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On the effect of metal loading on the reducibility
and redox chemistry of ceria supported Pd
catalysts¥
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The effect of Pd loading on the redox characteristics of a ceria support was examined using in situ Pd
K-edge XAS, Ce Ls-edge XAS and in situ X-ray diffraction techniques. Analysis of the data obtained from
these techniques indicates that the onset temperature for the partial reduction of Ce(v) to Ce(n), by
exposure to Hy, varies inversely with the loading of Pd. Whilst the onset and completion temperatures of
the reduction of Cel(v) to Ce(m) are different, both samples yield the same maximal fraction of Ce(in)
formation independent of Pd loading. Furthermore, the partial reduction of Ce is found to be concurrent
with the reduction of PdO and demonstrated that the presence of metallic Pd is necessary for the
reduction of the CeO, support. Upon passivation by room temperature oxidation, a full oxidation of the
reduced ceria support was observed. However, only a mild surface oxidation of Pd was identified.
The mild passivation of the Pd is found to lead to a highly reactive sample upon a second reduction by
Ho. The onset of the reduction of Pd and Ce has been demonstrated to be independent of the Pd
loading after a mild passivation with both samples exhibiting near room temperature reduction in the

rsc.li/pccp presence of H,.

Introduction

Ceria (CeO,) has extensive uses in the field of catalysis" as well
as other important industrial applications.>” Platinum group
metals (PGMs)® and transition metals” can be loaded onto a
ceria support either separately, or in conjunction with other
metals e.g. bimetallic systems. Once dispersed, the metals
appear as either single particles, or atomic clusters.®'° The
catalytic properties of the material change as a function of the
particle or cluster size. As the particle volume decreases, the
surface area increases, resulting in an increase in their
efficiency."* An added benefit of a reduced volume is reduced
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cost.’” Additionally, the combination of PGMs and their sup-
port can improve the oxygen storage capacity (OSC) and redox
operation.”*'* The OSC of the ceria combined with the catalytic
properties of the noble metal nanoparticles makes for a highly
useful material.’> It has been suggested that the support
enhances the activity of noble metal catalysis due to strong
metal support interactions (SMSIs).'®'” There are several ways
by which the SMSI effect can be explained e.g. formation of
PGM-O-Ce bonds,'® alloy formation," diffusion of the PGM
into the support and/or encapsulation of the PGM by the
support,”® and partial reduction of ceria by the PGM creating
bridging hydroxyl moieties.”® In general, the reduction of an
oxide support changes the chemical properties of the noble
metals dispersed on its surface. In addition to being a rever-
sible process,?* the reducibility of the support is improved. H,
dissociates into atomic hydrogen by the noble metal while
nearby oxygen atoms located on the support surface are
removed. The localization of oxygen vacancy electrons results
in the reduction of Ce(v) to Ce(m).>*>* Charge transfer can
occur via electronic interactions between the respective com-
ponents in the system.*¢72°

Chemical interactions, such as redox reactions, complicate
these interactions and often influence the catalytic perfor-
mance and reducibility of the loaded metal.**> Among the
various PGMs, the use of Pd on ceria has been well documented
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such as in automotive exhaust catalysis,*® steam reforming,**
methanol synthesis,35 abatement of methane,*® C-H bond
activation®” and in various catalytic oxidation processes.*®™*!
In order to understand the reduction properties of palladium
ions and their influence on the reactivity of a ceria support, it is
necessary to study both the short and long range structures of
the system and to obtain element specific information probing
the supported Pd metal ions. This is accomplished by combin-
ing suitable, complimentary structural methods. This includes
X-ray absorption spectroscopy (XAS), which comprises X-ray
absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS), an element specific techni-
que and useful to determine short-range geometric and elec-
tronic structural information. On the other hand, X-ray
diffraction (XRD) is a powerful technique in determining the
long-range structural order, respectively, present in a given
system, but is less informative on dispersed metal ions and
nano-crystalline metal particles which are present in small
concentrations. Therefore, it is ideal to use a combination of
these methods to probe the structure of a catalytic system to
determine how the metal ions and supports dynamically inter-
act in catalysis. Here we report the use of in situ Pd K-edge, Ce
L;-edge, and XRD techniques to determine the effect of the
concentration of palladium on the reactivity of the Pd/CeO,
system.

Experimental

The high-surface area ceria support was obtained from Rhodia-
Solvay. The surface area of the support material was measured
using BET analysis of 130 m® g~ '. The supported Pd catalysts
were made by an incipient wetness impregnation method. The
appropriate amounts of Pd nitrate solution (Johnson Matthey)
were used to load palladium onto the ceria support. Materials
were dried at 105 °C and calcined at 500 °C and these as-
prepared catalysts were used for further in situ and ex situ
characterization studies. XRD performed on the as-received
samples is shown in Fig. S1 in the ESIf demonstrating phase
purity and an average ceria crystallite size of approximately
5 nm and is reported in Table S1 (ESIt) and has previously been
reported.”” ICP analysis quantifying the Pd content of the
1 wt% and 5 wt% Pd samples and the impurity content of the
high surface area (HSA) ceria support is reported in Tables S2
and S3 (ESIt) respectively.

In situ XAS data of the 1 and 5 wt% Pd supported on ceria
were acquired at the Ce Ls-edge (5723 eV) and Pd K-edge
(24350 eV). XAS spectra were collected in step scan acquisition
mode using transmission geometry at the BM26A beamline,”
ESRF, equipped with a Si(111) double crystal monochromator.
Measurements of all the samples were carried out in a trans-
mission mode using ionization chambers. In a typical experi-
ment on the Ce L;-edge, pellets were made from 4 mg of the
ceria samples mixed with 40 mg of fumed silica. On the Pd K-
edge typically 100 mg of the ceria samples were used. The
samples were purged under N, prior to exposing the catalyst in
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a flow of 5% H,/N,. Data were obtained at room temperature
followed by measurements at various temperatures during the
temperature ramp from room temperature to 450 °C at
5 °C min~'. The samples were then cooled in 5% H,/N, to
room temperature whilst data were collected at various tem-
peratures during this process. Between the first and second
cycles of H, treatment the samples were exposed to synthetic air
at room temperature for 30 minutes. The second reduction
cycle was only performed in part, heating to 100 °C in 5% H,/N,
at 5 °C min~ ' on the Pd K-edge, as our aim was to monitor the
reduction at the initial stages of the reaction. Data processing
and analysis were performed using Athena.*’ Linear combi-
nation fitting (LCF) analysis of the Ce L;edge XANES was
performed using a freshly calcined sample consisting of the
bare ceria support and cerium nitrate as reference materials
representing Ce(iv) and Ce(m), respectively. Similarly, LCF ana-
lysis on the Pd K-edge was performed using a Pd metal foil and
PdO as reference materials.

X-ray diffraction patterns were obtained from the 11-ID-B
beamline at the APS, using a 2D detector. The wavelength used
was A = 0.1430 A with an obtainable Q range of 0.55 and
27.93 A™'. The samples were prepared using a sieve fraction
between 100 and 150 pm to aid in gas flow through the sample.
These were loaded into a 0.9 mm (internal diameter) fused
silica capillary with a sample bed length of approximately 1 cm,
and quartz wool plugs were used on either side of the sample to
inhibit the movement of the sample with gas flow. Metal
furnace heating elements mounted above and below the capil-
lary were used to control the temperature.** All the samples
were measured under a 3.5% H,/He atmosphere during con-
tinuous heating and cooling at a rate of 10 °C min~" between
30 °C and 450 °C. The samples were also held at 450 °C for
10 minutes prior to cooling. Between the first and second cycles
of H, treatment the samples were exposed to 5% O,/He at room
temperature. XRD patterns were azimuthally integrated using
FIT2D." The XRD patterns were then refined using the GSAS
software’® with a batch Rietveld refinement method between
1.8 and 22° 20.

Results and discussion

First, we discuss the results of temperature programmed
reduction experiments and then the XAS analysis followed by
XRD. In Fig. 1 the TPR profiles are reported as normalized by
the integral intensity for 1 wt% Pd/CeO,, 5 wt%Pd/CeO, and the
high surface area CeO, support to highlight the temperature at
which H, consumption occurs. The 5 wt% Pd/CeO, sample
exhibits a maximum of H, uptake at approximately 65 °C, while
the 1 wt% Pd/CeO, sample is shifted to approximately 155 °C,
and HSA CeO, begins to show H, uptake only above 300 °C.
From these measurements it is clearly evidenced that the
higher the content of Pd present in the sample the maximum in
the H, consumption appears at lower temperature. However,
while TPR measurements give a strong indication that the
content of Pd strongly influences the temperature of reduction,
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Fig. 1 TPR results from the Pd loaded ceria samples. TPR traces giving the
normalized integral intensity TCD signal for 1 wt® Pd/CeO,, 5 wt% Pd/
CeO, and the CeO, support shown in black, red and blue respectively for
the first cycle of reduction.

the method is insensitive to the individual components of the
sample and cannot elucidate whether there is a synergistic
effect between the reduction of Pd(u) to the metallic state and
the formation of oxygen vacancies and reduction to Ce(i) in the
CeO, support.

Pd K-edge XAS

To address the question of the role of Pd in promoting the
reduction of CeO, we have employed XAS at both the Pd K-edge
and Ce Lz-edge to provide detailed insight into the electronic
structure changes of Pd and Ce ions along with XRD to monitor
the geometric structural evolution. In Fig. 2 the Pd K-edge
XANES spectra of 1 and 5 wt% Pd/CeO, catalysts recorded
during reaction with hydrogen and heating to 450 °C, followed
by cooling in a H,/N, atmosphere and subsequently room
temperature exposure to synthetic air, finally followed by
reduction up to ca. 100 °C (see Fig. 2A and B) are shown. To
analyse the Pd K-edge data multivariate curve resolution (MCR)
was performed using an alternative least squares approach.””*®
While typically analysis is performed using a linear combi-
nation fitting (LCF) method, here the nano-crystalline nature of
the supported Pd leads to significant dampening of the oscilla-
tion in the post-edge region which results is a significant misfit
between experimental and fitted data. MCR combats this by
being able to computationally separate the pure spectral com-
ponents present in a dataset consisting of multiple spectra
obtained during an in situ experiment. Using MCR analysis it
was possible to extract the significant components which, when
compared to standard reference materials, can be readily
identified as oxidic Pd(un) and nano-crystalline metallic Pd(0)
species, see Fig. S2 (ESIt).

The XANES data of both the 1 wt% Pd/CeO, and 5wt% Pd/
CeO, samples in their respective initial states clearly resemble
that of PdO thus confirming the presence of Pd(u) in the
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Fig. 2 Example of stacked (offset for clarity) Pd K-edge data showing the
MCR analysis of the 1 wt% Pd/CeO, (A) and 5 wt% Pd/CeO, (B) samples
after the initial reduction in 5% H,/N, at 450 °C, cooled to 30 °C in 5% H,/
N, after passivation with synthetic air and after the second reduction in 5%
H>/N; spectra in black, red, blue, green and purple respectively. The raw
data are shown as points whereas the MCR fitting is given as solid lines. The
results of MCR analysis giving the proportion of oxidic (black), metallic (red)
and the lack of fit % (blue) for the 1 wt% Pd/CeO, (C) and 5 wt% Pd/CeO,
(D) samples.
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as-prepared catalysts (black curves in Fig. 2A and B). Upon
reduction by heating in 5% H,/N,, the XANES data of both 1
and 5wt% samples are similar to those of the Pd metal, both in
the edge position and on the top of the edge and are interpreted
as the formation of nano-crystalline Pd particles on the surface
of the CeO, support (red curve). While at 450 °C, both samples
are shown to be metallic, the reduction onset temperatures are
notably different. The 1 wt% Pd/CeO, sample requires a tem-
perature more than 100 °C before the Pd is reduced to a
metallic state, see Fig. 2C. However, the majority of the 5wt%
Pd/CeO, sample is reduced by 60 °C, Fig. 2D. These findings
demonstrate that the reducibility of Pd is likely hindered by a
greater dispersion of Pd on the CeO, surface.

To investigate this point further, EXAFS analysis was per-
formed on the data collected after reduction and cooling to
30 °C, while remaining in the H, atmosphere. Curve fitting of
the EXAFS can be used to estimate the Pd particle size through the
determination of the average Pd-Pd coordination number. The
results of the EXAFS fitting using Artemis®® are given in Table 1.
By using the empirically derived Hill equation,®® coordination
numbers of 5.9 and 7.8 equate to approximately 0.4 nm and
0.7 nm spherical particle size for the 1 wt% Pd and 5 wt% Pd
samples respectively. The EXAFS analysis confirms the well dis-
persed nature of Pd in these supported samples even after
reduction in hydrogen with a smaller Pd particle size obtained
for 1 wt% Pd/CeO,. Figures demonstrating the quality of fitting to
the R- and k-space are given in the ESL{ Fig. S3.

After the samples were cooled to room temperature, passiva-
tion in synthetic air was performed which results in a partial
oxidation of Pd(0) to Pd(u). The degree of oxidation is shown to
depend on the Pd content and may be related to the metallic Pd
cluster size as the 1 wt% Pd/CeO, sample oxidises to a greater
degree than the 5 wt% Pd/CeO, sample. The white line intensity
in Fig. 1A and B demonstrated that the two samples differ with
an increased intensity observable for the 1 wt% Pd/CeO,
sample. However, neither sample can be observed to undergo
a full oxidation with respect to Pd ions, within the 30 minute
exposure to synthetic air at 30 °C. From the MCR analysis
reported in Fig. 1C and D it is revealed that 1 wt% Pd/CeO,
converts to approximately 45% Pd(u), while for 5 wt% Pd/CeO,
the degree of oxidation is only 30%. A direct overlay of the
different spectra is given in supplementary Fig. S4 (ESI}) for
clarity. A possible explanation for this result is that the smaller
Pd particles found on 1 wt% Pd/CeO, have a greater surface
area to volume ratio resulting in more surface atoms being
exposed and readily oxidized. A second reduction step was then
performed by heating in 5% H,/N, with both samples showing

Table 1 EXAFS fitting results for the 1wt% Pd/CeO, and 5wt% Pd/CeO,
samples after reduction in 5% H,/N, and cooled to room temperature. The
uncertainty on the coordination number (C.N.) is estimated as +10% and
the other uncertainties are given directly from Artemis

o* (A%

2.78 £ 0.02 0.008 £ 0.003 5.9 £ 0.6
2.79 £ 0.02 0.009 &+ 0.002 7.8 + 0.8

Sample Scattering path R (A) C.N.

1 wt% Pd/CeO, Pd-Pd
5 wt% Pd/CeO, Pd-Pd
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a rapid reduction back to metallic Pd at temperatures below
100 °C, as seen in the final state (purple curve) in Fig. 2A and B.

Ce L;-edge XAS

Whilst XAS experiments performed at the Pd K-edge give access
to the oxidation state and local coordination geometry of the Pd
in the CeO, supported Pd samples, analysis of the Ce L;-edge
provides information on the oxidation state Ce in the CeO,
support. In Fig. 3A and B we show the Ce L;-edge XANES
measured in the initial state, reduced at 450 °C and after
cooling in 5% H,/N, at 30 °C. In Fig. 3C and D we show the
results of LCF analysis of the Ce Lz;-edge data giving the
fractions of Ce(m) during the in situ reduction experiment;
the example fitting is shown in Fig. S5 (ESIY).

It appears that, whilst both samples show partial reduction
of Ce(v) to Ce(m), the reduction onset temperature is depen-
dent on the Pd content in the sample. The 5 wt% Pd/CeO,
sample shows that the maximal extent of reduction, ~15%
Ce(m), is achieved below 150 °C. However, the 1wt% Pd/CeO,
sample has an onset of reduction occurring above 150 °C with
the maximum Ce(m) content being achieved only at approxi-
mately 350 °C. In our previous work,”" we were able to identify
that in pure ceria the reduction process has an onset tempera-
ture >300 °C and is temperature reversible implying a mecha-
nism without the formation of oxygen vacancies. Based on the
degree of reduction observed from the Ce L;-edge XAS, approxi-
mately 15 mol% Ce®" ions, the stoichiometry of the reduced
ceria is estimated as CeO,gs and is broadly in the range
expected for this class of materials as reported elsewhere."

When considering the CeO, supported Pd samples, the
reduction process is clearly demonstrated to be promoted by
Pd to lower temperature and is temperature irreversible due to
the consequence of oxygen vacancy formation. These results
demonstrate that the reduction to Ce(i) is promoted by Pd and
directly agrees with the Pd K-edge analysis and suggests that
after reduction of the initial Pd(u), the extraction of oxygen from
the ceria lattice occurs. This suggests that either reverse oxygen
spill-over to the Pd ceria interface or the spill-over of hydrogen
from the Pd surface drives the reduction of the ceria support.
Furthermore, when compared to temperature programmed
reduction experiments, shown in Fig. 1, only a single event
for H, uptake is observed. This suggests that as soon as PdO is
reduced the reduction of ceria proceeds.

In situ XRD

To further support the above presented results, experiments
were conducted with X-ray diffraction. Here XRD has been
analysed to determine the lattice parameter of the CeO, fluorite
phase and where possible the evolution of the metallic Pd
phase during the in situ reduction experiments. In Fig. 4A we
show the refined CeO, lattice parameter from Rietveld analysis
for the 1 wt% Pd/CeO, and 5 wt% Pd/CeO, samples in blue and
black respectively. The temperature is denoted in the red curve
and related to the right Y axis. Typical best fits for the Rietveld
analysis are given in Fig. S6 and S7 (ESIt) for the 1 wt% Pd/CeO,
and 5 wt% Pd/CeO, samples respectively showing a very strong
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Fig. 3 Example Ce Ls-edge data from the 1 wt% Pd/CeO, (A), and 5 wt%
Pd/CeO; (B) samples are shown for the initial as received material, after
reduction at 450 °C, after cooling to 30 °C as black, red and blue curves
respectively. The results of the linear combination fitting, represented by
the fraction of Ce(n), performed using a cerium nitrate hexahydrate
standard for Ce(n) and a fully oxidized high surface area ceria support
material for Ce(iv) are given for 1 wt% Pd/CeO, (C) and 5 wt% Pd/CeO, (D).

agreement between the data and the fluorite CeO, model at all
stages of the reduction experiments.
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Fig. 4 Rietveld analysis of the fluorite CeO, phase giving the lattice
parameters of 1 wt% Pd/CeO, and 5 wt% Pd/CeO, in blue and black
respectively. (A) The first reduction cycle with lattice parameters on the left
Y axis and temperature on the right Y axis. (B) The second reduction cycle.
Note that the time in the x-axis in (B) is a continuation of the experiment
reported in (A). Figures (C) and (D) give the instantaneous lattice expansion
derived from the heating portion of first and second reduction cycles
respectively.

It is clear from Fig. 4A that the onset of an increase in the
lattice parameter takes place above room temperature, after
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admitting 3.5% H,/N, into the capillary. While both samples
exhibit a strong lattice expansion upon heating in H,, the slight
horizontal offset during the first reduction cycle, Fig. 4A,
between the 1 wt% Pd/CeO, and 5 wt% Pd/CeO, samples
evidences a difference in temperature at which the lattice
expansion occurs. After the initial rapid expansion of the
fluorite CeO, lattice, an approximately linear expansion can
be seen with continuous heating up to 450 °C. The initial rapid
increase in the lattice parameter is likely to be associated with
the formation of Ce(w) ions, as indicated in the Ce L;-edge
XANES analysis. The formation of Ce(m) leads to an expansion
of the ceria lattice due to their larger ionic radii as compared to
the Ce(wv) ions.>® However, secondary to the expansion due to
the formation of Ce(n) ions within the fluorite lattice, the linear
thermal expansion also occurs. For ceria the linear thermal
expansion coefficient is reported to be approximately 10 X
107° K. Upon cooling in a hydrogen atmosphere, the respec-
tive lattice parameters are observed to decrease linearly which
is suggested to be due to the thermal contraction. On reaching
room temperature, the respective lattice parameter values
remain higher than the initial starting values suggesting an
irreversible structure change, consistent with the Ce L;-edge
XAS analysis findings.

By considering the instantaneous expansion coefficient it is
possible to deconvolute the two competing expansion effects
and is described by:

1d/

where L refers to the lattice parameter at room temperature,
d//dT to the change in the lattice parameter per change in
temperature and o(7) to the expansion coefficient at tempera-
ture 7. While the linear thermal expansion of ceria acts as a
base line with a constant value of approximately 10 x 10 ° K"
over the whole temperature range, the expansion due to the
dynamic formation of Ce(u) results in distinct peaks at the
instantaneous expansion coefficient. As such it is possible to
directly extract the temperature at which the greatest rate of
Ce(m) is formed and provide insight into the lattice restructur-
ing associated with the CeO, reduction. Fig. 4C gives the
instantaneous expansion coefficient for the 1 wt% Pd/CeO,
and 5 wt% Pd/CeO, samples during the first heating cycle.
Remarkably, this methodology returns curves that closely
resemble those obtained from TPR measurements, shown in
Fig. 1, and therefore demonstrates that the nonlinear expan-
sion, due to the reduction of ceria, coincides with the reduction
of the supported Pd particles. This method also clearly demon-
strates that the temperature for the reduction, during the first
reduction cycle, of ceria directly correlates with the wt% load-
ing of Pd; higher Pd loadings lead to lower temperature
reduction of the ceria support. It should also be remarked that
respective Pd loaded samples show an expanded ceria lattice
after cooling down in a reducing atmosphere as compared to
their starting structures. The expanded final lattice provides
further evidence that the reduction of ceria, promoted by Pd, is
the result of a temperature irreversible process and confirms
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the results obtained from the Pd K-edge and Ce L;-edge XAS
experiments.

However, when considering the second reduction cycle
performed after mild passivation through room temperature
reaction with air, shown in Fig. 4B, it is worth noting that the
lattice parameter of CeO, returns to its starting value as soon as
air was introduced after the first cycle of reduction, suggesting
a complete reoxidation of reduced Ce(m) at this stage. Upon re-
introducing 3.5% H,/N, after the reoxidation, both 1% and 5%
samples exhibit a near room temperature partial reduction of
Ce(v) to Ce(m). The respective lattice parameters rapidly
increase to almost the same value observed for their first cycle,
at a temperature well below 100 °C. Subsequent increases in
temperature linearly increase the lattice parameter similar to
that observed for the first cycle of reduction. The instantaneous
expansion coefficient clearly shows that an inflection (see
Fig. 4D) in the ceria lattice parameter is observed at approxi-
mately 50 °C for both the 1 wt% and 5 wt% loadings of Pd.
When considering the instantaneous lattice expansion coeffi-
cient this process can be observed to occur rapidly resulting in
an instantaneous expansion coefficient maximum of approxi-
mately 250 x 10~° K. This confirms the previously discussed
results from the Pd K-edge XAS measurements, and the mild
passivation of the Pd by room temperature oxidation can be
readily reduced and thus can promote the reduction of ceria.

After close inspection of the XRD patterns for the 5 wt% Pd/
CeO, sample a very weak reflection associated with the (111)
reflection of metallic Pd can be seen at 20 of approximately
3.65 °. The formation of the metallic Pd phase is evidenced in
the colourmap given in Fig. 5A showing a slight increase in
intensity (on a logarithmic scale) with a change from dark blue
to light blue colour. To extract information on the lattice
parameter of the metallic Pd from the (111) reflection a custom
peak fitting tool was written in python. At the start of the
experiment the Pd was noted as being oxidic Pd(u) from XAS
measurements and therefore no metallic Pd is expected to be
present allowing for the baseline correction to be achieved
through subtraction of the first dataset corresponding to the
initial starting material. Fig. S8 (ESIT) gives the surface colour
map of the baseline corrected data which were used for further
analysis. Examples of the quality of the peak fitting are given in
Fig. S9 (ESIT). Attempts to also perform the same analysis on
1 wt% Pd/CeO, were made; however, no peak related to the
Pd(111) reflection could be clearly detected as a consequence of
the lower Pd content and expected lower crystallinity. The
colour map for the 1 wt% Pd/CeO, sample is given in supple-
mentary Fig. S10 (ESIt).

The baseline corrected data for the 5 wt% Pd/CeO, sample
were used for sequential fitting with a single Gaussian peak to
model the position and area of the peak giving insight directly
into the Pd lattice parameter evolution and relative crystallinity
throughout. The results of the Gaussian peak fitting are shown
in Fig. 5B for the first and second reduction cycles. On first
inspection the formation of crystalline Pd° was found to occur
above approximately 100 °C with a rapid increase in the peak
area occurring during the initial phase of heating. Given that
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Fig. 5 (A) Surface colourmap illustrating selected XRD data collected on
the 5% Pd/CeO, sample around the Pd(111) reflection region. Temperature
is indicated with the black trace associated with the right Y axis. (B) The
results of the Gaussian peak fitting to the Pd(111) reflection yielding the Pd
lattice parameter and peak area in black and blue respectively. The
temperature is given as the red trace associated with the second left Y axis.

XRD analysis is only sensitive to the long range structure, the
initial reduction to a disordered Pd may be missed and could
explain the temperature inconsistency between XAS which
showed almost full Pd® at approximately 60 °C and the XRD
analysis which reveals crystalline Pd° formation at around
100 °C.

With further heating of the sample, the Pd cubic lattice
parameter is observed to increase with a maximum of 3.918 A,
in line with the expected lattice parameter taking into account
thermal expansion. Concurrent to this, the relative crystallinity,
observed from the peak area shown in Fig. 5B in blue, is
observed to increase suggesting a partial sintering of the
metallic Pd phase during heating. During cooling the lattice
parameter is noted to decrease until around 50 °C before a
rapid and substantial increase during further cooling to room
temperature. This expansion is due to the formation of a PdH,
phase known to occur when Pd is treated under a hydrogen
containing atmosphere at low temperature. Upon exposure to
oxygen at room temperature the PdH, phase is removed and the

This journal is © the Owner Societies 2022

View Article Online

Paper

Pd lattice parameter relaxes to 3.896 A. In the Pd K-edge XAS
spectra shown in Fig. 2 the exposure to oxygen leads to a partial
oxidation to Pd(u) and from the XRD analysis it is found that
this process is concurrent with only a very minor decrease in
the Pd(111) reflection peak area. This result evidences that the
passivation is only a surface oxidation process with the core
remaining metallic. During the second reduction cycle, the lost
intensity of the Pd(111) reflection is rapidly recovered suggest-
ing that the surface PdO species is reduced as soon as hydrogen
is reintroduced into the sample, in line with the results
obtained from the Pd K-edge XAS.

Conclusions

In summary, combined in situ multi-edge XAS and X-ray scat-
tering studies enabled us to determine the effect of palladium
loading on a high-surface area support on the reactivity of both
Pd(u) and Ce(v) ions. The results clearly indicate that there is a
promotion of the partial reduction of ceria due to the presence
of Pd. The temperature at which the promoted reduction
temperature of the ceria is also noted to inversely depend on
the wt% loading of the Pd onto the ceria support; a higher
loading of Pd leads to a lower reduction temperature of the Pd
and the ceria support. This finding could be attributed to the
strong interaction of metal ions with the support preventing the
reduction of the initial PdO to metallic Pd. The promotion of
the CeO, reduction is interpreted as the extraction of oxygen
from the ceria lattice and is suggested to be due to a hydrogen
spill over mechanism or reverse oxygen spill over mechanism.

More importantly, the findings obtained from the Pd K-edge
XAS and XRD studies clearly demonstrate that passivation in air
at room temperature only partially oxidises the supported Pd
while a complete reoxidation of the reduced ceria (CeO gs) is
observed. Based on this ceria lattice parameter change, we
conclude that the restoration of the full stoichiometric fluorite
phase CeO, takes place. Furthermore, the second reduction
cycle, observed by XRD, demonstrates that the reduction of
ceria, observed indirectly by analysis of the lattice parameter, is
promoted to near room temperature irrespective of the Pd wt%
loading. The Pd K-edge data corroborate this result showing
that the Pd also undergoes near room temperature reduction by
hydrogen following the mild passivation irrespective of the Pd
wt% loading. These results indicate that with an initial pre-
treatment cycle and subsequent passivation, the promoted
reduction of ceria can be reduced to near room temperature
without the requirement of high Pd wt% loadings and may have
a direct impact on the relevant fields of catalysis where these
classes of materials are currently utilised.
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