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Abstract The activity of the CuO-CeO, couple supported
on a MSU silica doped with zirconium (Si/Zr = 7), was
evaluated in the preferential oxidation of CO (CO-PROX)
in hydrogen-rich gas stream (1.2% CO, 1.2% O,, 50% H,,
0-15% CO,, 0-10% H,O He balance) and the catalytic
performance was compared with that of CuO-CeO,
supported on a pure MSU silica. The samples were char-
acterized by X-ray powder diffraction (XRPD), N,
physisorption at 77 K, temperature-programmed reduction
(H,-TPR) and X-ray photoelectron spectroscopy (XPS).
Correlations between catalytic performances and physico—
chemical properties of the materials have been made.

Keywords MSU - Mesopores - Zirconium - Ce—Cu -
CO-PROX - Hydrogen production

1 Introduction

The reforming of alcohols and hydrocarbons is reasonably
considered to be the most feasible method to produce large
volumes of hydrogen-rich gas streams [1, 2]. Nevertheless,
carbon monoxide is a typical by-product of the process and
must be reduced down to ppm levels in order to use the
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hydrogen stream as feed for proton-exchange membrane
fuel cells (PEMFCs) [3]. Among the various methods for
CO removal, the selective oxidation (CO-PROX) is con-
sidered one of the most straightforward and cost effective
methods to achieve acceptable CO concentrations [4, 5].
Different types of catalysts are known to be suitable for the
CO-PROX process, especially those based on the CuO-
CeO, couple, that is not only highly active and selective,
but also very interesting from an economical point of view
[6-16]. The performances of CuO-CeO, based catalysts in
CO-PROX appear to be related to the peculiar synergistic
redox properties in the presence of copper—ceria interfacial
sites [6, 17-19]. The CO-PROX activity and selectivity
appear to be improved by the presence of highly dispersed
copper species on the ceria surface that favor the formation
of oxygen vacancies at the copper—ceria boundaries, thus
increasing the Cu reducibility [6, 17-19]. Various studies
have been carried out on the system CuO-CeO,-ZrO, [20-
23], even if the role of zirconium, as well as its optimal
concentration in the catalyst, is not understood completely.

Following our studies on Cu/Ce-based catalysts sup-
ported on ordered mesoporous oxides [13, 16], in this paper
we tested the CO-PROX activity of CuO-CeO, supported
on a structurally organized mesoporous MSU silica doped
with zirconium.

2 Experiments and Methods

2.1 Reagents

All the materials used in this paper are Aldrich products
and no further purification was carried out. The silicon

source was a sodium silicate solution (Na,Siz;O5 with 27%
SiO, and 14% NaOH); zirconium was incorporated via
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zirconyl chloride (ZrOCl, - 8H,0). The non-ionic surfac-
tant was polyethyleneglycol-4-ter-octylphenylether with
9-10 ethoxy groups (Triton X100). Cerium and copper were
introduced as Ce (NO3); - 6H,O and Cu (NO3), - 3H,0.

2.2 Catalysts Preparation

In this work two different mesoporous silicas were used as
support: an MSU silica and a zirconium-doped MSU silica
with a Si/Zr ratio of 7. The low cost syntheses of these two
types of supports were already fully described elsewhere
[24].

The mesoporous solids were impregnated via incipient
wetness method using aqueous solutions of copper (II) and
cerium (III) salts. The catalysts were prepared with a fixed
cerium loading of 20 wt% and two loadings of copper
(6 and 12 wt%). All samples were dried 12 h at 60 °C and
then calcined at 450 °C for 4 h. The catalysts were labelled
as Cu,Ce20SiZr7 and Cu,Ce20Si, where x denotes the
weight percentage of copper.

2.3 Catalytic Activity Measurements

Catalytic activity tests were carried out in a laboratory flow
apparatus with a fixed bed reactor operating at atmospheric
pressure. The catalyst (100 mg), with a defined particle
size (0.050-0.110 mm), was introduced into a tubular
Pyrex glass reactor (5 mm i.d.), placed in an aluminum
heating block.

Before the catalytic experiments, the sample was heated
in situ at 110 °C under flowing air for 1 h. The contact time
WIF was 0.18 g s cm > (where W is the catalyst weight and
F the total flow rate), except when differently described.
The feed consisted of 1.2% CO, 1.2% O, and 50% H, (%
vol.) balanced with He (purchased from SIAD). The effect
of CO, and H,O were examined in separate runs with the
addition of 15 vol.% CO, and 10 vol.% H,O in the feed gas.

Calibration of the GC was done with a gas mixture
containing 1% CO, 1% CO,, 1% O, in He. When the effect
of CO, was examined, the GC calibration was done with 15
vol.% CO, in He. When the effect of H,O was evaluated, a
10 vol.% H,0O was pumped by a HPLC pump (supplied by
Jasco) into the reaction stream. The gas lines were heated at
120 °C, in order to avoid water condensation after the
reactor outlet. An ice-cooled water condenser was used to
trap the excess of water downstream of the reactor.
A HP6890 GC gas chromatograph equipped with a thermal
conductivity detector was used to analyze the outlet com-
position. A CP Carboplot P7 column was used, with helium
as carrier. The detection limit for CO was 10 ppm. The
temperature was varied in the 40—190 °C range, and mea-
surements were carried out till a steady state was achieved.
Both methanation and reverse water gas shift reactions were
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found to be negligible in our experimental conditions. The
carbon monoxide and oxygen conversions were calculated
based on the CO (Eq. 1) and O, (Eq. 2) consumption,
respectively:

nln _ nout
CO conversion (%) = —2—2 x 100 (1)

nico

nin out
O, conversion (%) = % x 100. (2)
0,

The selectivity towards CO, was estimated from the
oxygen mass balance as follows (Eq. 3):

in out
nco — "co
in out

2 <n02 - nOz )

The excess oxygen factor (4) is defined as (Eq. 4):

Selectivity (%) = x 100 (3)

nin
h=2x—2 (4)
nco

2.4 Characterization Techniques

N, adsorption—desorption measurements were performed at
liquid nitrogen temperature (—196 °C) with an ASAP 2010
apparatus from Micromeritics. Before each measurement,
the samples were outgassed overnight at 200 °C and
1 x 1072 Pa. The N, isotherms were used to determine the
specific surface areas (S.A.), using the BET equation, and
the specific pore volume (V;), calculated at P/Py = 0.98.
The pore size distribution was calculated following the
BJH method, assuming a cylindrical pore model.

X-ray diffraction patterns were obtained with a Siemens
D5000 diffractometer, equipped with a graphite mono-
chromator using CuKo radiation (4 = 1.54184 A). The
samples were disc shaped pressed powders. The average
dimension of the crystallites was determined by Scherrer’s
equation.

Temperature-programmed reduction of hydrogen
(H,-TPR) was performed between room temperature and
500 °C, using a flow of Ar/H, (40 cm® min~!, 10 vol.% of
H,) and a heating rate of 10 °C min~'. Water produced in
the reduction was eliminated by passing the gas flow
through a cold finger (—80 °C). The consumption of H,
was monitored by an on-line gas chromatograph (Shimadzu
GC-14) provided with a TCD.

X-ray photoelectron spectra were collected using a
Physical Electronics PHI 5700 spectrometer with non
monochromatic Mg Ko radiation (300 W, 15 kV,
1,253.6 eV) for the analysis of the core level signals of O
1s, Si 2p, Zr 3d, Ce 3d and Cu 2p and with a multi-channel
detector. Spectra of powdered samples were recorded with
the constant pass energy values at 29.35 eV, using a
720 pm diameter analysis area. During data processing of
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the XPS spectra, binding energy values were referenced to
the C 1s peak (284.8 eV) from the adventitious contami-
nation layer. The PHI ACCESS ESCA-V6.0 F software
package was used for acquisition and data analysis. A
Shirley-type background was subtracted from the signals.
Recorded spectra were always fitted using Gauss—Lorentz
curves, in order to determine the binding energy of the
different element core levels more accurately. The error in
BE was estimated to be ca. 0.1 eV. Short acquisition time of
10 min was used to examine C 1 s, Cu 2p and Cu LMM
XPS regions in order to avoid, as much as possible,
photoreduction of Cu”" species. Nevertheless, a Cu®"
reduction in high vacuum during the analysis cannot be
excluded [25].

3 Results and Discussion
3.1 Textural Parameters

The compositional and textural parameters of the supports
and of the prepared catalysts are reported in Table 1.

A decrease of BET specific surface area and pore vol-
ume of the supports (SiZr7 and Si samples) was observed
after the loading of ceria and copper, most probably
attributable to a certain amount of pore blockage caused by
the supported oxide particles.

3.2 Catalytic Activity Measurements

The composition of the inlet feed stream was initially fixed to
of 1.2% CO, 1.2% O, and 50% H, (He balance) using 1 = 2.

The carbon balance showed, in all the catalytic deter-
minations, that the CO, production was in good agreement
with the CO consumption, ruling out coking occurrence.
Both methanation and reverse water gas shift reaction
(rWGS) were found negligible below 200 °C in our
experimental conditions.

All the samples resulted active and selective in the CO-
PROX in the 40-190 °C temperature range, and the data
are graphically presented in Fig. 1. No appreciable differ-
ences in the CO conversion and selectivity to CO, were
observed as the Cu content of the catalysts varied from 6 to
12 wt% in the two SiZr7 based samples.

Both the SiZr-based catalysts resulted more active than
the sample supported on pure MSU silica, in the overall
temperature range. In particular, the catalyst CugCe20-
SiZr7 showed the highest CO conversion values in the
temperature range (40-115 °C). A selectivity loss, caused
by the occurrence, above 115 °C, of the energetically
favored hydrogen oxidation to water, was observed for all
samples, while the CO conversion remained close or equal
to 100% in the 115-165 °C range: in particular 99.1% at
115 °C and from 99.9 to 100% (considering the detection
limit of 10 ppm) at 140 °C and 165 °C for both the SiZr-
based catalysts, slowly decreasing with the increasing
temperature.

Since carbon dioxide and water can be present in sig-
nificant amounts in the reformed gases and are also
reaction products, the effect of CO, (15 vol.%) and H,O
(10 vol.%) in the feed on the activity and selectivity of the
process were also evaluated over the most representative
sample (CugCe20SiZr7).

The influence of CO, addition to the inlet mixture is
shown in Fig. 2. As expected, the addition causes a sub-
stantial and uniform decrease of the catalytic activity up to
165 °C; and at this temperature the conversion appears to
be less affected by the presence of carbon dioxide
(Fig. 2a). On the other hand, since the presence of CO, in
the reactant feed inhibits both CO and H, oxidation, the
selectivity of the catalyst is not significantly affected
(Fig. 2b).

When both 15% CO, and 10% H,O were added to the
feed stream, the CO conversion drastically decreased in all
the temperature range and the complete oxidation of CO
was, in this case, never achieved. The highest conversion
value (76%) was obtained at 190 °C.

Summarizing, CusCe20SiZr7 showed a good catalytic
activity, resulting to be active in the whole temperature
range, in particular between 115 and 140 °C. The presence
of CO, and CO,-H,O in the feed stream resulted, never-
theless, detrimental for its performances.

The effect of time on stream was studied over
CugCe208SiZr7 and CugCe20Si samples (not shown). The
reaction was monitored for 150 h maintaining the tem-
perature constant at 115 °C, using an excess oxygen factor
J=2,aWF=0.18gscm " and a feed of 1.2% CO,
1.2% 0O,, 50% H, (He balance).

Table 1 Summary of the main

compositional and textural Sample Cu (Wt%) Ceo, (Wt%) Si/Zr (mol/mol) *S.A.ggr (m* g~") °V, (cm® ¢™") d, (nm)
properties of the catalysts SiZr7 _ - 7 496 0.25 1.8
Si - - - 613 0.31 1.8
CueCe208SiZr7 6 20 7 223 0.16 1.9
Z BET specific surface area Cu,Ce208iZr7 12 20 7 219 0.16 2.0
Specific pore volume CugCe20Si 6 20 — 291 0.16 1.8

determined at P/Po = 0.98
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Fig. 1 Variation of the a CO
conversion and b selectivity
towards to CO, as a function of
the reaction temperature
obtained for the SiZr7-
supported samples, with two
different copper contents

(6-12 wt%) and a fixed amount
of ceria (20%), and for the
reference sample CugCe20Si.
Operating conditions: 4 = 2;
WIF =0.18 g s cm™>; 1.2%
CO, 1.2% O,, 50% H,, He
balance (vol.%)

Fig. 2 Dependencies of: a CO
conversion and b selectivity
towards CO, as a function of the
temperature over the catalyst
CugCe20SiZr7, in the absence
and presence of 15% CO, and
10% H,0. Operating
conditions: 4 = 2;

WIF =0.18 g s cm™>; 1.2%
CO, 1.2% O, 50% H,, 0-15%
CO,, 0-10% H,0, He balance
(vol.%)

The catalyst CugCe20SiZr7 showed a diminution of CO
conversion from 99 to 93% within the first 5 h, remaining
stable for the further operation time. In the same period
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(5 h), the CO conversion of the CuO-CeO, catalyst sup-

ported on a pure silica MSU (CugCe20Si) dropped from 79

to 68%.

When the effect of time on stream was tested on the
catalyst CugCe20SiZr7 in the presence of CO, and H,O at
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165 °C, the conversion was observed to go from 72 to 62%
within the first 3 h, slowly decreasing with the time on
stream till a complete activity loss after few hours.

After the catalytic tests, all the samples resulted to
maintain the same specific surface area of the fresh ones.

Nevertheless, after the time on stream test in the presence

of CO, and H,O, the BET surface area of the sample
CugCe20SiZr7 resulted to decrease from 223 to 180
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m? g~', suggesting a partial hydrothermal degradation of

the porous structure.
3.3 X-ray Powder Diffraction (XRPD)

The XRD patterns of the Cu,Ce,0 catalysts, both as-pre-
pared and after the PROX reaction (gas mixture: 1.2% CO,
1.2% 0O,, 50% H,, He balance), are shown in Fig. 3. No
evidence for segregated crystalline cubic or monoclinic
7ZrO, was detected in the diffractograms, most probably
because complete incorporation of zirconium in the tetra-
hedrally coordinated silica structure.

The diffraction peaks of CeO, (fluorite phase) at
20 = 28.5°, 33.4°, 47.5° and 56.5° were observed for all
the samples and the average dimension of the ceria parti-
cles, determined by the Scherrer’s equation, was about
4.5 nm. The CeO, lattice parameters, determined for the
samples containing zirconia, perfectly matched with those
of the sample supported on pure MSU silica. The diffrac-
tion peaks assigned to CuO (tenorite phase) at 20 = 35.5°
and 38.7° were identified only in the sample containing 12
wt% of Cu (Fig. 3b) and the average dimension of the CuO
particles was 65.0 nm.

The lacking of the CuO phase in the XRD patterns of the
catalysts with 6 wt% of copper may be due both to the
presence of a too small amount of oxide and to the uniform
distribution of Cu®" species and clusters on the support.

Moreover, it is known that the ceria favours the increase of
copper dispersion, reducing the particle size of copper [26].

A sharp and intense diffraction peak at 43.5° attributable
to a metallic Cu phase was detected in the diffractogram of
the Cu;,Ce20SiZr7 catalyst measured after reaction, evi-
dencing the presence of large Cu crystallites. No
modifications in the X-ray profile were observed for
CugCe208SiZr7, after the effect of time on stream in the
presence of CO, and H,O.

3.4 Temperature-Programmed Reduction of Hydrogen
(H,-TPR)

H,-TPR profiles of Cu,Ce,0-catalysts are shown in Fig. 4.
As known from the literature [20], pure zirconia cannot be
reduced in hydrogen below 930 °C. On the other hand
ceria does not show any reduction peak below 500 °C
[13]. The reduction of copper oxide supported on CeO, [9,
27, 28] and CeO,—ZrO, [20, 22] was observed to start
above 100 °C, while pure CuO is reduced above 250 °C.
CuO supported on zirconium containing mesoporous silica
was found to be reduced at lower temperature than bulk
CuO [29]. Ceria promotion of the copper species reduc-
tion was reported by several authors [9, 20, 22, 27, 28, 30,
31] and the reducibility was found to increase with the
decreasing size of CuO particles [9, 32]. Avgouropoulos
[9, 27], studying the reduction of CuO supported on ceria,

Fig. 3 X-ray powder
diffraction profiles before and
after the catalytic test for the
samples: a CugCe208SiZr7 and
b Cu;,Ce20SiZr7. Operating
conditions for the mentioned
catalytic test: 1.2% CO, 1.2%
0,, 50% H,, He balance,
WIF=018gscm™>, .=2

(a) *

Intensity (A.U.)

(b) *

26 (degrees)

20 (degrees)
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Fig. 4 H,-TPR profiles of the catalysts: a CugCe20Si b Cu;,Ce20-
SiZr7 ¢ CugCe20SiZr7

attributed a peak at ca. 170 °C to the reduction of highly
dispersed CuO strongly interacting with the ceria surface
and two peaks at 220 °C and 255 °C to the reduction of
larger CuO particles weakly interacting with ceria. Dong
[22] observed a broad reduction peak with a shoulder at
low temperature, attributable to the reduction of highly
dispersed copper oxide species interacting with ceria, and
a peak at higher temperature attributable to the reduction
of bulk-like CuO. Ratnasamy [20] showed that the
reducibility of CuO on different supports increases in the
order CuO-ZrO, < CuO-Ce0O,—Zr0O, < CuO—-CeO,.

Luo [30] studied the reduction of CuO-CeO, catalysts
and observed a two-step reduction profile indicating the
existence of two CuO species. The low temperature peak
was associated to small CuO particles finely dispersed and
interacting with ceria, while the higher temperature one
was assigned to the reduction of larger CuO particles.

The TPR profiles of the two samples of SiZr7-based
catalysts show a shoulder and two peaks with maxima at
151 °C (shoulder), 172 °C and 204 °C for the CusCe20-
SiZr7 sample and 161 °C (shoulder), 198 °C and 217 °C
for the Cu;,Ce20SiZr7 sample. According to literature data
[20, 22], the TPR profiles of the SiZr7-based catalysts show
the presence of two types of well dispersed Cu species
strongly interacting with the Ce20SiZr7 surface, corre-
sponding to the reduction peaks, respectively, at 151 and
172 °C for CugCe20SiZr7 and 161 and 198 °C for
Cu;,Ce20 SiZr7. The peaks above 200 °C were attributed,
for both samples, to the reduction of bulk-like CuO parti-
cles. Copper species in the CugCe20SiZr7 sample are
reduced at lower temperature than those present in the
Cu,Ce20SiZr7 sample that contains a larger amount of
Cu. Because it is known that the reduction temperature of
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CuO particles increases with the increase of their dimen-
sions, it appears that the higher copper loading in the
Cu;,Ce20SiZr7 sample, results mainly in the formation of
bigger CuO particles, weakly interacting with ceria and
therefore reducible at higher temperature. The catalyst
based on pure silica shows a consumption peak of H,
centred at 204 °C with a shoulder at 192 °C. The shoulder
at lower temperature is ascribed to copper oxide interacting
with ceria and the peak at higher temperature to the CuO
particles weakly interacting with ceria [33].

3.5 X-ray Photoelectron Spectroscopy (XPS)

Catalyst surface composition, before and after the catalytic
tests (gas mixture: 1.2% CO, 1.2% O,, 50% H,, He balance),
was studied by means of XPS. The Cu 2p core level of the
catalysts present a complex spectrum that is shown in
Fig. 5a—b. The CuO—CeO, system has been studied by many
authors [9, 34-36], that identified different copper species.
Thus, Avgouropoulos [9] showed that Cu could be present
both as Cu®* and Cu'* species. Kundakovic [34] detected
CuO particles and small clusters of copper, at low copper
loading, which did not show the CuO spectroscopic char-
acteristics. Zou [35] noted that, before being used in the
selective oxidation of CO (CO-PROX), Cu (10 wt%)—-CeO,
was composed by a mixture of both Cu®* and Cu™. Xiaoy-
uan [36] also showed the simultaneous existence of Cu*"
and Cu'™ for Cu (5 wt%)—CeO, catalyst, due to the strong
interaction between the redox couple (Ce4+/Ce3 ) and CuO.

The XPS spectra of CugCe20SiZr7 and Cu;,Ce20SiZr7
fresh samples show in the Cu 2p region peaks at 932.5 and
934.4 eV, respectively. These two peaks, according with
the literature [27] could be ascribed to the presence of CuO
particles (peak at higher binding energy) and reduced
copper species or small clusters of copper (peak at lower
BE) formed by the strong interaction between copper and
ceria. This interaction was already showed by H,-TPR
profiles (Fig. 4), which exhibited a main peak with a
shoulder at low temperature, being this shoulder due to a
copper species close interacting with ceria. When the
copper loading increased (Fig. 5b), the peak at high BE
increased its intensity, pointing out that the predominant
copper species are CuO particles.

After reaction, the two catalysts showed a similar
behaviour: the Cu 2p core level signal can be decomposed
into two peaks related to CuO particles whose intensity
decreased after the catalytic tests, as the peak related to
copper species strongly interacting with ceria is shifted to
lower BE and may be ascribed to Cu®, the presence of
which was detected in the XRD patterns of the catalysts
after catalytic reaction (Fig. 3). The peak corresponding to
CuO particles disappears in the catalytic conditions for the
Cu,Ce20SiZr7 catalyst.
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Fig. 5 a Cu 2p photoelectron profiles of CugCe20SiZr7 fresh and
used; b Cu 2p XPS spectra of Cu;,Ce20SiZr7 fresh and used; ¢ core
level Ce 3d spectra of CugCe20SiZr7 fresh and used. Operating

This is demonstrated by the observed decrease of the
intensity ratio of the shake-up satellite and the intensity of
the Cu 2ps3, peak (ICug,/ICu,,). In Table 2 the (ICug,/
ICus,,) ratios for the fresh and used catalysts are compiled
and they appear to be always lower for the used catalysts.
Moreover these values are in the range for CuO (0.55) and
Cu® (0) [27)].

The core level Ce 3d signal of ceria is typically com-
posed [36] of six peaks v, vi, and v, (Ce 3ds/,) and v;), vll,
and v/z (Ce 3d5,;) and corresponds to Ce** 3d final states.
The low binding energy doublet vi/v) at 888.9 and 907.5 eV
originated from the state Ce(IV)3d°4f'02p°, the doublet vy/
Vo at 882.3 and 901.0 eV from the state Ce(IV)3d°402p*,
and the doublet vzlv; at 898.2 and 916.8 eV corresponds to
the final state Ce(IV)3d°4/°02p°. Ce’" oxide species
present a doublet up/uy at 880.5 and 898.8 eV assigned to
the final state Ce(IIN3d°4f02p° and a doublet u,/u;
originated from the final state Ce(I1I1)3d°402p° at 885.7
and 904.1 eV.

In Fig. 5c, the core level Ce 3d spectra of the fresh and
used CugCe20SiZr7 samples are presented, showing,
before catalytic tests, only the presence of Ce**. After CO-
PROX reaction, the intensity of the shoulders correspond-
ing to the simultaneous presence of Ce’" also increases.
The rest of catalysts present a similar behaviour as fresh
CueCe20SiZr7.

BE (eV)

B.E (eV)

conditions of the mentioned catalytic test: 1.2% CO, 1.2% O,, 50%
H,, He balance, W/F = 0.18 g s cm ™, =2

4 Conclusions

The CO-PROX reaction was preliminarily tested on two
CuO-CeO, samples with different copper loadings sup-
ported on a structurally organized mesoporous MSU silica
doped with zirconium (Si/Zr = 7) and their catalytic per-
formances were compared with that of CuO-CeO,
supported on a pure MSU silica. Both zirconia-containing
samples showed good values of CO conversion and
selectivity, in particular in the 115-140 °C temperature
range, that is technologically interesting for PEM fuel cells.
No appreciable differences were observed as the Cu con-
tent of the catalysts varied from 6 to 12 wt%. In fact the
exceeding copper appears to be present as bulk CuO spe-
cies which are reduced to metallic Cu in the reaction
environment (as shown by XRPD measurements), that is
known to be not active in the CO-PROX.

When 15% CO, or 15% CO,—10% H,O were added to
the feed stream, the CO conversion drastically decreased
and, in the latter case, the complete oxidation of CO cannot
be achieved. XRPD analysis, performed on the material
after this last catalytic test, did not evidence any significant
modification, while the BET specific surface area
decreased suggesting a partial degradation of the porous
structure, probably generated by the thermal treatment in
the presence of a relevant water amount.

Table 2 Surface atomic ratios from X-ray photoelectron spectroscopy of the SiZr-based catalysts before and after the CO-PROX reaction

Sample O % Si % Cu % Zr % Ce % Cu/Ce Cu/Si Ce/Si I Cu 2p3,,/1 Cu sat
CugCe20SiZr7 fresh 69.69 14.06 6.98 1.05 8.22 0.85 0.496 0.585 0.40
CugCe20SiZr7 used 69.35 18.89 4.83 1.72 5.21 0.93 0.256 0.276 0.17
Cu;,Ce20SiZr7 fresh 68.68 19.93 4.24 1.63 5.53 0.7 0.213 0.277 0.40
Cu;,Ce20SiZr7 used 69.67 13.06 9.20 1.22 6.84 1.34 0.704 0.524 0.21
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As evidenced by H,-TPR and XPS data, reduced copper
species or small clusters of copper strongly interacting with
ceria, which are the species active in the PROX reaction,
prevail in the ZrO,-containing MSU samples. The rela-
tively high density of defects of the zirconia-doped MSU
silica most probably favors the formation, even at quite
high metal loadings, of well dispersed copper particles in
close contact with ceria.
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