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Abstract

Differential thermal analysis evidenced that introduction of copper or yttrium into zirconia matrix delays its crystallization temperature.
This result was connected to the stabilization of the zirconia tetragonal phase observed by X-ray diffraction. In addition, it was observed
a decomposition delay of supported copper nitrate with yttrium content in a zirconia support. Temperature-programmed reduction revealed
t oxide. The
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he existence of different copper species: isolated copper ions, copper clusters, small particles of copper oxide and bulk copper
eduction temperature of these species was strongly influenced by the preparation method of Cu–Zr systems and by the presen
n ZrO2. But in all the samples, isolated copper ions and clusters were postulated to be reduced at the same temperature since t
ave the same electron paramagnetic resonance parameters and then occupy the same sites. A correlation was done between t
f these copper species and their activity in propene and toluene oxidation reactions. In the absence of yttrium, the best activit
as correlated to an easier reduction but also to a higher quantity of isolated copper ions and clusters. Addition of yttrium to th
odified the copper interaction. At low copper/zirconium atomic ratio (0.01), the reduction temperature of small CuO particles incre

he yttrium content in the support. At high copper content (Cu/Zr = 0.1), the easier copper species reduction was obtained for Y2O3 conten
f 5 wt.%, the corresponding solid providing the best activity in the propene oxidation.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The problem to diminish the amount of harmful industrial
nd automotive emissions (such as VOCs, diesel soot, NOx,
tc.) is one of the most actual problems. Different methods
ould be used for this aim. The catalytic oxidation was pro-
osed because of the controlled selectivities that might be ob-

ained, the low cost of the necessary materials and low energy
onsumption. The choice of oxide catalysts was claimed for
atalytic oxidation, since a mechanism was proposed where
he oxygen of the oxide is involved in the oxidation and is
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substituted by the oxygen of the phase gas[1–3]. Zirconium
dioxide or zirconia (ZrO2) is an interesting material used
oxidation catalysis. Lability and easiness to exchange
gen atoms of the tetragonal or cubic ZrO2 phase make the
suitable for redox catalysis[4,5]. In our previous study[6],
different samples zirconia modified by copper synthes
according to different preparation modes were characte
and tested in propene complete oxidation reaction. In an
article from our group[7], different zirconia–yttria suppor
were characterized and tested towards propene and to
deep oxidation reactions before and after copper impre
tion. A difference in the catalytic behaviour was measu
between these different studied samples. The present
will focus on the thermal behaviour of these different s
ples under oxidizing and reducing atmosphere. Indee
stability of the support zirconia and the interaction of the c
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per species with the support can be followed by differential
thermal analysis (DTA) combined to a simultaneous thermo-
gravimetric analysis (TG). Since the activity of oxide cata-
lysts towards total oxidation reactions is mainly correlated
to the reducibility of the active species[8–12], temperature-
programmed reduction (TPR) of the copper samples has been
investigated. Copper could be present in different forms on
the support surface depending on the amount of deposited
copper and on the support properties:

• isolated copper species Cu2+ with strong interaction with
the support[5,11,13];

• Cu2+ clusters dispersed on the solid surface[11,13,14];
• highly dispersed CuO particles also designated by small

particles of CuO[15];
• big aggregates of CuO also known as bulk CuO

[5,13,15–18].

TPR allows a fine analysis of the different copper species
present in the solids since, in this technique, each copper
species has its own reduction peak. However, the interpreta-
tion of the TPR peaks is not always evident and the peaks
assignments remain a subject of debate.

Therefore, the goal of the present work is to make clear
DTA-TG and TPR results with the help of our previous stud-
ies [6,7]. The work will be divided into two parts: the first
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and x= 0.1), Cux/ZrO(OH)2600 for the samples copper
impregnated over zirconium oxyhydroxide (100 m2 g−1)
and by Cux/Zr600/600 for the samples copper impreg-
nated over zirconium dioxide (70 m2 g−1), wherex= Cu/Zr
designates the atomic ratio in the sample (x= 0.01
and 0.1).

Yttrium was introduced into zirconia matrix as a stabilizer
of zirconia tetragonal phase, zirconia crystalline phase known
to be catalytically active in oxidation reactions[4,19]. Tetrag-
onal solid solutions of ZrO2–Y2O3 calcined at 600◦C were
impregnated by copper cations (using copper nitrate solution)
with the subsequent drying at 100◦C (24 h) and calcination
at 450◦C (4 h). Synthesis details are reported elsewhere[7].
The solids were denoted by Cux/Zr-aY600, wherex repre-
sents the Cu/Zr atomic ratios of 0.01 and 0.1 anda the molar
percentage of yttrium in the support (a= 1, 5 and 10).

2.2. Characterization methods

Differential thermal analysis and thermo-gravimetric
analysis (DTA-TG) experiments of the samples before calci-
nation were carried out in air (75 mL/min) at a heating rate
of 5◦C/min till 700◦C with a Netzsch STA 409 C instrument
equipped with a microbalance and a gas flow system. About
45 mg of sample were used for each analysis.
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ne will consist on the influence of the preparation mod
he copper–zirconium samples studied in the Ref.[6] and
he second one will report the influence of the support
n the samples of copper supported zirconia–yttria stu
n the Ref.[7]. In each part, two copper atomic ratios w
u/Zr = 0.01 and 0.1 are investigated.

. Experimental

.1. Samples preparation

Copper–ZrO2 samples were synthesized by three diffe
ethods: coprecipitation of copper and zirconium, imp
ation of copper over zirconium oxyhydroxide and impr
ation of copper over zirconium oxyhydroxide previou
alcined at 600◦C (zirconium dioxide). For the copreci
tated samples, appropriate amounts of copper nitrat
ydrate Cu(NO3)2·3H2O (PROLABO, purity≥99.9%) and
irconium oxychloride octahydrate ZrOCl2·8H2O were dis
olved in deionized water. This solution was added t
xcess of ammonia solution NH3·H2O 0.7 M. The resultan
oprecipitate was filtered, washed, dried overnight at 10◦C
nd finally crushed. The impregnated samples were pre
y wet impregnation of appropriate amounts of copper ni

rihydrate Cu(NO3)2·3H2O aqueous solution on ZrO(OH2
r ZrO2 (previously calcined at 600◦C). Preparation detai
re described elsewhere[6].

All the samples were calcined at 600◦C (4 h) and
esignated by Cux–Zr600 for the coprecipitates (sp
ific area of 80 and 40 m2 g−1 for respectivelyx= 0.01
Temperature-programmed reduction (TPR) of the
ined solids was carried out in a conventional laboratory
aratus (Zeton Altamira AMI 200) consisting of a gas sup
ystem with mass-flow controllers, a quartz U-reactor, a
er vapour trap and a thermal conductivity detector (TC
he sample bed temperature was monitored with a the
ouple protected by a quartz tube inserted in the centre
ample bed with its tip located a few millimetres above
ample bed. In order to minimize the contribution of adso
pecies to the TPR profiles, prior to the TPR experimen
amples were pretreated in argon at 150◦C for 1 h. The sam
les were heated from ambient to 600◦C under H2 (5 vol.%

n argon) flow (30 mL/min) at a heating rate of 5◦C/min.

. Results and discussion

.1. Influence of the preparation mode

DTA experiments (Fig. 1) of the differe
opper–zirconium samples show the existence of
xothermic peak. This peak is not accompanied by
ignificant mass loss (TG curves not shown) and is attrib
o the crystallization into the tetragonal phase of ZrO2 con-
aining copper. This crystallization phenomenon occur
t 420◦C for pure zirconium oxide[20] is delayed whe
opper was present in the solid.

For the same type of preparation, the crystallization
ay is enhanced with increasing copper content. Fur

ore, for the same copper content in different preparat
he crystallization is more delayed in the following ord
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Fig. 1. DTA curves obtained during the calcination under air (75 mL/min)
of the different copper and zirconium-based samples (45 mg).

copper/ZrO(OH)2 < coprecipitates Cu–Zr. Thus, it seems that
the more the quantity of copper in the bulk, the more is
the crystallization delay. Therefore, for Cux/ZrO(OH)2 and
Cux–Zr samples calcined at the same temperature (600◦C),
the degree of crystallisation is probably different. The weak
crystallization of the coprecipitate could be responsible for
the higher distortion of copper octahedral site observed
by electron paramagnetic resonance (EPR)[6]. The de-
lay of crystallization could be also connected to the XRD
results: a stabilization of the tetragonal phase of zirco-
nia at room temperature has been observed when copper
is mainly present in the bulk of the solid (Cux/ZrO(OH)2
and Cux–Zr) whereas a mixture of monoclinic and tetrag-
onal phases has been detected for Cux/ZrO2 sample
[6].

TPR profiles of copper–zirconium samples synthesized
by three different methods with Cu/Zr atomic ratio = 0.01
(Fig. 2) show at low temperature one reduction peak
respectively at 302 and 210◦C for Cu0.01–Zr600 and
Cu0.01/ZrO(OH)2600 and show two reduction peaks respec-
tively at 160 and 232◦C for Cu0.01/Zr600/600. Besides, a
negative TPR peak at about 440◦C is clearly observed for
the impregnated samples. It is noteworthy to say that pure
zirconia calcined at 600◦C does not show any reduction peak
in TPR in our conditions. This fact was also observed in the
w he
b d
a tial

Fig. 2. H2-TPR profiles of copper–zirconium samples with Cu/Zr ratio of
0.01.

reduction of ZrO2, made easier when copper is well dispersed
in the bulk of this oxide.

In EPR, two types of copper species have been evi-
denced for the three samples[6]: isolated copper ions and
copper clusters. So, the large reduction peak observed for
Cu0.01/Zr600/600, Cu0.01/ZrO(OH)2600 and Cu0.01–Zr600
could be ascribed to the reduction of these species. These
species reductions are supposed to occur at closed temper-
ature since in our previous study[6], isolated copper ions
and clusters have been found to have, in a given sample, the
same EPR parametergisobecause they might occupy the same
type of sites. The reduction temperature is higher in the case
of the coprecipitate because copper is rather present in the
solid bulk and then is less accessible. Comparing the both
impregnated samples, the reduction occurs at higher tem-
perature for Cu0.01/Zr600/600 than for Cu0.01/ZrO(OH)2600
sample. This could be explained by the difficulty faced by
hydrogen to access the copper species because of the lower
specific surface area of Cu0.01/Zr600/600[6], which leads to
a more difficult accessibility of H2 in order to reduce the cop-
per present on the surface. Taking into account the sintering
of copper by the calcination at 600◦C after impregnation,
one could put forward that some quantity of copper oxide is
formed, which is supposed to be under the form of small par-
ticles of CuO or of bulk copper oxide. XRD results showed
t ore-
o
s uO
orks of Zhou et al.[15]. But when copper is present in t
ulk (Cu0.01–Zr), an additional H2 consumption is observe
t around 520◦C. This signal can be attributed to the ini
hat bulk CuO was not observed in our three samples. M
ver, Shimokawabe et al.[21] have found that for Cu/ZrO2
ystems, with copper loadings below 1 wt.%, no bulky C
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has been detected when these samples have been calcined
at 300–700◦C. So the low content of copper in our samples
(Cu/Zr atomic ratio of 0.01 corresponds to about 0.5 wt.%
of Cu) explains the absence of bulk CuO. But we cannot ex-
clude the formation of small particles of CuO since XRD
and EPR measurements cannot evidence such species. The
decrease of the effective intensity of the isolated Cu2+ EPR
signal measured for Cu0.01/Zr600/600 sample in compari-
son with the other samples, suggests the possible formation
of non-visible copper species as small particles of CuO in
this solid. This hypothesis is strengthened by the lower BET
value of Cu0.01/Zr600/600[6], which leads to a lower copper
species dispersion.

It is well known that the small CuO particles are more
easily reduced than isolated copper and clusters because of
their weaker interaction with the support[5,11,13,21]. Hence,
the TPR peak observed at 160◦C for Cu0.01/Zr600/600 could
be ascribed to reduction of small particles of CuO.

Moreover, the presence of the negative TPR peak (at
440◦C) could be explained by the hydrogen trapping. In-
deed, owing to both the dynamical situation, caused by the
large fractional H2 consumption, and to the H2 (or H2O)
adsorption–desorption phenomena, Fierro et al.[22] have ob-
served a double peak instead of a one single peak in the re-
duction profiles of CuO and Cu2O, which was attributed to
t

ples
w f
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F
0

peak at∼156◦C is observed with a shoulder at∼150◦C,
a second peak is observed at 208◦C for Cu0.1/ZrO(OH)2600
and Cu0.1/Zr600/600 and scarcely observed at 230◦C
for Cu0.1–Zr600. Moreover, a negative peak is observed
in the range 415–430◦C for Cu0.1/ZrO(OH)2600 and
Cu0.1/Zr600/600. As previously mentioned, this peak could
be assigned to the release of hydrogen trapped in the
solid. TPR profile of the simple mechanical mixture mm-
CuO + Zr600 (Cu/Zr = 0.1) is composed of one reduction
peak located at 278◦C. The single reduction peak observed
for mmCuO + Zr600 can be unambiguously attributed to bulk
CuO reduction since this species is the lone type of copper
species evidenced in this sample.

The intensity of the second TPR peak which is ob-
served at around 210◦C for the impregnated samples and
at 230◦C for the coprecipitate decreases in the following or-
der: Cu0.1/Zr600/600, Cu0.1/ZrO(OH)2600 and Cu0.1–Zr600.
This peak could be assigned to bulk CuO reduction. In-
deed, XRD analysis revealed the presence of bulk copper
oxide for the sample Cu0.1/Zr600/600[6], according to the
higher probability to form these species on a lower specific
area. The lower signal intensity for Cu0.1/ZrO(OH)2600 and
Cu0.1–Zr600 indicates probably a lower proportion of bulk
CuO which cannot be observed by XRD due to the detection
limit of this technique.

uc-
t ulky
C ined
b f the
s d ex-
i ction
i ods.

and
c lution
o ples
w iso-
l f the
o usly
d

ti-
c mples
i copper
c r ox-
i 6
c ulta-
n duc-
t icles
r

ture
o
C f
2
C r
e s not
t and
he desorption of hydrogen trapped by the solid.
The different TPR curves of copper zirconium sam

ith Cu/Zr = 0.1 are depicted inFig. 3. In the profiles o
u0.1–Zr600, Cu0.1/ZrO(OH)2600 and Cu0.1/Zr600/600, a
ig. 3. H2-TPR profiles of copper–zirconium samples with Cu/Zr ratio of
.1. c on is
The maximum temperature of bulk copper oxide red
ion peak for the three samples is lower than that of b
uO in the mmCuO + Zr600 sample and can be expla
y a change in the CuO dispersion under the influence o
upport. Some copper interaction with the support shoul
st and therefore could enhance bulk copper oxide redu
n the samples prepared by the as-described three meth

By EPR, in Cu/Zr = 0.1 samples, isolated copper ions
opper clusters was always observed. However, the reso
f the hyperfine structure was lower than that of the sam
ith Cu/Zr = 0.01, fact that indicates a lower amount of

ated copper ions and consequently a higher amount o
ther types of copper species like CuO species previo
escribed.

The shoulder at 150◦C could be due to small CuO par
les reduction. The presence of these species in the sa
s suggested because they are intermediates between
lusters whose EPR signal is observed and bulk coppe
de, which is present in the samples. The TPR peak at 15◦C
ould be due to isolated copper and copper clusters sim
eous reduction. It might be suggested that the latter re

ion begins to occur before the end of small CuO part
eduction.

It should be remarked that the reduction tempera
f isolated copper species and clusters is of 302◦C for
u0.01–Zr600, of 210◦C for Cu0.01/ZrO(OH)2600 and o
32◦C for Cu0.01/Zr600/600 while it is of 156◦C for
u0.1–Zr600, Cu0.1/ZrO(OH)2600 and Cu0.1/Zr600/600. Fo
nough copper content (Cu/Zr = 0.1), the support seem

o play a role in the reduction of isolated copper species
lusters since the temperature required for this reducti
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the same. H2 activation on the surface is probably the rate-
limiting step of the reduction process. Soczyski et al.[23],
studying the reduction kinetics of CuO in CuO/ZnO/ZrO2
systems, found that the reduction of CuO is an autocatalytic
consecutive reaction. This autocatalytic effect is due to fa-
cilitated dissociation of H2 on the metallic copper formed
[23]. In this condition, the formation of metallic copper at
the beginning of the reduction can enhance the reduction of
the remaining copper species. This can explain a lower re-
duction temperature of isolated copper species and clusters
for Cu/Zr = 0.1 samples. This phenomenon is not observed for
Cu/Zr = 0.01 samples. Indeed for Cu0.01/Zr600/600, the pres-
ence of small CuO particles does not improve isolated cop-
per and clusters reduction in comparison with isolated cop-
per and clusters reduction observed in Cu0.01/ZrO(OH)2600
and Cu0.01–Zr600 samples (Fig. 2). This result is ex-
plained by the copper content in the sample, which is too
low (0.5 wt.%) to significantly contribute to the decrease
of reduction temperature of isolated copper species and
clusters.

In our previous study[6], whatever the copper con-
tent, the following order of catalytic activity in total
propene oxidation was observed: Cu–Zr600 < Cu/Zr600/
600≤ Cu/ZrO(OH)2600.

The lower activity of the coprecipitated catalysts in com-
p ng to
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3.2. Influence of the zirconia–yttria support

The thermal decomposition of simple and mixed zirco-
nium and yttrium hydroxides was investigated by our group
in a previous study[7]. It has been shown the delay of zirconia
crystallization when yttrium is introduced into its matrix. The
more the yttrium content, the more the zirconia crystallization
delay is. It has also been shown that the resultant oxides are
tetragonal. So yttrium stabilizes the zirconia tetragonal phase
and delays its crystallization. For pure yttrium hydroxide, no
visible peak has been observed[7]. This has been explained
by the slow crystallization of yttria.

The decomposition of copper nitrate impregnated on dif-
ferent zirconia–yttria supports calcined at 600◦C was here
investigated. The copper nitrate decomposition as a func-
tion of zirconia–yttria supports is described inFig. 4. An
endothermic peak at about 220◦C was observed in each
case. This peak can be attributed to copper nitrate decom-
position because the mass loss associated to the endother-
mic signal corresponds to the theoretical decomposition of
Cu(NO3)2 into CuO. Indeed the theoretical mass loss for the
supports impregnated by 5 wt.% of copper (Cu/Zr = 0.1), that
accompanies the decomposition of Cu(NO3)2 to CuO, is of
about 7.7%. For the endothermic signal observed (∼220◦C),
a corresponding experimental mass loss of about 7.5% was
r have
d er air
l of
t rom
b was
o onal
s .17)

F
( sup-
p

arison with the impregnated ones is expected accordi
he synthesis method, which leads surely to a lower qua
f copper species at the surface. Then the attempt of c

ation can be done only between the both impregnated
ysts. Supposing that hydrocarbons catalytic oxidation oc
ccording to a redox mechanism[1–3] the temperature of re
uction but also the corresponding reduced copper qua
ould be the main parameters to explain the differenc
ctivity.

Taking into account the lack of small CuO particles
u0.01/ZrO(OH)2600 and the best activity measured for
ample, one can assume that isolated copper ions and
ers play the main role in catalytic activity. Moreover, the
uction of these latter species for Cu0.01/ZrO(OH)2600 takes
lace at lower temperature than that for Cu0.01/Zr600/600
he easier reduction but also the higher quantity of isol
opper ions and clusters (no CuO) explain well the differe
n activity.

However, for Cu/Zr = 0.1 samples, the reduction tem
ture of isolated copper ions and clusters is the sam

he both impregnated samples. The difference in act
s then explained by the difference in isolated copper
nd clusters quantity. Indeed, TPR measurement reve
igher proportion of these species regarding the entire co
pecies.

Besides, the mechanical mixture of mmCuO + Zr600
ess active in propene oxidation reaction[6] than the other ca
lysts. In parallel, bulk CuO in this sample is less reduc

han in the other catalysts with the same copper conten
eed, it could be inferred that CuO must have some kin

nteraction with zirconia in order to be more active.
-

ecorded. This is in accordance with some authors that
emonstrated that the calcination of copper nitrate und

eads to CuO formation[5,13,21,24]. In fact, the change
he colour of our compounds after calcination under air f
lue-green (copper nitrate colour) to black (CuO colour)
bserved. Moreover, the thermal analysis of an additi
ample impregnated with 8 wt.% of copper (Cu/Zr = 0

ig. 4. DTA curves of the thermal treatment (5◦C/min) under air flow
75 mL/min) of copper nitrate impregnated on different zirconia–yttria
orts (Cu/Zr = 0.1) (45 mg).
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(Fig. 5) evidences the proportionality between the copper
content and the mass loss associated with the endothermic
peak at∼220◦C.

However, the endothermic peak due to copper nitrate de-
composition (Fig. 4) is present at a temperature of 208◦C
for Cu0.1/Zr600 and of 215, 220 and 230◦C for the sam-
ples Cu0.1/Zr-1Y600, Cu0.1/Zr-5Y600 and Cu0.1/Zr-10Y600
respectively. So, it seems that the nitrate decomposition is
more delayed when the yttrium content in the support in-
creases. This effect could be explained by the important hy-
groscopy of yttrium which could modify copper chemical en-
vironment. Another explanation of this phenomenon could be
suggested by EPR characterization where differentA‖ (par-
allel hyperfine constant) values were obtained for copper de-
posited on zirconia simple or mixed oxide supports and on
yttria support (134 G for Cu(NO3)2/Zr600 or Cu(NO3)2/Zr-
aY600 and 152 G for Cu(NO3)2/Y600). Indeed the higher
A‖ value obtained for copper impregnated on yttria support
indicates a higher number of ligands in the neighbourhood
of copper. Thus, the decomposition of the nitrate precursor
requires higher temperatures.

Finally, it should be interesting to note that an endother-
mic peak at about 80◦C was observed and attributed to
physisorbed water departure and was more important with
higher yttrium content in the support, the yttrium oxide be-
i

-
p 4 and
2
C k
a k at
∼

F r
a port
(

Fig. 6. H2-TPR profiles of copper impregnated on mixed zirconia–yttria
supports (Cu/Zr = 0.01).

In comparison with Cu0.01/ZrO2 sample, H2-TPR signal
of Cu0.01/Zr-1Y600 is very similar. Moreover, since EPR sig-
nals of both isolated copper ions and copper clusters species
were detected[7] for the different Cu0.01/Zr-aY600 sam-
ples, the same attribution for the TPR signals can be given:
at lower temperature the reduction of small CuO particles
in low interaction with the support takes place whereas at
higher temperature the simultaneous reduction of isolated
copper ions and copper clusters occurs. Then the reduction
peak observed at 164◦C for Cu0.01/Zr-1Y600 and at 186◦C
for Cu0.01/Zr-5Y600 can be attributed to the reduction of
small CuO particles. However, the more the yttrium content
in the support, the more this reduction peak is delayed. For
Cu0.01/Zr-10Y600, the reduction peak of small CuO parti-
cles takes place at the same temperature than that of isolated
copper ions and copper clusters. Concerning the reduction
of both isolated copper ions and copper clusters species, it
seems that yttrium content in the sample does not signifi-
cantly influence the reduction temperature (around 210◦C
for Cu0.01/Zr-aY600). But in comparison with Cu0.01/ZrO2
sample the reduction of this species takes place at lower tem-
perature (around 230◦C for Cu0.01/ZrO2 sample). This result
indicates that dispersion of copper species is quite different on
pure ZrO2 than on Zr-aY2O3 support and can be explained by
different specific surface area values (ZrO2 ∼ 70 m2 g−1 and
Z 2 −1 i-
d mples
ng very hygroscopic[25].
Fig. 6 displays TPR profiles of Cu0.01/Zr-aY600 sam

les. Two reduction peaks are seen respectively at 16
07◦C for Cu0.01/Zr-1Y600 and at 186 and 209◦C for
u0.01/Zr-5Y600. For Cu0.01/Zr-10Y600 one reduction pea
t 206◦C is observed. Moreover, the negative TPR pea
440–450◦C is always observed.

ig. 5. DTA and TG curves of the thermal treatment (5◦C/min) unde
ir flow (75 mL/min) of copper nitrate impregnated on Zr-10Y600 sup
Cu/Zr = 0.1 and Cu/Zr = 0.17) (45 mg).
r-aY2O3 ∼ 90–95 m g ) [7]. Moreover, the catalytic ox
ation of propene and toluene investigated on these sa
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[7] has revealed that Cu0.01/Zr-aY600 solid presents a higher
activity than that measured in the presence of Cu0.01/ZrO2. So
the easier reduction of copper species in the case of Cu0.01/Zr-
aY600 can be connected to the best catalytic results observed
with these catalysts. The comparison of the TPR profiles of
Cu/Zr-aY600 allows also making clear the difference of cat-
alytic activity observed in the Cu/Zr-aY600 samples[7]. In-
deed, although mixed oxides Zr-aY600 samples have similar
specific surface area values, the copper interaction with the
support is affected by the yttrium content. Besides, the in-
crease of copper species interaction with yttrium content in
the support was previously evidenced by differential thermal
analysis of copper nitrates decomposition.

TPR profiles of the different Cu0.1/Zr-aY600 samples are
shown inFig. 7. TPR pattern of Cu0.1/Zr-1Y600 is very simi-
lar to that obtained with Cu0.1/Zr600: the first reduction peak
is due to reduction of small CuO particles, the second one to
the simultaneous reduction of isolated copper ions and clus-
ters and the third one can be ascribed to bulk copper oxide
reduction.

The presence of higher yttrium content (Cu0.1/Zr-5Y600)
leads to analogous TPR profiles but at lower temperature an
additional shoulder is observed. Moreover, the contribution
of isolated copper ions and clusters decreases to the benefit
of bulk CuO contribution. This result is in good correlation
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toluene deep oxidation reactions follows the order: Cu0.1/Zr-
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alytic behaviour is in line with the TPR results and especially
with the reducibility of copper species. Indeed the lowest
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. Conclusion

Different copper–zirconia and copper–zirconia–yt
olids were characterized by DTA-TG and TPR. DTA-
tudies reported a delay of zirconia crystallization when
er or yttrium was introduced into its lattice. In additi

or the samples copper deposited on zirconia–yttria supp
he endothermic peak corresponding to copper nitrate d
ation shifted to higher temperatures with the increas
ttrium content. The different chemical environment of c
er into the solid could explain the delay of copper nit
ecomposition into copper oxide.

TPR patterns were found to reflect the states of cop
ased samples. TPR patterns of the different copper–zir
amples synthesized by different methods reveal the pre
f small copper oxide particles, which are more reduc

han isolated copper ions and clusters. These latter sp
re found to be reduced at the same temperature beca

heir same electron paramagnetic resonance parameter
ess reducible bulk copper oxide species was evidence
he samples with Cu/Zr = 0.1. TPR results were in line w
atalysts activity towards propene deep oxidation reac
t was suggested that the catalysts activity towards this
ion is mainly due to the amount of isolated copper ions
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clusters and/or to the reducibility of these species. Moreover,
it was postulated that some interaction between bulk copper
oxide and the support is required for a better catalytic activity.

For the samples copper impregnated on zirconia and mixed
zirconia–yttria supports, TPR evidenced the presence of iso-
lated copper ions and copper clusters besides small parti-
cles of CuO. These species are probably reduced at the same
temperature in the samples Cux/Zr-10Y. Bulk copper oxide
species was evidenced for the samples with Cu/Zr = 0.1. The
correlation between copper species reducibility and catalysts
activity towards propene and toluene total oxidation reactions
was underlined; the samples whose copper species are more
easily reduced present higher catalytic activities.
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