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a  b  s  t  r  a  c  t

In  situ  studies  on  reduction  processes  in praseodymium-doped  ceria  and  nickel-loaded  doped  ceria
nanoparticles  have  been  investigated  using  environmental  transmission  electron  microscopy.  The
presence  of pit-like  defects  on  the  oxide  nanoparticles  resulted  in  amorphization  during  reduction.
Hydrogen-spillover  in nickel-loaded  praseodymium-doped  ceria  (PDC)  was  directly  observed.  Localized
reduction  of  ceria  in  a  H atmosphere  was  observed  and  attributed  to  gas–nickel–ceria  interactions  at
eywords:
n situ
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the three-phase  boundary.  The  spatial  extent  of  the  localized  reduction  zones  was  experimentally  deter-
mined.  The  spillover  mechanism  is  discussed  in  terms  of  surface  diffusion  properties  of atomic  hydrogen
and oxygen  species.

© 2011 Elsevier B.V. All rights reserved.
EM

. Introduction

Solid oxide fuel cells (SOFCs) are a promising technology for
fficient conversion of chemical fuels into electricity. In a SOFC, a
athode converts gaseous oxygen into oxygen ions; these ions dif-
use through an electrolyte to an anode where they oxidize a fuel
esulting in the release of electrons. The electrons are collected and
sed to drive an external circuit before returning to the cathode.
atalysts are employed on the anode and cathode to accelerate the
eaction. SOFCs are attractive because they can utilize a variety of
ifferent fuels (hydrogen, hydrocarbon, carbon monoxide, etc.) and
he electrocatalysts are more resistant to feedstock impurities [1].
n principle, fuel flexibility combined with catalyst poison resis-
ance should allow SOFCs to operate without the need for extensive
nd expensive fuel processing. At present most SOFCs are based
n yttria stabilized zirconia (YSZ) and typically operate at tem-
eratures in excess of 1000 ◦C. The anode, cathode and electrolyte
re composed of ceramic materials with metal contacts, and when

ubjected to high operating temperatures, can lead to challenging
aterials problems that negatively affect cell performance. Com-

onents undergo a variety of solid-state and gas–solid reactions

� The full description of the procedures used in this paper requires the identi-
cation of certain commercial products and their suppliers. The inclusion of such

nformation should in no way  be construed as indicating that such products or sup-
liers are endorsed by NIST or are recommended by NIST or that they are necessarily
he best materials, instruments, software or suppliers for the purposes described.
∗ Corresponding author. Tel.: +1 480 965 2934; fax: +1 480 727 9321.

E-mail address: crozier@asu.edu (P.A. Crozier).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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that may  result in a breakdown in the electronic and ionic conduc-
tion paths and mechanical failure due to delamination [1].  Current
Ni/YSZ based anodes are also vulnerable to deactivation due to
coking (carbon deposit) when hydrocarbon fuels are employed.

Many of the materials problems associated with SOFC operation
may  be greatly mitigated by reducing the operation temperature of
the cell. However this requires electrode and electrolyte materials
that have, respectively, high catalytic activities and ion conductivi-
ties at low temperatures. Cerium-based oxides are currently being
investigated as possible anode materials for SOFC operating tem-
peratures in the range 500–700 ◦C. We  are especially interested
in the cermet (metal intermixed with ceramic material) anodes
based on Ni metal combined with Gd and Pr doped ceria [2].  For
example, Pr doped ceria (PDC) is a promising anode material for
intermediate-temperature (500–700 ◦C) solid-oxide-fuel-cells (IT-
SOFCs) [3–6]. The oxygen ion conductivity of this material is 2–3
order of magnitude higher than pure ceria at 700 ◦C [7],  and has
been attributed to the presence of high concentrations of oxygen
vacancies created during a low temperature (≈200 ◦C) reduction of
Pr4+ to Pr3+ [8,9].

In order to optimize the properties of a cermet material, it is
important to develop a fundamental understanding of the dynamic
processes taking place at the anode during fuel cell operation. To
do this, we employ in situ environmental transmission electron
microscopy (ETEM) as a means to investigate the nanoscale interfa-
cial interactions that take place at the Ni–PDC interface at elevated

temperature in a reducing atmosphere. This closely resembles the
typical operating conditions of a real SOFC anode. Many different
chemical processes are likely to take place on the anode during fuel
cell operation such as PDC reduction, grain boundary segregation,

dx.doi.org/10.1016/j.cattod.2011.09.009
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:crozier@asu.edu
dx.doi.org/10.1016/j.cattod.2011.09.009
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hree-phase boundary reactions and solid-state reactions between
he nickel and ceria. Here we focus on employing ETEM to inves-
igate a spillover phenomenon associated with the three-phase
oundary where the gas, metal particle and ceramic substrate meet

eading to the local reduction of doped ceria. Spillover is defined
s the transport of adsorbed species (H, O, OH−, etc.) from the
rimary surface on which adsorption took place to an adjacent
urface [10]. The spillover mechanism plays an important role in
any gas-phase catalytic reactions and it has been the subject

f a considerable number of experimental and theoretical studies
11–15]. However, to our knowledge, there have been no direct
lectron microscopy observations of the local chemical changes in
ickel/rare-earth doped ceria systems that occur during spillover.

. Experimental

Pure ceria and 10 mole fraction (%) Pr doped ceria (PDC)
anopowders were synthesized via a spray drying method as
escribed in detail elsewhere [16]. As-synthesized powders were
eat treated in a box furnace at 700 ◦C for 2 h to obtain crystalline
anoparticles. 0.1 mass fraction Ni was loaded onto the PDC powder
sing conventional wet impregnation techniques. PDC powder was
rst impregnated with Ni(NO3)3·6H2O solution in ethanol using
n incipient wetness approach. The impregnated powder was then
ried at 200 ◦C in air followed by a direct reduction at 400 ◦C for 4 h

n a flowing mixture of 0.05 volume fraction hydrogen in helium in
 single-zone tube furnace to convert Ni(NO3)3 to Ni metal. TEM
amples were prepared by crushing the nanopowders between
wo glass slides to break the particle agglomerates and dry load-
ng the powder onto 3 mm Pt grids punched out from 200 mesh
t gauge. These grids were then loaded in a TEM heating holder
nd introduced into the column of an FEI Tecnai F20* environ-
ental transmission electron microscope (ETEM). Samples were

eated to 700 ◦C in flowing hydrogen pressure of 130 Pa for in situ
eduction. High resolution images, electron diffraction patterns and
lectron energy-loss spectra (EELS) were recorded at specific tem-
eratures of interest to investigate the morphological and chemical
hanges in the nanoparticles. Ex situ reduction was  carried out in

 single zone tube furnace at 900 ◦C for 6 h in a flowing mixture of
.05 volume fraction hydrogen in helium.

. Results and discussion

.1. In situ reduction of pure ceria and PDC

The morphological changes occurring during the in situ reduc-
ion of pure ceria and PDC were investigated by analyzing
igh-resolution images acquired before and after in situ reduc-
ion in hydrogen. The degree of crystallinity in the particles was
etermined by monitoring the visibility of lattice fringes and the
haracteristic speckle pattern associated with an amorphous mate-
ial, in the high resolution images. Selected area electron diffraction
atterns acquired from nanoparticle clusters were additionally
sed to estimate the crystallinity of the particles by observing the
ature of diffraction spots. High-resolution images of a typical pure
eria nanoparticle acquired at 200 ◦C in vacuum and after in situ
eduction in hydrogen at 700 ◦C are shown in Fig. 1. The crystalline
ature of the particle shown in Fig. 1(a) is obvious from the presence
f the characteristic 0.31 nm lattice fringes corresponding to CeO2
1 1 1} planar spacing. Additional confirmation of the crystalline
ature of PDC nanoparticles is provided by the observation of sharp

iffraction spots in the selected area electron diffraction (SAED)
attern (inset of Fig. 1(a)), which arise due to Bragg reflections from

 well-ordered fluorite crystal structure. However, pit-like defects
marked by arrows in Fig. 1(a)) were also observed. We  believe that
oday 180 (2012) 2– 8 3

these defects are due to the low calcination temperature (700 ◦C)
used during synthesis to keep the particle size small (22.0 ± 0.4 nm).
The same nanoparticle after in situ exposure to 130 Pa hydrogen at
700 ◦C is shown in Fig. 1(b). Loss of crystallinity in this particle is
apparent from the reduced visibility of lattice fringes and the pro-
nounced speckle contrast in the high-resolution image. Moreover,
the selected area diffraction pattern acquired from the same clus-
ter after reduction shows the presence of diffuse rings along with
some Bragg spots as shown in the inset of Fig. 1(b). The presence of
diffuse rings, which arise due to diffraction from a highly defective
or amorphous solid, confirmed that the material had undergone
partial amorphization during reduction.

Cerium reduction in the particles was confirmed with electron
energy-loss spectra acquired from the same cluster of nanoparti-
cles. The reversal of the relative heights of the Ce-M4,5 white lines is
an indication of changes in the oxidation state with a higher M5/M4
ratio indicating the presence of a +3 oxidation state [17]. Insets in
Fig. 1(a) and (b), respectively show the energy-loss spectra acquired
from the nanoparticle cluster before and after in situ reduction. The
oxidation state of Ce at 200 ◦C was found to be 3.8 ± 0.1 while after
heating to 700 ◦C in hydrogen it reduced to 3.1 ± 0.1.

Similar loss of crystallinity was  also observed in the PDC sam-
ple after in situ reduction at 650 ◦C as shown in Fig. 2(a) and (b).
The amorphization of the material was correlated with reduction
in hydrogen and not electron beam damage. Sharma et al. [17] have
measured the effects of electron dose on the chemical changes
(oxidation state) of Ce in pure ceria. They found that significant
changes occurred in the Ce white lines with an electron dose of
2 × 107 electrons/nm2 at room temperature. For the current exper-
iments, we  kept the electron dose below ≈106 electrons/nm2, and
no significant changes in the image and in the Ce-M5/M4 ratio were
observed in the absence of hydrogen

3.2. Ex situ reduction of PDC

Ex situ reduction was performed on a crystalline and fully oxi-
dized PDC sample to validate the in situ observations. Fig. 3(a)
shows a high-resolution image of a typical PDC nanoparticle at
room temperature before reduction. A high degree of crystallinity is
evident from the sharp and continuous lattice fringes in the particle
along with well-defined surface facets. The inset of Fig. 3(a) shows
an energy-loss spectrum acquired from this particle indicating that
ceria was present in an oxidized form. The sample was  then reduced
ex situ in a tube furnace at 900 ◦C for 6 h in a flowing mixture of
5 mole fraction of hydrogen in helium subsequent examination in
the TEM at 200 ◦C revealed a highly pronounced speckle contrast
pattern in the high-resolution image indicating amorphization of
the material, Fig. 3(b). The energy-loss spectrum acquired from this
sample (inset of Fig. 3(b)) showed that re-oxidation of ceria after
cooling and subsequent exposure to air (during transfer to TEM)
did not result in the re-crystallization. These observations indicate
that the amorphization does not have an adverse effect on the redox
behavior of ceria.

Other researchers have employed thermogravimetry and in situ
X-ray diffraction techniques to investigate changes in ceria during
reduction although they do not report any data on amorphization
[18–20]. In our previous work on ceria samples prepared using
a precipitation technique, such amorphization was not observed
during reduction. Earlier in situ observations showed that ceria
reduction often resulted in the oxygen vacancy ordering, giving rise
to a superstructure [21,22].  However, not only were these samples

synthesized differently, they were heated in air to 1000 ◦C prior to
in situ reduction. As a result, the grain size in the starting material
was  substantially larger and the crystallites were mostly defect free
compared to the material investigated here.
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Fig. 1. High resolution image of a typical ceria nanoparticle from a selected cluster of nanoparticles, (a) at 200 ◦C in vacuum and (b) after in situ reduction in H2 at 700 ◦C.
Insets:  corresponding selected area diffraction patterns and energy loss spectra from the nanoparticle cluster.
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ig. 2. (a) PDC nanoparticle at 200 ◦C in vacuum, and (b) same nanoparticle after in

The current starting materials often have a large number of
it-like defects present as a result of the spray drying and rela-
ively low calcination temperature (see Figs. 1(a), 2(a) and 3(a)).

he sides of the pit defects are composed of (1 1 1) nanofacets
nd in some cases dislocations are also observed in the nanocrys-
als. These pit-like defects may  inhibit the formation of extended
xygen vacancy ordering of the reduced structure. Evidence for

ig. 3. A typical PDC nanoparticle at 200 ◦C in vacuum, and (b) another nanoparticle fro
elium  at 900 ◦C for 6 h.
duction in H2 at 650 ◦C. Insets: energy loss spectra acquired from the nanoparticle.

the role of pit-like defects on the amorphization was found by
investigating the particles, which were free from such defects.
A typical example of such a particle is shown in Fig. 4(a). Upon

in situ heating in H2, this particle did not undergo amorphiza-
tion as shown in Fig. 4(b), although it did undergo reduction
as indicated by the energy-loss spectrum shown in the inset of
Fig. 4(b).

m the same sample after ex situ reduction in 0.05 volume fraction of hydrogen in
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Fig. 4. PDC nanoparticle free of defects, (a) at 200 ◦C in vacuum, and (b) after r

For the highly ordered materials, the oxygen vacancy ordered
tructure is associated with a phase transformation where the
uorite structure (S.G. Fm-3m) transforms to a body center
ubic structure (Ia-3) associated with small atomic displacements
21,22]. As reported earlier, the vacancy ordering in the fluorite
tructure is constrained by the structural principles as outlined by
ang and Eyring [23]. Vacancy pairs line up along the 〈1 1 1〉 direc-

ion, which preserves the cubic symmetry and lead to extended
omains of vacancy ordering. In the spray dried materials, when
xygen vacancies are introduced during reduction, the pit defects
isrupt vacancy ordering and appear to destabilize the cubic struc-
ure resulting in amorphization. When the sample is cooled, the
e3+ re-oxidizes to Ce4+ but kinetic limitations associated with the

ower oxidation temperature prevent the fluorite structure from
eforming.

.3. In situ reduction of Ni loaded PDC

For in situ reduction, the sample was first heated to 420 ◦C in
owing hydrogen gas at 130 Pa and held for 2 h to reduce NiO
formed during exposure of Ni particles to air after the synthesis)
o Ni metal particles. The sample was then heated to 650 ◦C where
he onset of PDC reduction was observed. Fig. 5(a) shows a high
esolution image of a Ni/PDC interface acquired during reduction.
morphization of the PDC particle at the interface is clearly seen
nd indicates the onset of reduction (linked to the amorphization
entioned earlier). This observation clearly shows that, near the Ni

articles, a reduction zone is first formed at the Ni/PDC interface.
In another experiment, we investigated the formation of a

eduction zone in materials that was already amorphized by an
x situ pre-reduction step. Ni loaded PDC powder was first pre-
educed ex situ at 900 ◦C for 6 h in a tube furnace and subsequently
ubjected to in situ reduction at 420 ◦C in flowing hydrogen gas.
ig. 5(b) shows a high-resolution image of a typical Ni particle on
DC support at 420 ◦C. Speckle contrast seen in the PDC particles
ndicates amorphization due to the ex situ reduction. Energy-loss
pectra were acquired from two regions, each from approximately

 nm in diameter, within the same PDC nanoparticles (Fig. 5(b)). A
ackground subtracted energy-loss spectrum from Area 1 is shown

n Fig. 5(c). The presence of Ni-L3 and Ni-L2 edges in the spectrum,
t 855 eV and 872 eV, respectively, indicate that the specified region
as in close proximity to the Ni particle. The higher intensity in Ce-
5 as compared to Ce-M4 indicates that Ce is present in a reduced
tate in this region. The measured oxidation state of Ce in this
egion was around 3.2 ± 0.1 (the Ni-L23 edge does not significant
ffect the Ce white line quantification). Area 2 as marked in Fig. 5(b)
as selected at a distance of approximately 15 nm away from the
ion in H2 at 650 ◦C. Insets: energy loss spectra acquired from the nanoparticle.

interface. An energy-loss spectrum from this region is shown in
Fig. 5(d) and indicates the presence of Ce in a partially reduced
state with the measured oxidation state of 3.5 ± 0.1. These results
indicate the onset of reduction zone formation in the PDC particle at
a much lower temperature, 420 ◦C in the pre-reduced sample com-
pared to 650 ◦C in the case where the ex situ reduction treatment
was  not given. Similar measurements were performed on several
different Ni–PDC interfaces and all showed preferential reduction
of the PDC particle in the vicinity of Ni particle (see Table 1). Pure
PDC does not reduce until 650 ◦C and the low temperature prefer-
ential reduction around Ni is a result of a spillover of highly reactive
atomic hydrogen from Ni to PDC.

Determination of the spatial extent of the reduction zone was
challenging because the average particle size was only 22 nm and
there was  substantial aggregation of the PDC particles leading to
particle overlap in TEM image. However, an estimate of the spatial
variation in the oxidation state was  performed using a fairly large
electron beam size (≈5 nm)  to eliminate the possibility of any elec-
tron beam effects at these relatively low temperatures. First, the
oxidation state of the ceria at the metal/PDC interface was deter-
mined. The electron beam was then moved as far from the interface
as possible while still remaining on the PDC particle and avoiding
particle overlap and additional Ni particles. A second measurement
of the oxidation state was  made at this second point. The oxidation
state changes and corresponding distance from the interface are
given in Table 1. It can be seen, that the small distances from the
interface correspond to very small changes in the oxidation state.
This is because it was  not possible to move the probe further away
from the Ni/ceramic interface either because the PDC particle was
too small or because of overlap from surrounding PDC particles.
Measurements 2 and 3 come from larger particles and suggest that
the reduction zone around the Ni particles can extend up to 20 nm.

3.4. H spillover from metal onto oxide

Catalytically active metals like Pt, Pd, Ru, Rh, Ni, etc., have been
found to significantly lower the temperature at which the reduction
of the oxide supports like ceria takes place [23–27].  Such an effect of
metal loading on the oxide supports has been explained on the basis
of hydrogen dissociation at the metal surface and its subsequent
‘spillover’ onto the oxide support [28,29]. Ni dissociatively adsorbs
hydrogen on its surface and the resulting atomic hydrogen can then
be transported to the oxide support via hydrogen-spillover.
Different possible mechanisms for the reduction of the oxide
support such as pure ceria have been suggested [30–33].  In the
absence of re-oxidation, there are two  processes that contribute to
the formation of the surface reduction zone around the Ni particle.
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Fig. 5. (a) High resolution image of Ni–PDC interface in H2 environment: (a) at 650 ◦C and (b) at 420 ◦C with an ex situ pre-reduction treatment; (c) and (d) energy loss spectra
from  region next to Ni–PDC interface (Area 1) and away from the interface (Area 2), respectively, of Fig. 5 (b).

Table 1
Size of local reduction of Ce in Ni–PDC due to H spillover.

Region Ni particle size (nm) Distance from Ni/PDC interface (nm) Oxidation state of Ce

1 15 10.0 ± 3 At interface: 2.9 ± 0.1Away: 3.3 ± 0.1
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2  20 18.0 ± 3
3 10 15.0 ±  3
4  9 10.0 ± 3

he first process involves dissociative adsorption of hydrogen on
he Ni metal particles followed by spillover of atomic hydrogen onto
he oxide support with reduction of the oxide at the interface. The
econd process is the migration of oxygen ions towards the inter-
ace and reaction with the spillover hydrogen at the interface. These
wo limiting cases are illustrated schematically in Fig. 6. In Fig. 6(a)

he spillover hydrogen atoms diffuse across the surface of PDC away
rom the Ni–PDC interface in all directions. Since the surface oxygen
toms are bonded by fewer nearest neighbors (lower co-ordination

ig. 6. (a) Mechanisms of reduction zone formation: (a) hydrogen spillover from Ni to PD
i  to PDC followed by surface oxygen diffusion to the triple phase boundary.
At interface: 3.0 ± 0.1Away:  3.8 ± 0.1
At interface: 3.2 ± 0.1Away: 3.5 ± 0.1
At interface: 3.1 ± 0.1Away: 3.3 ± 0.1

number than the bulk), they will initially readily combine with the
highly reactive atomic hydrogen and form OH− species. The sur-
face OH− species are known to ‘facilitate’ the surface diffusion of
spillover hydrogen [34]. On combination with a second H atom, for-
mation of H2O takes place on the PDC surface. The H2O is readily
desorbed from the surface and the surface oxygen is lost forming

an oxygen vacancy at the surface. This surface vacancy readily dif-
fuses into the bulk of PDC and the local stoichiometry is changed
with a concomitant change in the Ce oxidation state. As more

C followed by surface diffusion of H atoms across PDC, (b) hydrogen spillover from
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xygen is lost from the surface, a reduction zone is formed around
he Ni particle, which spreads in all directions.

Fig. 6(b) mainly involves the diffusion of surface oxygen ions to
he Ni/PDC interface. Initially the oxygen at the interface will be
emoved via reaction with spillover hydrogen creating a narrow
one of oxygen vacancies around the Ni particles. At high temper-
tures, the surface oxygen atoms can rapidly migrate via vacancy
oping across the surface to fill the vacancies at the Ni/PDC inter-

ace. With a continuous loss of oxygen ions at the interface via H2O
ormation, the surface concentration of oxygen vacancies increases
nd these are backfilled by bulk oxygen ions. The average oxidation
tate of Ce is thus locally changed in the PDC around the Ni particle.

 reduction zone is thus formed around the Ni particle, which then
preads spatially in all directions.

Which of these two schemes dominates is governed by the
inetics of surface diffusion on the oxide. (Since the surface dif-
usion of H on Ni is very fast, diffusion coefficient on the order
f 10−11 m2/s, hydrogen spillover from Ni to PDC is not the rate-
imiting step.) Surface diffusion of the spillover species involves
heir transport along the surface of another solid and proceeds via

 site-to-site hopping process. The rate-limiting step could then be
he migration of atomic species, in this case H and O on the PDC sur-
ace. The diffusion coefficient for H migration on surface of a ceria
ased oxide at 400 ◦C is of the order of 2 × 10−17 m2/s whereas for
urface oxygen, the diffusion coefficient is 6 × 10−16 m2/s [34,35]
hich is an order of magnitude higher. This suggests that oxygen
igration mechanism illustrated in Fig. 6(b) may  dominate in this

ase. These simple arguments give a qualitative indication of pro-
esses that may  take place on the surface but the EELS measures the
eduction not only just on the surface but also at sub-surface sites.
o develop a fully quantitative description of the reduction zones
etermined by EELS would required a detailed model which takes
oth bulk and surface diffusion and re-oxidation processes into
ccount. The actual width of the reduction zone will then depend on
he dynamic equilibrium between the reduction and re-oxidation
ates. Such a model is beyond the scope of the current manuscript.

In the absence of atomically dissociated hydrogen, there is a
trong thermodynamic driving force for Ce to remain in the +4 oxi-
ation state at 400 ◦C. In our ETEM, the PDC will typically re-oxidize
ven in the H2 atmosphere because of the residual oxygen par-
ial pressure in the background gases of the microscope column.
he background pressure is around 10−4 Pa in the TEM column.
hermodynamic calculations suggest that an oxygen partial pres-
ure of 10−27 Pa is sufficient for re-oxidation of Ce3+ to Ce4+ at
oom temperature [36]. Since the chemical potential is tempera-
ure dependent, the equilibrium partial pressure of oxygen for this
onversion will also change with temperature. According to our cal-
ulations, using standard values in literature [36], pO2 at 400 ◦C is
f the order of 10−7 Pa which further increases to 10−1 Pa at 800 ◦C.
oreover, the hydrogen gas used in the in situ experiment was

9.999% UHP grade and was additionally freed from any residual
oisture by directing the gas lines through liquid nitrogen, which

therwise would increase the partial pressure of oxygen in the TEM
olumn.

The Ni metal dispersion in this case is rather coarse (as it would
e in a solid oxide fuel cell anode) and so some distance away from
he metal particle the ceria reduction behavior would be indepen-
ent of the presence of the metal. At 400 ◦C, the rate of re-oxidation
xceeds the rate of reduction and the Ce remains in the +4 oxida-
ion state. It is only close to the metal–ceramic interface where
he concentration of atomic hydrogen is significant, that the rate
f reduction exceeds the rate of re-oxidation leading to the forma-

ion of a reduction zone. Thus the reduction zone that we observed
n the microscopy experiment provides information on the region
round the Ni particle where the surface concentration of atomic
ydrogen is high.

[

[

[
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4. Conclusion

In situ reduction of both pure ceria and PDC nanoparticles in
hydrogen showed that the material amorphized upon reduction,
which was evidenced by high resolution imaging by TEM and
additionally confirmed by selected area diffraction. In situ results
were validated by ex situ experimentation and similar results were
obtained. We  attribute amorphization of the nanoparticles to the
presence of ‘pit-like’ defects in the material as a result of the syn-
thesis process. At high temperatures, the loss of oxygen atoms from
these defective crystals leads to a substantial loss in long range
order. It was also found that nanoparticles free from such pit-like
defects showed a very stable crystal structure upon reduction under
the same conditions. This suggested a strong role of defects in amor-
phization of the material upon reduction.

A preferential reduction of ceria in the vicinity of the Ni parti-
cle at temperatures much lower than the reduction temperature of
pure PDC was  observed. This interfacial effect was attributed to a
hydrogen-spillover mechanism, which was  directly evidenced by
the presence of a reduction zone in PDC around the Ni particle.
Energy-loss spectra acquired from individual PDC nanoparticles in
regions adjacent and remote from the Ni particles showed that Ce
was  preferentially reduced in the vicinity of the Ni particle. The
experimentally measured spatial extent of the reduction zone was
found to be approximately 20 nm.  Two  possible mechanisms for
the reduction zone formation were suggested, each involving the
spillover of highly reactive atomic hydrogen from Ni to PDC. The
formation and extent of the reduction zone was attributed to equi-
librium between two cross-diffusing species; spillover hydrogen at
the surface and surface oxygen ions.
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