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A  series  of  Zn-modified  ceria  solids  were  prepared  by  thermal  decomposition  of  the  corresponding  metal
propionates.  The  formation  of  segregated  ZnO  particles  on  the  ceria  surface  is  evidenced  for  these  solids
using X-ray  diffraction;  in  addition  to this  the characterization  data  may  allow  discarding  the  formation
of  a  ZnO–CeO2 solid  solution.  On  modifying  with  Zn, the  reducibility  of  the  ceria  support  is enhanced,
being  the  highest  reducibility  the  one  obtained  for  the  ZnO–CeO2 solid  having  a 1:9  Zn:Ce  atomic  ratio
(CeZn10).  The  activity  of  this  solid  in  the  CO  oxidation  reaction  was  the  highest  among  the  tested  Zn-
old catalysts
n-modified ceria
O oxidation
xygen vacancies

modified  ceria  solids.  Therefore,  catalysts  containing  1 wt.%  gold,  supported  on  pure  ceria  and  CeZn  solids,
were  prepared,  characterized  and  their  catalytic  activities  tested.  The  Zn-modified  gold  catalyst  is more
active  than  the  un-modified  Au/CeO2 catalyst  in the  oxidation  of  CO;  this  behavior  is  related  to the
higher  metallic  dispersion  of  gold  on  the  CeZn  support  surface.  However,  the  number  of  oxygen  vacancies
acting  as nucleation  sites  for gold,  is  hardly  modified  in  the  Zn-modified  ceria  support  and,  therefore,  the
higher  gold  dispersion  must  be  related  to high  electron  density  sites  on the  catalyst  surface  as  a result  of

is  imp
Au–Ce–Zn  interaction,  th

. Introduction

CO abatement reactions, as CO oxidation [1],  water gas shift
WGS) [2] or preferential CO oxidation (PROX) [3] play a key role
rom environmental and technological points of view. In partic-
lar, CO oxidation from H2-rich reformate gases is crucial when
ydrogen is used in polymer electrolyte fuel cells [4].

The high catalytic activity of gold catalysts in the CO oxidation
eaction at low temperatures has been widely demonstrated [5,6].
his high activity is frequently associated to the gold particle size
7]. High metallic dispersion for gold-supported materials (with
old particles sizes typically below 5 nm), it is achieved through
he enhancement of the metal-support interaction [8].

The existence of structural defects in the support surface, e.g.,
xygen vacancies, plays a determinant role in gold metallic dis-
ersion leading to smaller gold particles which in turn results in
n enhanced activity in CO oxidation [1,9,10]. Therefore, CeO2-
ased materials are very attractive support for gold catalysts, as a
esult of their oxygen exchange capability which is closely related
o the occurrence and diffusion of oxygen vacancies in the structure.

hese point defects can act as nucleation sites for gold deposi-
ion [10,11]. The use of aliovalent cations, such us Cu [12,13],  Zr
14,15], Fe [16,17] or Eu [18], for modifying the CeO2 structure is a
idely studied alternative to improve the oxygen exchange ability

∗ Corresponding author. Tel.: +34 954489221; fax: +34 954460665.
E-mail address: oscarh@icmse.csic.es (O.H. Laguna).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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roved  gold  dispersion  results  in  higher  activities  for  CO  oxidation.
© 2011 Elsevier B.V. All rights reserved.

of CeO2. On modifying ceria solids with Zn the reducibility and oxy-
gen exchange abilities of CeO2 is enhanced [19,20]. However, the
Ce–Zn interaction mechanism is under discussion, both the forma-
tion of a Zn–Ce solid solution [20] and segregation of the oxides
[19], has been proposed as responsible for the Ce–Zn synergy.

It has been previously reported that gold nucleates on oxygen
vacancies at the ceria surface and forms 3D clusters growing epi-
taxially on the (0 0 0 1) plane of ZnO [11]. On the other hand, an
excellent matching is found between the Zn and Ce atomic posi-
tions for the CeO2 and ZnO planes perpendicular to the (1 1 1) and
(0 0 0 2) directions of the CeO2 and ZnO solids, respectively [21,22].
This epitaxial growth has been proposed to result in oxygen vacan-
cies in ZnO that are also the active sites in methanol synthesis over
Au/ZnO, and that the presence of the Au particles enhances the
number of exposed oxygen vacancies in ZnO, presumably located
at the interface region [22].

Considering this scenario, we  study in this work a series of gold
catalysts prepared with Zn-modified ceria supports having variable
amounts of the modifying agent, this way the Ce–Zn synergy might
be evaluated in supported gold catalysts using the CO oxidation
reaction as a test.

2. Materials and methods
2.1. Synthesis of the catalysts

A series of Ce–Zn mixed oxides (Zn content of 10, 25 and
50 mol.%) were synthesized by a pseudo sol–gel method involv-

dx.doi.org/10.1016/j.cattod.2011.02.015
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:oscarh@icmse.csic.es
dx.doi.org/10.1016/j.cattod.2011.02.015
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Table 1
Chemical composition and BET surface area of the prepared solids.

Solid Ce (mol.%) Zn (mol.%) Au (wt.%) BET area (m2/g)

CeO2 100 0 – 53
CeZn10 88.3 11.7 – 56
CeZn25 71.8 28.2 – 44
CeZn50 55.0 45.0 – 43
Au/CeO2 100 0 1.0 54
Au/CeZn10 88.3 11.7 1.1 62

Ce (mol.%) = 100 × molCe/[molCe + molZn]; Zn (mol.%) = 100 × molZn/[molCe + molZn].
O.H. Laguna et al. / Cataly

ng the thermal decomposition of the corresponding propionates.
hese propionates were produced after dissolution of the adequate
mounts of Ce(III) acetate and Zn(II) acetyl acetonate in propionic
cid (0.12 M).  The propionic acid excess was retired from the mix-
ure through simple distillation obtaining a resin-like that is further
alcined at 500 ◦C for 2 h in air. For the sake of comparison an un-
odified ceria sample was synthesized by the same procedure [23].

amples were identified as CeZnX where X accounts for the Zn
olar percentage.
Gold catalyst (1 wt.%) were prepared by the

eposition–precipitation method over selected supports (CeZn10
nd CeO2), at 70 ◦C and pH = 8 using chloroauric acid as gold source.
he obtained solids (Au/CeZe10 and Au/CeO2) were washed with
eionized water until total chloride removal, dried overnight at
0 ◦C and finally, calcined for 2 h at 300 ◦C.

.2. Characterization

X-ray fluorescence (XRF) spectrometry was  carried out in an
 Panalytical® AXIOS PW4400 instrument equipped with an Rh

ube. The measurements were taken onto pressed pellets contain-
ng 6 wt.% of wax. Powder X-ray diffraction (XRD) patterns were
ecorded on a Siemens® D500 spectrometer, using Cu K� radiation,
.05◦ step size and 1 s step time. Textural properties were studied
y N2 adsorption/desorption isotherms at liquid nitrogen tempera-
ure using a Micromeritics® ASAP 2010 apparatus. Before analysis,
he samples were degassed at 150 ◦C for 2 h in vacuum. Raman spec-
ra were recorded in a dispersive Horiva Jobin Yvon LabRam HR800
onfocal Raman Microscope with a 20-mW green laser (532.14 nm)
ithout filter and using a 600 grooves/mm grating. The microscope
sed an objective with a confocal pinhole of 100 �m.

A homemade apparatus with a conventional quartz reactor con-
ected to a TCD was used for obtaining the TPR profiles. In every
xperiment, 50 mg  of sample was placed in the reactor and sub-
itted to a 5% H2/Ar gas flow (50 mL/min). Then, a heating rate

f 10 ◦C/min to a final temperature of 900 ◦C was set. The H2 con-
umption was monitored and compared with a CuO pattern.

A Zeiss ULTRA 55 high-resolution FESEM microscope equipped
ith in lens, secondary and backscattered detectors, was used for

nalyzing the gold particle size distribution.

.3. Catalytic activity

For the CO oxidation reaction, the catalysts were pretreated
or 1 h at 300 ◦C in a 30 mL/min activation flow of 21% O2 bal-
nced in He. The light-off curves (from room temperature to 300 ◦C,
◦C/min) were obtained with a 42 mL/min reactive stream of 3.4%
O and 21% O2 in He. The reaction was carried out in a conventional
ontinuous flow U-shaped glass reactor working at atmospheric
ressure where 80 mg  of sample were placed between glass wools.
he reaction was followed by mass spectrometry (Balzers® Ther-
ostar).

. Results and discussion

.1. Ce–Zn mixed oxides

The chemical composition of the prepared solids is quite close to
he targeted ones 10%, 25% and 50% (Table 1), which is in accordance
ith our recent reports where we demonstrated the successful syn-

hesis of M-modified CeO2 systems (M = Zr, Zn, Fe) by the same

ethodology [17,24]. BET surface area values of the Zn-modified

ystems do not present important modifications with regard to the
are CeO2 (Table 1).

Fig. 1 presents the XRD patterns of the prepared solids. In
ll cases reflections corresponding to the c-CeO2 fluorite struc-
Fig. 1. XRD pattern of the pure CeO2 and the Zn-modified solids.

ture (JCPDS 00-034-0394) are observed. Besides this, additional
reflections corresponding to the existence of ZnO with hexagonal
structure (zincite) are observed for the Zn-modified solids (JCPDS
36-1451) [15,25].  The addition of Zn does not modify the c-CeO2
lattice parameter discarding the formation of a Ce–Zn solid solu-
tion while the presence of diffraction lines corresponding to the
ZnO indicates segregation of this phase even in the case of the solid
with the lowest Zn content studied. Assuming complete immisci-
bility of CeO2 and ZnO phases and an epitaxial growth of the ZnO
phase on the ceria surface previously reported [21,26],  a Zn sur-
face coverage of ca. 8 Zn atoms per square nanometer would be
estimated in the case of the CeZn10 solid. This Zn surface coverage
would be slightly higher than the number of surface oxygen sites
present on the ceria surface, therefore accounting for very small
diffraction lines observed for this solid (inset in Fig. 1).

On the other hand, the higher the Zn contents of the support,
the lower the ceria crystallite size, estimated using the Scherrer
equation (Fig. 2). This behavior has been previously reported for
modified CeO2 and evidences that ZnO hinders mass transporta-
tion during calcination and restricts grain growth substantially
[15,17,27,28].

The Raman spectra of the prepared solids are shown in Fig. 2. The
spectra of all solids are similar and characterized by the signals cor-
responding to the symmetric breathing mode (F2g) of oxygen atoms
around Ce4+ ions [15,29,30] at 460 cm−1 and a fairly low inten-
sity band at ca. 600 cm−1 (Fig. 2 inset) commonly attributed to the
presence of oxygen vacancies (Ov) [15,29,30].  The evaluation of the
area of the oxygen vacancies (Ov) signal to the F2g signal ratio has
been previously reported as the most appropriate way  of comparing
the population of oxygen vacancies in different solids [16,29].  The
Ov/F2g area ratio values obtained for the studied supports (Fig. 3)

show that the addition of Zn does not generate additional oxygen
vacancies in the CeO2 oxide for the solids with 25 and 50 Zn mol.%.
This Ov/F2g ratio even slightly decreases. The observed decrease of
the Ov/F2g Raman signal ratio for the CeZn25 and CeZn50 solids can
be related with the formation of ZnO islands, clearly evidenced by
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Fig. 2. Raman spectra of the pure CeO2 and the Zn-modified solids.

Fig. 3. Ov/F2g area ratio of the pure CeO2 and the Zn-modified solids.
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Fig. 4. TPR profile of the pure CeO2 and the Zn-modified solids.

RD (Fig. 1). The ZnO islands are therefore blocking surface oxygen
acancies of the CeO2 structure, which is in accordance with ceria
article size growth inhibition by ZnO islands [15,17,27,28].

The TPR profiles of the studied supports are presented in Fig. 4.
ure CeO2 presents two main reduction signals. Surface reduction

f Ce4+ species resulted in the peak at 522 ◦C, the second one at
igher temperature (781 ◦C) corresponds to the bulk reduction of
eO2 [31]. Naknam et al. [32] did not observe intrinsic reducibility
f pure ZnO in Au/Zn and Au/ZnO–Fe2O3 catalysts tested for the
day 172 (2011) 118– 123

preferential oxidation of CO (PROX). They established that none
of the observed reduction process could be associated to ZnO. On
modifying with ZnO the low temperature reduction peak shifts
towards lower temperatures appearing in the presence of ZnO at
390 ± 10 ◦C, whereas the high temperature reduction peak shifts
monotonically to higher temperatures on increasing the ZnO con-
tent, showing a maximum at 888 ◦C for the catalyst with the highest
ZnO loading. Our results clearly state that on modifying with ZnO
the catalyst reducibility is enhanced as early reported [20,33].  Sev-
eral factors may  be invoked for explaining these results: synergy
between oxides as a result of the intimate contact between both
oxides CeO2 and ZnO allowing the enhancement of the surface
reducibility of the Ce4+ species, the reduction of Zn2+ species and/or
a strong modification of the surface-to-volume ratio of the ceria
particles upon ZnO addition. The formation of oxygen vacancies in
ZnO, in the presence of a 5% H2–95% Ar stream, is thermodynami-
cally favored being observed at temperature above 450 ◦C [34]. On
the other hand, if the thermodynamics of the formation of cerium
oxides [35,36] is also taken into account, the formation of oxygen
vacancies in ZnO, Vx

o, when in close contact with ceria may  react
with cerium oxide as follows, where Ox

o is a lattice oxygen in ZnO:

2CeO2 + Vx
o ↔ Ce2O3 + Ox

o (1)

According to the thermodynamic shown in [34–36],  the free
energy for Eq. (1) is given by �G  = −54,310 + 8T (J/mol), where �G
is the free Gibbs energy and T is temperature. Therefore the forma-
tion of oxygen vacancies in the ZnO phase favors the reducibility of
the ceria phase. This mechanism, formation of an oxygen vacancy in
the ZnO phase that is further oxidized by the reduced ceria phase,
accounts for the synergy between both phases and for a certain
reduction of the ZnO phase. Besides this, the crystallite size of the
ceria phase reduces upon ZnO addition. As mentioned above, this
must be related to the pinning of the particle growth mechanism
by the presence of ZnO resulting in nanometric powders. If we
assume, for the sake of simplicity, spherical morphology for the
ceria particles, the particle size decrease from ca. 14 to ca. 10 nm
upon addition of ZnO results in a surface-to-volume ratio 1.5 times
higher for the samples containing the highest amount of ZnO than
for the pure ceria phase. This change in the surface-to-volume ratio
may  also favor the low temperature reducibility shifting the surface
reduction peak to lower temperatures.

The high-temperature signal shift to higher temperatures on
increasing the Zn amount is more complex because ZnO loss due
to evaporation may  increase rapidly at temperatures over 700 ◦C,
up to 60% weight loss may be expected when heating bulk ZnO
at 900 ◦C partially by ZnO loss through evaporation and partially
by oxygen vacancy formation [34]. By measuring hydrogen con-
sumption through the area under the reduction curves (low and
high-temperature peaks) a reducibility increase for the CeZn10
solid with respect to pure CeO2 is observed, but progressively the
reducibility decreases as the amount of Zn is augmented. To have
a quantitative estimate for the reducibility of the studied samples,
the reduction percentage (RP) of every system has been calculated
according to Eq. (2).

RP = EHC

THC
× 100 (2)

THC is the theoretical hydrogen consumption (in moles) required
for the complete reduction of all reducible cations in the solid and
EHC is the experimental total hydrogen consumption measured dur-
ing the TPR. For the calculation of THC we  have considered that Ce
results are presented in Fig. 5.
The solid modified with 10 mol.% Zn has a slightly higher reduc-

tion percentage than pure CeO2. This necessarily determines that
either the reducibility of cerium oxide is enhanced or zinc reduc-
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Fig. 5. Reduction percentage of the pure CeO2 and the Zn-modified solids.
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ig. 6. Catalytic activity during the CO oxidation reaction over the supports and the
old catalysts.

ion occurs, the occurrence of both processes cannot be, however,
uled out as discussed above. On increasing the Zn loadings a lower
eduction percentage is observed. From these results, it can be
nferred that surface reducibility of the CeZn10 solid is enhanced

ith respect to the pure oxides. If we consider that ZnO particles
re not reducible, CeO2 reducibility would increase up to reduc-
ion percentage of 75%; on the contrary, if we consider that CeO2
educibility remains unaltered ca. 90% reduction of the ZnO phase
ust be considered if ZnO evaporation is not taken into account.

he structural data, together with the TPR data, suggest the for-
ation of a monolayer of ZnO growing epitaxially on the CeO2

1 1 1) surface. Simply geometrical calculations allows calculate
a. 4 × 1020 oxygen sites on the (1 1 1) surface of the synthesized
eria nanoparticles and for the CeZn10 solid a number of 4.4 × 1020

n cations; the incipient ZnO diffraction peak (Fig. 1) observed
or the CeZn10 solid let us assume, for this sample, the epitaxial
rowth previously reported [21,26].  This monolayer formation hav-
ng metal–oxygen distances slightly distorted enhances the solid
educibility. At higher ZnO loadings, ZnO islands start to grow on
op of the distorted ZnO monolayer being bigger the size of the
slands; these becoming a physical barrier for the reduction of CeO2.
his is in agreement with the data reported by Larese et al. in
heir study of the oxygen storage and release properties of CeO2
nd Ce–Zr–O systems modified with phosphorus [37]. The formed
ePO4 species are located at the surface/subsurface layer of the

ixed materials and reduce the specific rate of the oxygen dif-

usion in the surface and the bulk, decreasing consequently the
educibility.

The catalytic activity in the oxidation of CO of the studied sup-
orts is presented in Fig. 6. Pure ceria shows a poor catalytic activity
Raman  sh ift (cm-1)

Fig. 7. Raman spectra of the prepared gold catalysts.

converting ca. 10% CO to CO2 at 300 ◦C. The modified solids (CeZn10
and CeZn25) present higher activities in the CO oxidation reaction
than the parent CeO2 support but on increasing the amount of ZnO
loaded to 50% molar the catalytic activity for the oxidation of CO
decreases to values similar to the un-modified material. This result
must be related with the inhibition observed in the reducibility of
this sample due to the bigger size of the ZnO particles.

From all above, considering that the CeZn10 is the support with
the highest reducibility (Fig. 5), and that one that presents the
higher efficiency of CO2 yield as a function of the incorporated
Zn (Fig. 6), this solid was  selected as support for preparing a gold
catalyst (Au/CeZn10) that will be compared with a non-modified
Au/CeO2 one.

3.2. Gold catalysts

The gold content of the catalysts (1 wt.%) approaches quite well
the target values (1 wt.%). Upon gold deposition, the BET surface
area of the Au/CeZn10 catalysts slightly increases with respect to
that of the corresponding support (Table 1). This common phe-
nomenon in gold catalysts is usually explained assuming that the
gold nanoparticles inside the ceria pores enlarges the pore size and
generates a higher surface area [38,39]. XRD patterns (not shown)
are similar to those of the supports without additional reflections
associated to the presence of gold. This suggests a small size for
gold nanoparticles deposited on the support surface.

On the other hand, the band associated to oxygen vacancies is
absent in the Raman spectra of the prepared gold catalysts (Fig. 7).
Therefore, oxygen vacancies, as demonstrated for other systems
[15,18,40,41],  act as preferential structural positions for the nucle-
ation of gold nanoparticles on CeO2 and CeZn10 oxides. The number
of surface oxygen vacancies is higher in the Zn-modified support as
stated above, accordingly, FESEM micrographs of the gold catalysts
(Fig. 8) show that the number of gold nanoparticles with diame-
ters between 4 and 19 nm is smaller for the Au/CeZn10 catalyst.
Considering that gold nanoparticles with diameters below 4 nm
are indistinguishable using FESEM and that both catalysts have
the same noble metal loading (Table 1) the FESEM results support
the smaller average gold particle size of the Au/CeZn10 catalysts.
The higher gold dispersion in Au/CeZn10 probably means that gold
deposition takes place mainly at the surface interface sites where

the Ce–Zn interaction is stronger; these sites should have the high-
est electron density as a result of the slight mismatch between the
CeO2 and ZnO surfaces [15].

In the TPR profiles of the gold catalysts the high temperature
peak remains unaltered with respect to the TPR profile of the parent
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Fig. 8. SEM micrographs of the
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Fig. 9. TPR profile of the gold catalysts.

upport (Fig. 9). Therefore, the bulk reducibility of the supports is
ardly affected by the presence of gold, being mainly dominated for
he balance between the energy of the oxygen vacancy formation
nd the free energy of formation of water. However, the low tem-
erature reduction peak shifts to even lower temperatures upon
old addition. In this case of the pure ceria support this peak has

 maximum at 197 ◦C whereas for the Zn-modified support there
s not a well-defined peak but a broad almost featureless profile
xtending from ca. 125 to 600 ◦C. Although, some authors have
rgued that the low temperature peak in the TPR profile of Au/ZnO
atalyst was associated to the reduction of Au3+ within the inter-
al of 150–200 ◦C [32], we must rule out this possibility since these

ow temperature reduction processes account, in the case of gold
atalysts for 54 ± 1% of the total reducible species. However, the
resence of some Au+ [42] or even Au3+ [43] species cannot be fully
iscarded. The different shapes of the TPR profile traces for pure
nd Zn-modified catalysts should be associated to differences in
he coordination environments of surface Ce4+ species that may
ave a next nearest neighbors either cerium or zinc cations in dif-

erent positions. Hydrogen spillover from gold nanoparticles may
nfluences the mechanism proposed in Eq. (1),  resulting in more
omplex synergies between gold, zinc oxide and ceria. Although, it
s difficult to separate the reduction of every cation as an indepen-
ent process, the synergy between the three components of the
atalyst is promoting the reducibility since the low temperature
eduction process shows a peak at 154 ◦C.

Stoichiometric CeO2 has a cubic fluorite structure with a lattice
onstant of 0.541 nm usually exposing the (1 1 1) plane [44], pure

nO having the hexagonal wurzite structure preferentially expose
he (0 0 0 2) plane. The two planes have the same 2D symmetry but

 slight mismatch in the lattice constant of 0.040 nm; as a result,
he Ce–O–Zn bonds deviate from the equilibrium distance for the
ure solids enhancing the solid reducibility. The presence of gold
 prepared gold catalysts.

on the CeZn10 support further modifies the energetic of the surface
particularly upon reduction since the surface energy of the ceria
surface induces surface reconstruction as a function of the number
of surface defects [36]. All these processes may  promote electronic
exchanges increasing surface oxygen reactivity allowing an easy
oxygen exchange in the Au/CeZn10 catalyst.

The catalytic activity of the gold catalysts is presented in Fig. 6.
Both samples present much better catalytic performances than the
corresponding support, reaching 100% CO conversion at tempera-
tures below 150 ◦C, and being Au/CeZn10 catalyst more active than
Au/CeO2. This better catalytic activity agrees with the lower gold
particle size and higher dispersion of gold nanoparticles observed
by FESEM for the Au/CeZn10 system. In addition, the improvement
in the CO conversion could be explained by the enhancement of the
surface reducibility in this sample (Fig. 9). The Au–Ce–Zn interac-
tion promotes the reducibility of the system and consequently, its
oxygen exchange ability, required for the CO oxidation reaction.

4. Conclusions

A series of Zn-modified ceria solids were prepared by thermal
decomposition of the corresponding metal propionates. The forma-
tion of segregated ZnO islands on the ceria surface is evidenced for
these solids using X-ray diffraction; in addition to this, the charac-
terization data allow discarding the formation of a CeO2–Zn solid
solution.

On modifying with Zn, the reducibility of the ceria support is
enhanced, being the highest reducibility the one obtained for the
CeO2–ZnO solid having a 9:1 Ce:Zn atomic ratio (CeZn10). The activ-
ity of this solid in the CO oxidation reaction was the highest among
the tested Zn-modified ceria solids. Therefore, catalysts contain-
ing 1 wt.% gold, supported on pure ceria and CeZn10 solids, were
prepared, characterized and their catalytic activities tested. The Zn-
modified gold catalyst is more active than the un-modified Au/CeO2
catalyst in the oxidation of CO; this behavior is related to higher
metallic dispersion of gold on the CeZn support surface. However,
the number of oxygen vacancies acting as nucleation sites for gold,
is hardly modified in the Zn-modified ceria support and therefore,
the higher gold dispersion must be related to high electron density
sites on the catalyst surface as a result of Au–Ce–Zn interaction,
this improved gold dispersion results in higher activities for CO
oxidation.
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