters of dimers
signal are: g,p = 2.2086; g,p = 2.0362; A,p = 86G;
A1p = 16G. This signal is observed only for cop-
per in interaction with ceria since dimers are due to
2 copper (II) ions pairs bonded by oxygen formed in
ceria [37]. The EPR parameters of this species do not
change with solids. Only 27.2% of copper is detected
by EPR for 1Cul0Ce sample. Thus copper oxide exists
under isolated species (detected by EPR) and clusters
form (undetected by EPR). Then, according to litera-
ture data and EPR study, the first peak at 150°C is due to
the reduction of cluster species weakly interacting with
support and the peak centered at 184°C is assigned to

isolated Cu®* ions. Furthermore, this study shows that
isolated copper species are more easily reducible on ce-
ria than on alumina since similar copper species are re-
duced at 208°C on 1Cul0Al sample. Alumina presents
a high specific area (420 m?/g), copper is then highly
dispersed (4.7 wt% of CuO per 100 m?/g) and highly
stabilized. Thus, dispersed copper on alumina needs
high temperature to be reduced. On the contrary, cop-
per on ceria is less stabilized because the dispersion is
lower: gose S5y = 8.4 wt% of CuO per 100 m?/g
of support. In addmon ceria has redox properties which
enhance the reduction phenomenon [29]. Moreover, a
third peak due to copper reduction is observed at 249°C
for 1Cul0Ce sample (Fig. 2). This very weak peak is
attributed to copper aggregates reduction [13, 30, 40].
Indeed, according to Luo et al. [10], the dispersion of
copper for 1Cul0Ce sample (Table II) is higher than
the limit of aggregates formation. Thus, a part of cop-
per may be under aggregates form.

Fig. 4 shows quantitative results expressed in mmol
of H, uptake per gram of solid and in percent of
CuO or CeO, reduced to Cu’ or Ce,03 respectively.
For 1CulOCe sample, experimental total hydrogen
consumption is quite equivalent to calculated value
(3.33 mmol/g), proving that reduction of both copper
and ceria is complete. However, the hydrogen consump-
tion ascribed to copper reduction is 0.65 mmol/g higher
than calculated value, and ceria reduction shows lower
hydrogen consumption (2.14 mmol/g) than calculated
one (2.78 mmol/g). These phenomena clearly show that
ceria can be partially reduced during copper oxide re-
duction. Indeed, partial reduction of ceria has been ob-
served in presence of precious metal by a spillover pro-
cess [1]. In addition, it is well known that dissociative
adsorption of hydrogen on copper does not take place
easily at low temperature. However, in our case the pos-
sibility that the partial reduction of ceria occurs versus
hydrogen spillover should not be omitted. This result
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is in good agreement with literature data [40] where a
partial reduction of ceria during copper reduction, has
been observed.

3.2.1. Influence of ceria contents

Concerning Cu—Ce—Al—O mixed oxides, reduction
behavior depends on ceria content. Table II shows
EPR parameters of copper based catalysts. The g
value depends on solids. This value is 2.326 and
2.295 for 1Cul0Al and 1Cul0Ce respectively. The g,
value of Cu—Ce—Al oxides decreases from 2.322 for
1Cu3Cel0Al to 2.320 for 1Cul0Cel0Al (Table II).
Moreover, the dimer signal is better defined with in-
creasing of ceria loading (Fig. 3). These observations
show that copper oxide is more in interaction with ce-
ria than alumina when ceria content increases. When
ceria loading is low (1CulCel0Al and 1Cu3Cel0Al),
the major TPR peak is centered at about 230°C and
is ascribed to highly dispersed species (Fig. 2). The
second peak centered at 190°C, which increases with
ceria loading, is due to cluster. Since 1CulCel0Al and
1Cu3Cel0Al solids have high specific areas (Table I),
the dispersion is equivalent to 3—4 wt% of CuO per
100 m?/g of support (Table II), and according to Dow
et al. [27-29] this dispersion allows to obtain only iso-
lated Cu* ions and cluster species weakly in inter-
action with the support. Copper reduction peaks oc-
cur at higher temperature for ternary oxides than for
1Cul0Al and 1CulOCe. This assertion can be related
to the specific area of samples. Indeed, alumina has
the most important specific area (420 m?/g) compared
to ceria (55 m?/g) or copper oxide (8 m?/g). Thus,
when alumina is impregnated by copper or cerium, the
loading of alumina decreases and the specific area too.
For 1CulCel0Al and 1Cu3Cel0Al samples, the weight
percent of alumina is important (65.9 and 45.8 wt% re-
spectively), thus specific area is important too. Table I
show specific area measured or calculated from specific
area of single oxide. The calculated values (290 and
219 m?/g for 1Cu3Cel0Al and 1Cul0Cel0Al respec-
tively) are in good agreements with measured values
(277 and 192 m?/g for ICu3Ce10Al and 1Cul0Ce10Al
respectively) but are slightly higher. This difference
can be related to a plugging of alumina micropores by
cerium or copper. Cu—Ce—Al—O samples have higher
specific area than 1Cul0Ce sample (47 m?/g). Then,
copper is more dispersed and more stabilized on ternay
oxides. Moreover, the interaction between copper oxide
and ceria is less important, since ceria content is lower.
Thus, Cu—Ce—AIl—O samples need higher tempera-
ture to be reduced than 1Cul0Ce sample. On the other
hand, specific areas of 1CulCel0Al and 1Cu3Cel0Al
are lower for ternary oxides than for 1Cul0Al sample.
Thus, hydrogen adsorption is enhanced for 1CulOAl
than for ternary oxides and Cu—Ce—AI—O oxides need
higher temperature to be reduced. Furthermore, quan-
titative results (Fig. 4) show that for ICulCel0Al sam-
ple, experimental total hydrogen consumption is lower
than calculated value, evidencing an incomplete reduc-
tion of copper oxide or ceria. Considering H, consump-
tion for copper oxide reduction, experimental value is
very close to calculated one, proving that copper oxide
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reduction is almost complete (93%) and consequently,
the reduction extent of ceria is about 87% (Fig. 4). It is
important to note that ceria reduction extent is higher
on the ternary oxide (87%) than on the corresponding
support (for 1Cel0Al support, ceria reduction extent
is about 68 wt%), showing that the presence of copper
species improves the ceria reduction. For 1Cu3Cel0Al,
the quantitative results show that the experimental hy-
drogen used to copper reduction is 0.14 mmol/g higher
than calculated value (0.83 mmol/g). This observa-
tion can be explained as in the case of 1Cul0Ce sam-
ple, by partial reduction of ceria during copper oxide
reduction.

For higher ceria containing ternary oxides
(1Cul0Cel0Al), TPR profile presented in Fig. 2
exhibits 3 peaks of copper reduction. This solid has
the same behavior as 1CulOCe. Indeed, the relative
support (10CelOAl) is composed of 75.8 wt% of
ceria impregnated on 24.2 wt% of alumina. In these
conditions, it can be assumed that alumina is entirely
covered by ceria. Consequently, copper is rather on ce-
ria than on alumina. EPR study confirms this assertion
since increasing ceria content increases the intensity of
the signal related to dimers. As for 1Cul0Ce sample,
the first peak (132°C) observed on 1CulOCelOAl
TPR curve is the reduction peak of cluster weakly
interacting with the support. Then, dispersed copper
species reduction is observed at 160°C and a third
peak is observed at 203°C. Taking into consideration
the preparation method of the solid, this latter peak
cannot be due to dispersed copper species on alumina,
since alumina is covered by ceria. As for 1Cul0Ce
sample, this peak is attributed to reduction of copper
aggregates. Pure copper oxide is reduced at 290°C
[41], but literature data [10, 29, 32, 42] show that CuO
aggregates supported by ceria and alumina can be
reduced at lower temperature (~200°C). Furthermore,
as for 1CulOCe and 1Cu3CelOAl samples, Fig. 4
shows that hydrogen used for copper reduction in
1Cul0Cel0Al is 0.44 mmol/g higher than calculated
value, due to the partial ceria reduction during copper
oxide reduction. Moreover, from the data analyzed
above showing that hydrogen over-consumption
increases with ceria content, it can be deduced that
copper-ceria interaction enhances ceria reduction ex-
tent. In order to confirm this hypothesis, the influence
of copper content is studied.

3.2.2. Influence of copper content

TPR profiles of 1Cu3Cel0Al and 5Cu3Cel0Al (Fig. 2)
show that the increase of copper loading leads to
a new TPR peak, centered at 297°C. Increasing of
copper content for 1Cul0Cel0Al to 5SCulOCel0OAl
leads to an increase of the third peak of copper ox-
ide reduction. These assertions are consistent with
the attribution of this peak to copper aggregates re-
duction. EPR data confirm the CuO agglomeration
since copper oxide detection decreases from 42.2%
for 1Cul0Cel10Al to 7.9% for 5Cul0Cel0Al and from
57.4% for 1Cu3CelOAl to 8.0% for 5Cu3CelOAl
(Table II). Increasing of copper content leads for all cat-
alysts to higher over-consumption of hydrogen during



copper oxide reduction. The over-consumption of hy-
drogen observed for 1Cu3Cel0Al is 0.14 mmol H,/g,
whereas for 5Cu3Cel0Al, this over-consumption is
0.23 mmol Hj/g. Thus, the reduction extent of ce-
ria passes from 86 to 100% with the increasing of
copper loading (Fig. 4). For higher ceria loading
(1Cul10Cel0Al and 5Cul0Cel0Al samples), the over-
consumption increases from 0.44 to 0.71 mmol H,/g.
This phenomenon evidences that reduction of ceria dur-
ing copper reduction is enhances by increasing of cop-
per loading. Moreover, EPR results show an increase
of dimer signal intensity and a decrease of g, value
(2.322 to 2.317 for 1Cu3Cel0Al and 5Cu3CelOAl
respectively; 2.320 to 2.312 for 1Cul0CelOAl and
5Cul10Cel0Al respectively) with increasing of copper
loading. These TPR and EPR results show that the in-
teraction between ceria and copper species increases
with copper loading.

4. Conclusions

The reducibility of Ce—Al—O and Cu—Ce—Al-O
solids are studied by H,-TPR and EPR in order to iden-
tify the different ceria and copper oxide species.

The study of Ce—Al—O oxides shows that disper-
sion of ceria on alumina stabilizes surface ceria and
improves the reducibility of bulk ceria. When ceria
content increases, reduction temperature of bulk ce-
ria increases, whereas reduction temperature of sur-
face ceria decreases. Simultaneously quantitative re-
sults show that ceria reduction extent is more important
for Ce—AIl—O oxides than for pure ceria.

For ternary oxides, an interaction between copper ox-
ide and ceriais evidenced. Introduction of copper makes
ceria reduction easier. Thus ceria is partially reduced
during copper reduction (<250°C). Moreover, quanti-
tative results in ternary oxides show that the presence of
copper allows a more important or complete reduction
of ceria contrary to Ce—Al—O oxides. Copper reduction
behavior is influenced by ceria loading in the system.
When ceria loading is low, two reduction peaks are ob-
served, and are attributed to small clusters and highly
dispersed copper oxides. Increasing of copper loading
leads to formation of CuO aggregates, but favors also
ceria reduction during copper oxide reduction. These
information are useful to know the catalytic ability of
these solids for different reactions, such as TWC reac-
tions, or soot combustion.
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