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bstract

Nanostructured catalysts based on combinations between oxidised copper and cerium entities prepared by two different methods (impregnation
f ceria and coprecipitation of the two components within reverse microemulsions) have been examined with respect to their catalytic performance
or preferential oxidation of CO in a H2-rich stream (CO-PROX). Correlations between their catalytic and redox properties are established on
he basis of parallel analyses of temperature programmed reduction results employing both H2 and CO as reactants as well as by XPS. Although
eneral catalytic trends can be directly correlated with the redox properties observed upon separate interactions with each of the two reductants

CO and H2), the existence of interferences between both reductants must be considered to complete details for such activity/redox correlation.
ifferences in the nature of the active oxidised copper–cerium contacts present in each case determine the catalytic properties of these systems for

he CO-PROX process.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Production of H2 for polymer fuel cells (PEMFC) is usu-
lly accomplished by a multi-step process that includes catalytic
eforming of hydrocarbons or oxygenated hydrocarbons fol-
owed by water gas-shift (WGS) [1,2]. The gas stream obtained
fter these processes presents in most cases a relatively high
O concentration that disallows efficient handling of the fuel
y the Pt alloy anode usually employed in the PEMFC. Pref-
rential (or selective) oxidation of CO (CO-PROX process)
as been recognized as one of the most straightforward and
ost-effective methods to achieve acceptable CO concentrations
below ca. 100 ppm) [3–8]. Among different types of catalysts

hat have shown their ability for this process (including those
ased on Pt and Au), a group constituted by catalysts based on
losely interacting copper oxide and ceria (or structurally related

� This paper presented at the 2nd National Congress on Fuel Cells, CONAP-
ICE 2006.
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E-mail address: amartinez@icp.csic.es (A. Martı́nez-Arias).

b
i
c
b
o
l
r
c

378-7753/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2007.01.048
erium-containing mixed oxides) has shown promising proper-
ies in terms of activity, selectivity and resistance to CO2 and

2O, while their lower cost could make them strongly compet-
tive [3,4,6,7,9–15].

The particular ability of the latter class of catalysts for the
O-PROX or related processes has been essentially attributed to

he synergistic redox properties in the presence of copper–ceria
nterfacial sites [4,6,10,11,16–21]. Previous work from our
roup was dedicated to analyse differences in the CO-PROX
atalytic performances as a function of the support employed in
series of CuO/(Ce,M)Ox (with M = Zr or Tb) catalysts [11]. In
greement with studies of a similar type [9,22,23], it was shown
hat the CuO/CeO2 configuration yielded best results in terms of
oth CO conversion and CO-PROX selectivity, which was gener-
cally attributed to the higher interfacial redox activity of such
atalyst [11]. Selectivity differences between the catalysts could
e related to structural/morphological properties of the copper

xide species present in each case [11]. Nevertheless, details are
acking with respect to the nature of the processes involved in the
eaction mechanism and/or their respective evolutions during the
atalytic process [6,10,16]. Generally speaking, the properties of

mailto:amartinez@icp.csic.es
dx.doi.org/10.1016/j.jpowsour.2007.01.048
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reference gave BE values with an accuracy of ±0.1 eV; the peak
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opper entities for CO oxidation promotion apparently depend
trongly on their dispersion degree and/or related degree of inter-
ction with ceria [11,16,17,24]. Additionally, incorporation of
opper into the fluorite network of ceria can induce important
odifications on its chemical properties [25–28].
Within this context, the present work aims to get further

nsights into the catalytic properties of catalysts based on com-
inations between copper and cerium oxides for CO-PROX.
ocus will be put in this case on analysing the correlations
etween catalytic and redox properties of this type of systems.
or this purpose, two series of catalysts differing in the prepa-
ation method and copper loading employed, in order to have
ell differentiated catalysts configurations [27,29], have been

xamined with respect to their catalytic performance for the
O-PROX process and explored in parallel with respect to their

edox properties by means of H2-TPR, CO-TPR and XPS.

. Experimental

Two Cu-doped ceria samples, labelled as Ce1−xCuxO2
x = 0.05 and 0.2) were prepared with a modified reverse
icroemulsion method [27,30]. Briefly, the precursors were

ntroduced in a reverse microemulsion (water in oil) using
-heptane as the organic phase, Triton X-100 (Aldrich) as sur-
actant, and hexanol as cosurfactant. Then, this suspension was
ixed with another similar suspension containing as aqueous

hase an alkali solution (TMAH, Aldrich) in order to coprecip-
tate the cations. The resulting mixtures were stirred for 24 h,
entrifuged, decanted, and rinsed with methanol. Finally, the
olid portion was dried overnight at 373 K, and the resulting
owders were calcined under air at 773 K for 2 h.

Two samples of copper supported on CeO2 (Cu wt% of 1.0
nd 5.0, denoted as 1CuO/CeO2 and 5CuO/CeO2, respectively)
ere prepared by incipient wetness impregnation of a CeO2

upport prepared by microemulsion (in a similar manner as
escribed above; it displayed specific surface area – SBET – of
30 m2 g−1 after calcination at 773 K) with copper nitrate aque-
us solutions. Following impregnation, the samples were dried
vernight at 373 K and finally calcined under air at 773 K for
h.

The catalysts calcined in situ (under oxygen diluted in Ar at
73 K) were tested in a glass tubular catalytic reactor for their
ctivity under an atmospheric pressure flow (using mass flow
ontrollers to prepare the reactant mixture) of 1% CO, 1.25%
2 and 50% H2 (Ar balance), at a rate of 1 × 103 cm3 min−1 g−1

roughly corresponding to 80,000 h−1 GHSV) and using a heat-
ng ramp of 5 K min−1 up to 523 K. Analysis of the feed and
utlet gas streams was done by gas infrared (Perkin-Elmer FTIR
pectrometer model 1725X, coupled to a multiple reflection
ransmission cell–Infrared Analysis Inc. “long path gas mini-
ell”, 2.4 m path length, ca. 130 cm3 internal volume) while a
aramagnetic analyser (Servomex 540 A) was used to analyse
he O2 concentration. No products other than those resulting

rom CO or H2 combustion (i.e. CO2 and H2O; only a residual
ontribution of possible WGS or reverse WGS reactions, taking
lace in any case at temperatures higher than ca. 453 K, was esti-
ated from mass balance under the conditions employed; this

u
I
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u
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as also confirmed by independent tests including CO2 or H2O
s reactants) were detected in the course of the runs, in agree-
ent with previous results on catalysts of this type [6,10,12,24].
n this basis, values of percentage conversion and selectivity in

he CO-PROX process are defined as:

XO2 = F in
O2

− Fout
O2

F in
O2

× 100; XCO = F in
CO − Fout

CO

F in
CO

× 100;

SCO2 = XCO

2.5XO2

× 100

here X and S are the percentage conversion and selectivity,
espectively, and F is the (inlet or outlet) molar flow of the
ndicated gas.

Temperature programmed reduction (TPR) was measured in
flow system using 1%H2/Ar and 5%CO/He premixed gases
ith flow rates of 30 and 40 mL min−1, respectively. A cold trap
lled with liquid nitrogen was placed after the reactor to remove
ater. The system was equipped with a thermal conductivity
etector and a Balzers PRISMA QMS coupled via an UHV dos-
ng valve. About 40 mg catalyst was placed into a quartz U-tube
nd calcined in 5%O2/He at 773 K for 1 h using 40 mL min−1

ow rate and 10 K min−1 ramp. The sample was cooled to room
emperature, purged with Ar and after switching to the reducing
as mixture it was heated to 773 K using 10 K min−1 ramp. Due
o the uncontrolled flow conditions and the manual setting of the
osing valve the QMS signal cannot be quantified.

X-ray photoelectron spectra (XPS) were recorded with a
eybold–Heraeus spectrometer equipped with an EA-200 hemi-
pherical electron multichannel analyser (from Specs) and a
20 W, 30 mA Mg K� X-ray source. The samples (0.2 mg)
ere slightly pressed into a small (4 mm × 4 mm) pellet and

hen mounted on the sample rod and introduced into the pre-
reatment chamber where it could be subjected to thermal or
edox treatments under ca. 1 Torr of reactive gases. Reduction
pon Ar+-etching treatments was carried out with a current of
mA and an acceleration voltage of 3.5 kV (ion current, 8 �A).
ollowing each treatment, the sample was moved into the ion-
umped analysis chamber where it was further outgassed until
pressure less than 2 × 10−9 Torr was attained (2–3 h). This

ow pressure was maintained during all the data acquisition by
on pumping of the chamber. After each treatment, XP spectra
n the relevant energy windows were collected for 20–90 min,
epending on the peak intensities, at a pass energy of 44 eV
1 eV = 1.602 × 10−19 J) which is typical of high resolution con-
itions. The intensities were estimated by calculating the integral
f each peak after subtraction of an S-shaped Shirley-type back-
round with the help of UNIFIT for Windows (Version 3.2)
oftware [31]; atomic ratios were then derived using the appro-
riate experimental sensitivity factors. All binding energies (BE)
ere referenced to the adventitious C1s line at 284.6 eV. This
”’ characteristic of Ce4+ was thus obtained at 917.0 ± 0.1 eV.
n the case of Ce(3d) spectra, factor analysis (FA) was used to
alculate the Ce3+/Ce4+ ratios in each set of spectra recorded,
sing the methodology developed in a previous work [32].
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Table 1
Main textural and structural characteristics of the copper–ceria catalysts examined in this work [27,29]

Sample Specific surface area, SBET (m2 g−1) Lattice parametera (Å) Crystal size (nm) Phases detectedb

1CuO/CeO2 107 5.410 7.8 Fluorite CeO2

5CuO/CeO2 101 5.413 8.1 Fluorite CeO2, tenorite CuO
Ce0.95Cu0.05O2 130 5.410 7.0 Fluorite Ce1−xCuxO2

Ce0.8Cu0.2O2 151 5.413 6.6 Fluorite Ce1−xCuxO2
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CO can result in the low temperature minimum observed in the
CO2 selectivity in some cases [8]. The second region corre-
sponds to high reaction temperature points in which CO and
a For the fluorite phase.
b Based on XRD and Raman [27,29].

. Results and discussion

The catalysts analysed in this work were characterised in
etail in previous articles [27,29]. A brief summary of the results
btained in such articles and which is considered of relevancy to
he objectives of the present work is given here for the reader’s
ake. As collected in Table 1, lattice parameters estimated from
RD are close to that expected for pure ceria for all the samples.

t must be however considered that copper introduction into the
eria fluorite lattice is not expected to induce significant changes
n this parameter [19,20,26,27,29]. Indeed, analysis of lattice

icrostrain (derived from XRD results) and Raman results
evealed significant differences between samples prepared by
mpregnation and microemulsion–coprecipitation. These have
een related to the fact that, as expected, copper remains essen-
ially at the sample surface in the former samples while copper (at
east a part of it) appears to be incorporated into the ceria fluorite
attice in the latter [27,29]. Nevertheless, a certain copper surface
egregation, increasing with the copper loading, appears evi-
ent in the systems prepared by microemulsion–precipitation,
s evidenced mainly by XEDS and Ar+-sputtering XPS anal-
ses [29]. Therefore, the catalysts of the Ce1−xCuxO2 series
an be probably better described as CuO/Ce1−zCuzO2 (with
he amount of segregated CuO increasing with x), since sin-
le solid solution of the copper is not fully achieved. In turn,
lthough CuO-type clusters dispersed on the ceria support appar-
ntly predominate for the two xCuO/CeO2 catalysts, differences
etween them have been shown to be related to the presence of
arge crystalline CuO particles (evidenced by XRD and elec-
ron microscopy [27,29]) in 5CuO/CeO2. On the other hand,
opper incorporation induces some surface area decrease in the
amples prepared by impregnation, probably due to some cop-
er covering of interparticle pores (Table 1). In contrast, the
urface area increases with the copper amount for the samples
repared by microemulsion–coprecipitation, in correlation with
he mentioned introduction of copper into the ceria lattice and
ith changes in primary particle sizes (Table 1). Concerning

he electronic state of copper, XAFS analyses (in agreement
ith XPS, as shown below) revealed that it appears in a fully
xidised Cu2+ chemical state with relatively small differences
except for the crystalline CuO detected in 5CuO/CeO2) between
he samples concerning its electronic characteristics [27].
Fig. 1 shows the results obtained for the CO-PROX catalytic
ctivity of the samples. As mentioned in Section 2, basically CO
nd H2 combustion are the only reactions taking place under the
xamined conditions. The overall evolution observed in the CO

F
t

onversion profile displaying a maximum conversion at interme-
iate reaction temperature is (as inferred also from analysis of
he CO2 selectivity) a consequence of the competition between
oth combustion reactions, in accordance with results typically
bserved for this type of systems [3,4,6,7,9–14]. In this respect,
s discussed in more detail elsewhere [13], two regions can be
asically differentiated in the activity profiles. A first one at low
emperature (<ca. 373 K, where the CO conversion increases) in
hich CO and H2 do not compete strongly for the active sites

6,8]. A small promotion of H2 oxidation in this zone by gaseous
ig. 1. Catalytic activity under 1% CO, 1.25% O2 and 50% H2 (Ar balance) for
he indicated catalysts. Top: CO conversion. Bottom: selectivity to CO2.
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Fig. 2. Wagner plot showing the evolution of Cu (2p and AES) XP param-
eters during redox treatments performed over the indicated catalysts. Open
squares correspond to the Ce0.8Cu0.2O2 sample while full circles correspond
to the 1CuO/CeO2 or 5CuO/CeO2 samples; points for the indicated reference
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2 strongly compete for the available active oxygen and which
esults in the strong high temperature decrease of CO2 selectivity
s a consequence of the significantly higher H2 partial pressure
ithin a Mars–van Krevelen kinetic scheme [7,13,33].
Appreciable differences are observed between the CO-PROX

ctivity of the catalysts as a function of the copper loading and
he preparation method employed. It appears clear that, consid-
ring the practical absence of other reactions different than the
xidations of CO and H2 (as mentioned in Section 2), the oxida-
ion activity of the catalysts (for both reductants) increases with
ncreasing the copper loading in any of the series. Nevertheless,
he balance between both oxidation reactions results in increases
n CO2 selectivities with decreasing the copper loading. Among
ll the examined catalysts, the 1CuO/CeO2 apparently results the
ost interesting from a practical point of view since it achieves

ull CO conversion at full CO2 selectivity in a narrow tempera-
ure window (of ca. 10 K) slightly above 375 K; a good catalytic
ehaviour has been also observed for this system in the presence
f CO2 and H2O in the reactant mixture (although they slightly
oison the catalyst) as well as with respect to prolonged aging
nder the reactant stream, although these analyses are out of the
cope of the present study [34].

XPS analysis of the cerium reveals that it displays a fully
xidised state (Ce4+) in the initial calcined samples. The anal-
sis of copper by XPS employing Wagner diagrams (see refs.
35,36] for details) indicates that it appears as fully oxidised
u2+ in the initial calcined samples although the shift of Cu(2p
nd AES) parameters with respect to those of pure CuO indicates
ome modifications of its electronic properties which must be
elated to the size of the particles and their interaction with ceria
20]. Wagner’s chemical state plot for the impregnated samples
n Fig. 2 shows that copper parameters in sample 1CuO/CeO2
t on the dashed line of slope −3 of bulk CuO, which indi-
ates that this is also the chemical state of the copper in this
ample; however, the shift, along this line, from the bulk CuO
arameters toward those found for CuO overloaded ZSM-5 zeo-
ites [37] indicates a strong interaction of thin CuO-like small
lusters with the ceria [38]. Noteworthy, this copper is almost
ompletely reduced to a Cu2O-like phase after 30 min contact
ith 1 Torr of CO at 373 K (see the shift toward the slope −3
ashed line of bulk Cu2O in the diagram) while a complete
eduction is achieved after 0.5 min of Ar+-etching together with

deep reduction of the support (ca. 90% Ce3+ after 5 min).
eoxidation with 1 Torr of O2 during 1 h at 473 K of the sample

ubjected to 10 min of sputtering restores the CuO-like chem-
cal state of the copper remaining at the surface as well as the
e4+ oxidation state of ceria. Similar behaviour was observed

or 5CuO/CeO2 though in this case the copper parameters were
loser to those of the bulk CuO used as reference, which is con-
istent with the presence of big CuO particles poorly interacting
ith the ceria in agreement with characterization by other tech-
iques (Table 1). In general terms, relatively lower reduction
egrees are apparently achieved under similar treatments for the

opper in 5CuO/CeO2 than in 1CuO/CeO2. The set of sputter-
ng treatments for 5CuO/CeO2 (0.5–10 min) completely remove
he more dispersed phase while it reduces to Cu2O the big parti-
les that remain at the surface. Reoxidation of these particles at

c
o
H
o

ompounds are also included in the plot (as full squares). Note the arrows indi-
ate the various redox treatments performed; these always follow the sequence:
O/373 K–Ar+-etching–O2/473 K.

73 K with 1 Torr of O2 recovers their CuO-like chemical state.
n the case of the sample Ce0.8Cu0.2O2, the Ar+ sputtering treat-
ent (0.5–10 min) does not lead to a complete reduction of the

opper to Cu+ probably due to the higher difficulty for reduc-
ion of copper incorporated to the fluorite lattice, in agreement
ith previous investigation [27]. It can be noted that when the
ata for all the initial samples are compared they fit along the
hemical state (slope −3) line for CuO(bulk) but displaced from
t (i.e. 5CuO/CeO2 < Ce0.8Cu0.2O2 < 1CuO/CeO2), which indi-
ates the same chemical state but differences in the size and/or
he degree of interaction with the support of the CuO-like phase
n the catalysts.

H2-TPR profiles observed for the catalysts are displayed in
ig. 3. In agreement with XPS results described above and in
ccordance also with previous work [6,23,32,39], the reduc-
ion peaks observed must be attributed to the reduction of
opper in the samples although concomitant ceria reduction

an also be produced [20,23,39], as also known to occur with
ther metals [40]. Indeed, quantitative estimation reveal overall
2 consumptions of 521, 1160, 542 and 1545 �mol per gram
f catalyst for 1CuO/CeO2, 5CuO/CeO2, Ce0.95Cu0.05O2 and
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samples must be related to differences in the oxygen mobilities
or promoting effects by previously reduced dispersed entities. In
any case, it appears quite interesting that comparison between
reduction onsets for the four samples displays (at least qualita-
Fig. 3. H2-TPR profiles obtained for the indicated catalysts.

e0.8Cu0.2O2, respectively, which exceed the 157, 787, 297 and
274 �mol g−1, respectively, required for the reduction of Cu
nly. Therefore, considering that the copper and cerium must be
n fully oxidised states for the initial calcined samples, in accor-
ance to XPS results, ceria reduction apparently also occurs.
his appears particularly stronger for the samples prepared by

mpregnation (and especially for 1CuO/CeO2) while it decreases
ith the amount of copper in any of the two series. This indi-

ates that ceria reduction during the process is mainly favoured
y the presence of surface dispersed species. The lower over-
ll relative reduction degrees comparatively achieved for the
amples prepared by microemulsion–coprecipitation can also
e related with the higher difficulty observed for the reduction
f the part of copper introduced into the ceria fluorite struc-
ure (Fig. 2) [27]. According to previous results in literature
23,39], and as it has been also observed by us during TPR
alibration experiments with pure CuO, the possible sequential
eduction of copper (Cu2+ → Cu+ → Cu0) is difficult to resolve
n these experiments, so the different features observed in the
amples must be related to structural/morphological differences
n the copper oxide entities involved. In this respect, the TPR
rofiles observed (Fig. 3) clearly reveal the higher copper het-

rogeneity produced upon increasing the copper loading for any
f the two preparation methods employed and in agreement with
haracterization results described above [27,29].

F
t
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Thus, the presence of two well-separated reduction peaks in
CuO/CeO2 must be related to the presence of two different
opper components in this sample (Table 1). In accordance with
revious works [17,39], the component of copper dispersed on
eria (and therefore interacting with it) is responsible of the
owest temperature reduction peak while the peak at highest
eduction temperature must be related to the reduction of the
ell-formed CuO crystals present in this sample. In the case
f Ce0.8Cu0.2O2, the presence of two well-separated reduction
eaks certainly reflects also the heterogeneity of copper entities
resent in this sample, as noted above. The lowest tempera-
ure reduction peak present in this sample must be due to the
eduction of the surface segregated CuO clusters (more easy
o be reduced than dispersed copper in 1CuO/CeO2, which is
ikely due to size differences or to different promoting effects by,
espectively, CeO2 and Ce1−zCuzO2 mixed oxide acting as sup-
ort in each case) while the peak at highest reduction temperature
ust be due to reduction of (at least a part) copper incorporated

o the fluorite lattice. This latter component apparently predom-
nate in Ce0.95Cu0.05O2; differences in the respective reduction
emperatures for this component between the two Ce1−xCuxO2
ig. 4. CO-TPR results obtained for the indicated catalysts with the TCD detec-
or.
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[5] J.B. Wang, S. Lin, T. Huang, Appl. Catal. A 232 (2002) 107.
ig. 5. Evolution of m/e = 44 MS signal (corresponding to CO2) during the
O-TPR experiments for the indicated catalysts.

ively) some agreement with onsets of the highest temperature
2 oxidation process during the catalytic reactions (Fig. 1). It
ust be reminded here that a low temperature H2 oxidation pro-

ess (responsible of the irregularities observed in the selectivity
rofiles below ca. 350–380 K) can take place in the presence of
O as a consequence of a promoting effect by gaseous CO [13].

CO-TPR reduction profiles are shown in Figs. 4 and 5. To
nterpret these results, it must be taken into account that the pro-
les in Fig. 4, in which the TCD detector was employed, can be
omplicated by phenomena of desorption of CO and the opposite
hermal conductivity of CO2 formed. Nevertheless, the profile
aken with QMS detection (Fig. 5) can be used for the separa-
ion of the reduction from the complicated TCD signal as well
s to check the absence of generation of any residual hydrocar-
ons during these tests. According to the comparison between
igs. 4 and 5, part of the CO remains chemisorbed at low tem-
erature, probably in the form of carbonate-like species as it
ccurs for this type of samples under CO-PROX reaction condi-
ions [13]. In addition, in accordance to XPS results above and
esults obtained in previous work [20], copper can be stabilised
n a Cu+ state in this type of samples during reduction with CO.
hese aspects can make difficult the complete assignment of the

PR features obtained when using CO as reductant. In any case,

he results (Figs. 3–5) reveal the highest reducing power of CO
ith respect to H2 for these samples, in agreement with previous
Sources 169 (2007) 110–116 115

ork [5,13]. Such difference is also in agreement with operation
f the systems by means of a redox mechanism in which CO
nd H2 basically compete for oxygens at the active dispersed
opper oxide entities or copper oxide–ceria interfaces [6,13].
n accordance with this hypothesis, it can be noted that com-
arative analysis of the reduction temperatures observed during
hese CO-TPR experiments (Figs. 4 and 5) is also in qualita-
ive agreement with activity results (Fig. 1). Nevertheless, the
resence of interferences between the different gases present
nder CO-PROX conditions can be responsible of subtle differ-
nces observed between the catalytic behaviour for CO and H2
xidation and the behaviour observed towards reduction of the
ndividual gases.

. Conclusions

Differences in the catalytic activities of nanostructured sys-
ems based on combinations between oxidised copper and
erium entities for preferential oxidation of CO in a H2-rich
tream are shown to depend strongly on the specific compo-
ents configuration present in each case which in turn depends
n the preparation method and copper loading employed. Qual-
tative agreement between the reactivities observed towards the
wo reductants employed (CO and H2) and the analysis of the
edox behaviour of the systems towards individual interactions
ith the two reactants (analysed by XPS, H2-TPR and CO-TPR)

s observed, strongly suggesting the operation of the systems by
eans of redox mechanisms in which both reductants compete

or the oxygens of the solid. In particular, the highest CO-PROX
ctivity is observed for a system in which a strong reduction of
he ceria component is apparently produced and related to the
resence of highly dispersed copper oxide entities on the ceria
urface. Nevertheless, establishment of a more complete corre-
ation between redox and catalytic properties in these systems
ikely requires a more precise analysis of interferences between
eactants in the complex CO-PROX atmosphere.
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