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a  b  s  t  r  a  c  t

In the  present  work,  1 wt%  and 5 wt%  Pd/GDC10  (Gd0.1Ce0.9O1.95)  nanopowders  were  prepared  by two
different  methods:  (a)  cation  complexation  (CC)  and (b)  incipient  wetness  impregnation  (WI)  of an  aque-
ous Pd2+ solution  onto  GDC10  nanopowders.  All  samples  were  characterised  by X-ray  diffraction  (XRD),
thermal  analysis  (TG/DTA),  specific  surface  area  determination  and  high  resolution  transmission  electron
microscopy  (HRTEM).  In order  to study  the  oxidation  state  of  Pd in samples  with  and  without  reducing
treatments,  XANES  experiments  at the Pd L3-edge  were  carried  out.  In situ  Ce  L3-edge  XANES  exper-
iments  were  performed  under  reducing  conditions  in  order  to investigate  the reduction  behaviour  of
these  materials.  The  addition  of  Pd  to the  GDC10  nanopowders  increased  the  reducibility  of  Ce  in  the
mixed  oxide.  Finally,  catalytic  tests  for CH4 combustion  were  performed  on the  Pd/GDC10  nanopowders.
Catalysts  with  higher  Pd loading  (5 wt%)  exhibited  the  best  performance  for CH4 combustion.  The  influ-
ence  of preparation  method  was  evident  for  catalysts  with  1 wt%  Pd,  the  cation  complexation  method
resulting  in  more  active  catalysts  than  the  wetness  impregnation  method.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Rare earth-doped ceria (CeO2) powders have a number of impor-
tant applications, such as in three-way catalysts and solid oxide fuel
cell (SOFC) devices [1–6]. A vast range of catalytic applications make
use of the reversible oxygen storage ability of ceria-based materials,
a phenomenon which is closely connected to the Ce4+/Ce3+ redox
couple [7]. For similar reasons, it would be advantageous to use GDC
in anode materials in intermediate temperature (IT)-SOFCs. Several
studies in this area have been reported, especially on the use of GDC
as a catalyst support [8–10]. For this application in particular, it is
necessary to obtain materials with large specific surface area (SSA).
This has prompted a renewed interest in the preparation of these
materials in the form of nanosized powders or shape-controlled
nanostructures [11,12].

Hydrocarbons are proposed as fuels for SOFCs. Among the
hydrocarbons, methane (CH4), being the main component of
natural gas, is of particular importance. Direct, electrochemical
conversion of methane in a fuel cell would represent a signifi-
cant improvement in efficiency, and so a dramatic reduction in CO2
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production, over conventional methane combustion for electricity
generation [13–16].

Nanostructured ceria materials can be used as supports for
highly dispersed noble metal nanoparticles. The resulting catalyst
systems exhibit much improved catalytic activity and redox prop-
erties. The most widely used material for this purpose is CeO2–ZrO2
because these compositions can undergo fast and reversible redox
reactions. Such materials are also under investigation for applica-
tion as SOFC anodes by the authors [17–19].  Several investigators
have reported on the noble metal–ceria interaction and its effects
on catalytic activity. In particular, Pd-based catalysts are active for
NO reduction and CO and hydrocarbon oxidation reactions. The
presence of Pd in the crystal lattice of ceria-based catalysts for
methane combustion has been reported to show a beneficial cat-
alytic effect [20]. Substitution of Pd2+ ions for Ce4+ in nano-CeO2
particles can lead to the highest possible dispersion for a given load-
ing of Pd and to higher chemical and structural stability of the Pd2+

ions because of the stabilising effect of the oxygen ions in the CeO2
lattice [21].

Recently, the authors reported on the synthesis of nanostruc-
tured 1 wt% Pd/Gd2O3-CeO2 mixed oxide tubes with 90 mol% CeO2
[22]. The incorporation of the Pd appeared to destabilise Ce4+

towards reduction to Ce3+ and so cause a significant increase in
the reducibility of the nanotube material.

0926-3373/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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In the present work, 1 wt% and 5 wt% Pd/GDC10 nanopowders
were prepared by two different methods: (a) cation complexation
(CC) and (b) incipient wetness impregnation (WI) of an aqueous
Pd2+ solution onto GDC10 nanopowders. All samples were charac-
terised by X-ray diffraction (XRD), thermal analysis (TG/DTA), SSA
determination (by the Brunauer–Emmett–Teller (BET) method)
and high resolution transmission electron microscopy (HRTEM).
In order to study the oxidation state of Pd in samples before and
after reducing treatments, X-ray absorption near edge spectroscopy
(XANES) experiments at the Pd L3-edge were carried out. In situ
Ce L3-edge XANES experiments were performed under reducing
conditions in order to investigate the reduction behaviour of these
materials. Finally, catalytic tests for CH4 combustion were per-
formed on Pd/GDC10 nanopowders.

2. Experimental

2.1. Preparation of Pd/gadolinia-doped ceria catalysts

Two different methods were employed to obtain nanostruc-
tured 1 and 5 wt% Pd/Gd0.1Ce0.9O1.95 (GDC10) catalyst: (a) CC and
(b) incipient WI  of an aqueous solution of Pd(NO3)2 onto GDC10
nanopowders.

2.1.1. Cation complexation method (CC)
Ce(NO3)3·6H2O (99.99%, Alfa Aesar), Gd(NO3)3·6H2O (99.9%,

Acros) and Pd(NO3)2·2H2O (Merck) were employed as precursors.
Each nitrate was dissolved in pure H2O separately and then the
solutions were mixed to obtain a nitrate solution with a molar
Ce:Gd:Pd stoichiometry appropriate for the preparation of 1 wt%
and 5 wt% Pd/GDC10. Citric acid (99.5%, Merck) was  dissolved in
d.i. water and this was added to the solution of nitrates. The molar
ratio of total oxide (TO) to citric acid (CA) was 1:2. A schematic
flowchart of the cation complexation method is exhibited in Sup-
porting Data (Fig. S1). The resulting ash-like catalysts were calcined
at 600 ◦C for 1 h in air.

2.1.2. Incipient wetness impregnation (WI)
The GDC10 nanopowder was synthesised by the cation com-

plexation route [23,24]. Catalysts with nominal Pd loadings of 1 wt%
and 5 wt% were prepared by incipient wetness impregnation of an
aqueous solution of Pd(NO3)2 onto this GDC10 nanopowder. All
resulting catalysts were dried at 100 ◦C and calcined at 600 ◦C for
1 h in air, in order to decompose any unreacted nitrate precursor.

2.2. Physico-chemical characterisation

2.2.1. Thermal analysis
Thermal analysis (TG/DTA) of the gel precursors of GDC10 and

the 1 wt% and 5 wt% Pd/GDC10 catalysts prepared by the cation
complexation route was carried out in flowing air with a heating
rate of 10 ◦C/min up to 800 ◦C in an Al2O3 crucible, using a Shimadzu
DTG-50 apparatus.

2.2.2. Electron microscopy
TEM images of the Pd/GDC10 samples were obtained using a

JEOL 2010 TEM instrument. This was equipped with a LaB6 fila-
ment and a Gatan digital camera and was operated at 200 keV. The
microscope also benefited from a system for performing energy dis-
persive X-ray spectroscopy (EDS). EDS was used to obtain spectra
containing elemental composition data from selected points and
areas on the samples. EDS maps were also obtained from 5 to 8
regions of each of the four catalyst materials. In each case, a TEM
image and distribution maps for Ce, Gd, O and Pd were obtained.

2.2.3. X-ray diffraction
XRD experiments were carried out using a Philips PW 1710

diffractometer (Cu-K� radiation). Data in the angular region of
2� = 20–100◦ were collected at room temperature in a step-
scanning mode, with a step length of 0.04◦ and a step-counting
time of 12 s. Si powder (NIST SRM 640c) was  used as the standard
for the instrumental broadening correction. The average crystallite
size, DXRD, was determined using the Scherrer formula [25], at the
peak position of the main reflection (1 1 1). Errors in crystallite size
were derived by estimating the error in the FWHM (full-width at
half-maximum) to be equal to the 2� step.

XRD patterns were recorded at high temperatures (HT) and in
controlled atmospheres using synchrotron radiation at the D10B-
XPD beamline of the National Synchrotron Light Laboratory (LNLS,
Campinas, Brazil). In these HT-XRD experiments, the sample was
mounted on a ceramic sample-holder and placed in a furnace. In
order to detect the rather weak Pd and PdO reflections, a high-
intensity low resolution configuration, without crystal analyzer,
was employed. The wavelength was  set at 1.54892 Å. Data in the
angular region 2� = 31–44◦ were collected in a step-scanning mode,
with a step length of 0.04◦ and a step-counting time of 2 s. The data
were collected at temperatures ranging from room temperature to
500 ◦C. The sample was heated at a rate of 10 ◦C/min, and a soak
time of 10 min  was  employed at each temperature step before the
scan. The thermal behaviour of the materials was studied in 5%
H2/He (total flow: 20 ml  min−1) and in dry synthetic air (total flow:
50 ml  min−1).

2.2.4. Nitrogen adsorption–desorption measurements
SSA measurements were carried out using BET absorption

isotherm analysis by nitrogen adsorption–desorption (Autosorb-
1, Quantachrome). The analysis of the isotherms provided values
of the SSA. Outgassing was carried out at 300 ◦C for 4 h.

2.2.5. X-ray absorption
In order to carry out XANES experiments at the Pd L3-edge,

measurements of soft X-rays were performed at the D04A-SXS
beamline of the LNLS. The powdered samples were placed on a car-
bon tape. X-ray absorption spectra were recorded in fluorescence
mode (E/�E = 5000). Experiments were performed under vacuum
(10−8 mbar) at room temperature. The energy scale was  calibrated
by setting the Pd L3-edge, defined by the first inflection point of the
X-ray absorption spectrum of a Pd metallic foil, to be 3173.4 eV.

In order to determine qualitatively the oxidation state of
Ce in the 1 wt% and 5 wt% Pd/GDC10 catalysts, XANES spec-
tra were collected at the D04B-XAFS1 beamline at LNLS in
transmission mode using a Si(1 1 1) monochromator for the
Ce L3-edge. The nominal photon flux of the beamline was
3 × 109 photons/(s mrad 100 mA)@6 keV. All spectra were collected
at room temperature for energies in the range 5690–5780 eV using
steps of 2 eV for 5690–5710 eV and 0.2 eV for 5710–5780 eV, with
E/�E = 5000–10,000. Energy was calibrated using a Cr foil. Several
acquisitions (around 4 spectra) were carried out on the same sam-
ple to improve the signal to noise ratio.

In situ XANES experiments under conditions of controlled tem-
perature and atmosphere were carried out for Ce using the same
parameters and at the same beamline as above. Samples were
diluted with boron nitride and these mixtures were pressed into
15 mm diameter pellets (around 6 mg  of sample and 70 mg  of dilu-
ent were used). For the transmission measurements, the pellets
were placed in a tubular quartz furnace (diameter, 20 mm;  X-ray
path length, 440 mm)  sealed with refrigerated Kapton windows.
Temperature was  measured and controlled by a thermocouple
passed down the sample holder and positioned close to the sur-
face of the pellet. Temperature-resolved XANES spectra at the Ce
L3-edge were acquired during temperature programmed reduction
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(TPR) under 5% H2/He (total flow: 20 ml  min−1) at temperatures
from 25 to 600 ◦C at a heating rate of 10 ◦C min−1 and with a total
data acquisition time of 8 min  per spectrum. The data were nor-
malised using the programme WinXAS [26].

2.2.6. Catalytic tests for CH4 combustion
Catalytic studies on 1 wt% and 5 wt% Pd/GDC10 catalysts pre-

pared by CC and WI  were performed in a fixed-bed flow reactor
(quartz tube of 4 mm internal diameter, 60 cm length), operated
isothermally at atmospheric pressure. The reactor was placed in
an electric tubular oven equipped with a temperature controller. A
thermocouple was placed axially along the quartz tube and directly
into the sample as a way to provide an accurate temperature mea-
surement. The sample (45 mg)  was diluted with ground quartz
wool in order to ensure an adequate contact with the reactants.
The reactants were a mixture of methane (1.4 cm3 min−1) and air
(38.5 cm3 min−1), with nitrogen added to the mixture to provide
a total gas flow of 50 cm3 min−1. In order to determine the extent
of non-catalytic combustion of CH4 in the reactor a blank run was
performed using a fixed bed composed of only 400 mg  of SiO2. Mea-
surements were performed in the 200–900 ◦C temperature range,
at 50 ◦C increments. Several measurements were taken at each
temperature until the system reached steady state. Gas analysis
was performed using a PerkinElmer Clarus 500 gas chromatograph
equipped with a thermal conductivity detector, an Altech CTR1
packed column, and using He as the carrier gas. Moisture was
removed from the gases using a desiccant trap prior to injection
into the chromatograph.

3. Results and discussion

3.1. Physico-chemical characterisation

Fig. 1 shows the TG/DTA plot (carried out in air) on the gel pre-
cursors of the GDC10 and 1 wt% and 5 wt% Pd/GDC10 prepared
by the CC method. The DTA curve for pure GDC10 exhibits one
exothermic peak, starting at 212 ◦C, whereas the Pd/GDC10 sam-
ples exhibit two exothermic peaks, starting at 93 ◦C and 250 ◦C, for
both samples. The first one can be ascribed to NOx release (asso-
ciated with Pd). The second exothermic peak can be related to the
burn out of organic materials, by liberation of NOx, CO, CO2, and to
the crystallisation of the GDC10 solid solution [24].

From the TG curve it is possible to identify two steps. The total
weight loss up to 200 ◦C was 20% for 1 wt% and 5 wt%  Pd/GDC10
whereas for pure GDC10 the total weight loss was about 9%. From
200 ◦C up to 400 ◦C, the total weight loss was very similar for all
samples (about 50% of the mass at 200 ◦C). No significant weight
loss from 400 ◦C up to 800 ◦C was observed (less than 1%).

Samples of the as-prepared 5 wt% Pd catalysts prepared by both
the CC and WI  methods were studied by HRTEM. A comparison of
the structure of these two materials is given in Fig. 2 over a range
of magnifications. Both samples were made up of primary parti-
cles of around 10–30 nm in diameter. These particles were seen
to form sheet-like structures of largely interlocking particles in
the CC sample while the WI  sample appeared to consist of more
three-dimensional structures. The highest resolution images show
the internal crystal planes of typical primary particles, and these
confirmed the crystalline nature of the products made using both
preparation methods. Digital diffraction patterns (DDPs) obtained
from the lattice images in Fig. 2c and f gave patterns which could
be indexed to the expected cubic Fluorite structure of GDC10 as
viewed along the [0 1 1] zone axis (giving a ∼5.4 Å). Discrete Pd
particles could be identified in the 5 wt% Pd/GDC10-CC sample, in
Fig. 3a, by measuring the interplanar spacings from the particle
shown, and in Fig. 3b, for which a complete DDP is obtained. This

Fig. 1. TG/DTA of metal nitrate precursor mixtures for (a) GDC10, (b) 1 wt%
Pd/GDC10 and (c) 5 wt% Pd/GDC10, each obtained by the cation complexation
method.

DDP could be indexed to the fcc structure of Pd viewed along the
[0 1 1] zone axis (giving a ∼3.8 Å). The Pd particle diameters are
around 5–7 nm in these images. Quite similar results were obtained
for the 5 wt% Pd/GDC10-WI sample and these are given in Fig. 3c and
d. The particle seen in frontal orientation in Fig. 3c was identified
from the complete DDP obtained to be Pd viewed along the [0 1 1]
zone axis (with a ∼3.8 Å). The group of particles in Fig. 3d were also
identified as Pd both by EDS analysis and from the various inter-
planar spacings viewed in the overlapping diffraction patterns in
the DDP obtained from the image. The Pd particles observed in this
sample had diameters of about 4–6 nm.

The observation in these as-prepared samples of metallic Pd
crystallites, rather than PdO crystallites as would be expected
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Fig. 2. TEM images at increasing magnifications of 5 wt% Pd/GDC10 samples prepared using: (a–c) cation complexation method and (d–f) incipient wetness impregnation
method. The sheet-like structures with largely interlocking crystals of the 5 wt%  Pd/GDC10-CC are seen in (a and b) while more three-dimensional agglomerates of particles
are  seen for the 5 wt% Pd/GDC10-WI in (d and e). For both samples the internal crystal structure is viewed (c and f) and gives digital diffraction patterns consistent with the
cubic  Fluorite structure viewed along the [0 1 1] zone axis (DDPs inset).

from the XRD results (presented below) suggests that PdO may  be
present within these agglomerations, or even as inclusions within
the GDC10 material, making it visible to chemical analysis by EDS
but where it would be difficult to distinguish individual PdO parti-
cles by use of the DDPs.

To further investigate the distribution of Pd in these samples,
TEM images and corresponding elemental distribution maps for Ce,
Gd, O and Pd were obtained and typical examples are presented in
Fig. 4 for the CC samples and in Fig. 5 for the WI  samples. Firstly,
in all samples studied, Ce, Gd and O were coincident, indicating
that all samples contained nanoparticulate GDC of uniform com-
position. There appeared to be no segregation of CeO2 or Gd2O3
particles. Turning to the Pd distributions, in the 1 wt%  Pd/GDC10-
CC sample, the Pd appeared to be coincident with the Ce. That is,
where there was Ce there was also Pd in the same apparent con-
centration ratio. In addition to this, however, small Pd-rich (most
probably PdO) particles were also observed. A typical example is
given in Fig. 4a. These were common in the 1 wt% Pd/GDC10-CC
sample but less common in the 5 wt% Pd/GDC10-CC sample. The
latter tended to show only the uniform distribution of Pd with Ce
described above, as shown in Fig. 4b. These results suggest that the
CC samples contain a uniform distribution of Pd over the GDC sup-
port in the form of small Pd-rich particles (too small to be resolved
in the EDS maps) but that in addition to this there were larger Pd-
rich particles (typically 20–40 nm), especially in the 1 wt%  sample.
The elemental maps for the WI  samples were significantly different
in that far fewer Pd-rich particles were resolved, the relationship
between Pd and Ce concentrations was variable and the Pd was
often present in patches and absent in other areas. This was  the

Table 1
Crystallite average size (DXRD), specific surface area (SSA) and calculated primary
particle size (dBET) for Pd/GDC10 catalyst prepared by cation complexation (CC) and
incipient wetness impregnation (WI).

Sample DXRD (nm) SSA (m2 g−1) dBET (nm) dBET/DXRD

1 wt% Pd/GDC10-CC 21.6 33.6 25.1 1.2
1  wt% Pd/GDC10-WI 26.3 37.1 22.7 0.9
5  wt% Pd/GDC10-CC 21.5 46.7 19.7 0.9
5  wt% Pd/GDC10-WI 20.9 40.7 22.1 1.1

case for both the 1 and 5 wt%  Pd/GDC10-WI samples, as shown in
Fig. 5a and b, respectively. This suggests that the Pd-rich particles in
both the WI  samples were very small, since they were not resolved
in the EDS maps, but that they were not uniformly distributed over
the GDC support.

In Fig. 6, all XRD patterns exhibited resolvable peaks but with
relatively severe line broadening. This broadening was ascribable to
the presence of small crystallites. All samples exhibited an average
crystallite size ranging from 21 nm to 26 nm. In Table 1, average
crystallite size (DXRD), SSA and calculated primary particle size
(dBET) for the Pd/GDC10 catalysts prepared by CC and WI  are summ-
arised. All samples exhibited values of SSA between 36.6 m2 g−1 and
46.7 m2 g−1. The lowest values of SSA were obtained for the 1 wt%
Pd/GDC10 nanopowders. The dBET/DXRD ratio in all samples was
close to unity, indicating that the crystallites exhibited a very low
degree of agglomeration.

No diffraction peaks corresponding to Pd or PdO were observed
in the XRD patterns of the 1 wt% Pd/GDC10-CC and -WI  samples
(Fig. 6a). Even a slow scan in the regions of the Pd (1 1 1) and
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Fig. 3. TEM images of 5 wt% Pd/GDC10-CC: (a) a single Pd particle on the oxide support with some crystal planes evident; (b) a number of supported Pd particles viewed
top-down. The particle circled gives a DDP consistent with the cubic structure expected for metallic Pd viewed along the [0 1 1] zone axis (DDP inset). TEM images of 5 wt%
Pd/GDC10-WI: (c) Pd particles viewed top-down on the oxide support, one of which gives a DDP consistent with the cubic structure expected for metallic Pd viewed along
the  [0 1 1] zone axis (DDP inset); (d) a number of Pd particles on the oxide support viewed in profile (with holey carbon film below). EDS of the area circled (i) and of the
support  only (ii) confirm the Pd content of the particles and the DDP (inset) of the same region gives spots consistent with the 1 1 1 and 2 0 0 planes of the cubic structure
expected for metallic Pd.

PdO (1 1 1) peaks did not show any indication of Pd metal or PdO.
However, this is not conclusive because of the limitations of the
XRD technique for detecting small amounts of minority phases.
On the contrary, in samples with 5 wt% Pd (Fig. 6b), it is possible to
observe the characteristic diffraction peaks, corresponding to the
(1 1 1) and (2 0 0) reflections of PdO.

Synchrotron HT-XRD patterns at 500 ◦C in 5% H2/He (red line)
and synthetic air (black line) are given in Fig. 7. The XRD data
were recorded first under reducing conditions, the atmosphere was
changed to synthetic air and, after 10 min, a second XRD pattern
was collected. Under reducing conditions, the main peak of metallic
Pd is clearly observed in all samples. However, samples prepared
by cation complexation exhibited the sharpest peaks, indicating
that the crystallites of Pd in 1 and 5 wt% Pd/GDC10-CC were larger
than in the same compositions prepared by WI.  On the other hand,
under oxidizing conditions at 500 ◦C, the main peaks of PdO alone
were observed in all four samples. Clearly, the metallic Pd was  re-
oxidised. These results indicate that, at this temperature and in
these samples, palladium changes easily from Pd(0) under reducing
conditions to Pd(II) under oxidizing conditions.

Fig. 8a and b shows the normalised Pd L3-edge XANES spec-
tra obtained for the nanostructured 1 wt% and 5 wt% Pd/GDC10

samples, respectively, with the corresponding spectrum of Pd metal
as a reference. Two  sets of nanostructured Pd/GDC10 samples were
studied: “fresh” (without any treatment) and “reduced” (reduction
treatment performed in 7% H2/N2 at 450 ◦C for 1 h). Clearly, a large
difference is observed between the spectra of fresh Pd/GDC10 cat-
alysts and that of the Pd foil reference. A noticeable shift to higher
energies is observed at both absorption edges for the Pd/GDC10 cat-
alysts with respect to the foil. The fresh Pd/GDC10 spectra exhibit
a large white line peak, which can be assigned to the electronic
transition from Pd 2p3/2 to the unoccupied 4d states [27]. The L3-
absorption edge for Pd metal is at 3173.0 eV, while the Pd/GDC10
sample exhibited a higher value of 3174.6 eV, indicating that the Pd
was in the Pd(II) oxidation state. The reduction treatment seems to
have affected the oxidation state of the Pd since, in the reduced
Pd/GDC10 samples, the L3-absorption edge for Pd was  observed at
3173.4 eV, indicating that the Pd was  in its metallic form. These
results are in good agreement with those obtained by XRD. How-
ever, small differences were observed between the spectra of the
Pd foil and of the reduced Pd/GDC10. These may  have been caused
by the presence of a small amount of Pd(II) in the reduced catalyst
samples, probably as PdO cores embedded within larger metallic Pd
shells. That is, some of the larger PdO particles may  only have been
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Fig. 4. TEM images and corresponding EDS distribution maps of elements as indicated for (a) 1 wt%  Pd/GDC10-CC and (b) 5 wt% Pd/GDC10-CC. Element maps are rotated
slightly  with respect to the TEM image because of the EDS detector geometry.

partly reduced. This is a well-known effect since once the surface
of the particle has been reduced, the H2 gas must diffuse through
the Pd to reduce the particle interior.

In order to determine the fraction of Ce present as Ce3+ in the
samples, data analysis was conducted by least-squares fitting four
Gaussian profiles and one arctangent function to the Ce L3-edge
XANES experimental data in the range between 5710 and 5750 eV.
The assignment of the four peaks in this region is discussed below.
The Ce L3-edge is frequently used as a “fingerprint” to characterise
the electronic properties of ceria-based materials. However, the
electronic transitions which give rise to these XANES features are
complex and not fully understood. In pure CeO2, the Ce L3-edge
exhibits two clear peaks frequently labelled A and B. Peak A is a
Ce4+ peak with the final state of 2p4f05d1, which denotes that an
electron is excited from the Ce 2p shell to its 5d shell, with no
electron in the 4f shell. Peak B is also a Ce4+ peak, with the final
state of 2p4f15d1v, which denotes that, in addition to an electron
excited from the Ce 2p shell to the 5d shell, another electron is also
excited from the valence band (O 2p shell) to the Ce 4f shell, leav-
ing a hole (v) in the valence band. Some authors refer to Peak C as a
Ce3+ peak [28]. An additional small peak (D) is present at pre-edge
and likely arises from transitions to the bottom of the conduction
band. In Fig. S2 (Supporting Data) it can be seen that the absorption
edge, in all samples, moved to lower energy values as the temper-
ature increased. This indicates that the Ce3+ content of the samples
increased with increasing reduction temperature.

In  Fig. 9, the Ce L3-edge XANES spectra of the 5 wt%  Pd/GDC10-
CC sample under reducing conditions (5%H2/He, 20 mL  min−1) at
room temperature and at 600 ◦C and their corresponding fits are
shown. The area of peak C clearly increased and that of the white
line clearly decreased on going to the higher temperature. The
increase in the area of peak C indicates that, under these reducing
conditions, the amount of Ce present as Ce3+ at high temperature
is larger than in the same sample at room temperature.

The ratio between the area of peak C (associated with Ce3+) and
the sum of the areas of peaks A, B and C (A and B are associated with
Ce4+) gives direct information about the fraction of Ce present as
Ce3+. In Fig. 10,  this fraction is plotted for all samples (and a nano-
ceria reference material) during exposure to a flow of 5% H2/He and
over a range of temperatures from room temperature to 600 ◦C dur-
ing an in situ TPR experiment. Ease of reduction of Ce4+ is seen to
increase in the order: CeO2 < GDC10 < 1 wt% Pd/GDC10-WI < 5 wt%
Pd/GDC10-WI < 1 wt% Pd/GDC10-CC < 5 wt% Pd/GDC10-CC. This fig-
ure clearly shows the increase in reducibility on doping pure ceria
with Gd (so introducing oxygen ion vacancies) as well as the sig-
nificant increase in reducibility caused by the incorporation of Pd
in the CC and WI  samples. Although some nanoparticles of Pd were
detected by TEM (Fig. 3), the XRD results imply that almost all
Pd is present as PdO initially (Fig. 6). In Fig. 10,  two mechanisms
for reduction of the Ce are possible: (1) direct adsorption of H2
on the oxide, followed by reaction and release of water and (2)
reduction of PdO to Pd with subsequent adsorption of H2 on the Pd
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Fig. 5. TEM images and corresponding EDS distribution maps of elements as indicated for (a) 1 wt%  Pd/GDC10-WI and (b) 5 wt%  Pd/GDC10-WI. Arrows indicate regions
where there is strong mismatch between Pd and Ce concentrations. Element maps are rotated slightly with respect to the TEM image because of the EDS detector geometry.

and spillover of H species onto the oxide surface, where these can
reduce the oxide and again form water. Evidence of facile reduc-
tion of PdO to Pd is given in the synchrotron XRD data in Fig. 7
and spillover of hydrogen from Pd nanoparticles is known to occur
easily, even at low temperatures [29–31].  Therefore, reduction via
spillover from the Pd nanoparticles is likely to dominate over direct
reduction of the oxide. This explains the increase in reducibility on
going from GDC to Pd/GDC materials. The differences between the
Pd/GDC samples can be explained by referring to the distribution
of Pd given in the EDS maps in Figs. 4 and 5. For effective reduction
of the Ce, Pd must be in intimate contact with the GDC10 support.
Pd nanoparticles must be at a sufficiently high concentration over
the whole surface of the GDC to allow spillover to all parts of the
support and so to enable the most effective reduction. The EDS
maps of the CC samples show a close relationship between Ce and
Pd distribution, even though there were also many relatively large
particles (20–40 nm), especially in the 1 wt% Pd sample. In both WI
samples, the Pd distribution was patchy, there being regions of the
GDC where there was very little Pd. This difference explains why
the CC samples were more easily reduced than the WI  samples.
Increasing Pd loading in both cases increased Pd concentration and
would be expected therefore to increase ease of reduction, as is
the case. For the CC samples, the increase in reducibility is large,
because of the favourable Pd distribution and also the decrease
in the number of larger particles on going from 1 wt% Pd/GDC10-
CC to 5 wt% Pd/GDC10-CC. For the WI  samples, the improvement

in reducibility is much smaller. From the EDS maps, this can be
explained because the Pd is still patchily distributed in the 5 wt%
Pd/GDC10-WI sample, even though the amount of Pd present had
increased.

3.2. Catalytic test for CH4 combustion

In order to obtain an indication of their catalytic activity, sev-
eral tests were performed on the Pd/GDC10 materials, as explained
in Section 1. For comparison, similar tests were performed on
nanopowders of CeO2, GDC10 and without a catalyst (blank). In
Fig. 11,  CH4 conversion versus temperature for the different catalyst
samples is plotted. The temperature at which 50% of CH4 conversion
was reached (T50) was used as an index of catalytic activity. T50 val-
ues were estimated from the experimental curves and are given in
Table 2. The blank test exhibited the highest value of T50 (883 ◦C).
The 5 wt%  Pd/GDC10 samples (CC and WI)  exhibited very similar
behaviour, gave the lowest values of T50 and, therefore, appeared
to be the most active catalysts under these conditions. The high
Pd content seems to have been responsible for the enhanced cat-
alytic activity of the 5 wt%  Pd/GDC10 catalysts. There was  a marked
improvement in T50 going from pure GDC to 1 wt% Pd/GDC10-
CC, and an even greater one on then going to 5 wt%  Pd/GDC-CC.
Although the two  5 wt%  catalysts behaved very similarly, the 1 wt%
Pd/GDC10-CC catalyst gave a significantly lower value of T50 than
the corresponding sample prepared by WI.
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Fig. 6. XRD patterns of (a) 1 wt% Pd/GDC10 prepared by CC (lower) and WI  (upper)
methods, and (b) 5 wt%  Pd/GDC10 prepared by CC (lower) and WI  (upper) methods.
Black arrows indicate main PdO peaks.

Table 2
Values of temperature at which 50% of CH4 conversion was reached (T50), estimated
from the experimental curves.

Sample T50 (◦C)

Blank 883
CeO2 680
GDC10 640
1  wt% Pd/GDC10-CC 427
1  wt% Pd/GDC10-WI 515
5  wt% Pd/GDC10-CC 373
5  wt% Pd/GDC10-WI 367

The overall proposed explanation for this behaviour is as fol-
lows. Ceria-based mixed oxide materials are known to act as oxygen
storage materials, or oxygen buffers, in oxidation reactions because
of the accessible Ce3+/Ce4+ redox couple. Reduction of Ce4+ to Ce3+

is accompanied by loss of oxygen from the oxide. Ceria-based mate-
rials are able to follow the Mars Van Krevelen mechanism in which
the catalyst acts as the oxygen donor towards the reactant and this
oxygen is replenished from the oxygen present in the gas phase
and which thus acts as an indirect reactant, so keeping the catalyst
in its oxidised, active form [32]. In the present work, the catalytic
tests were carried out in excess oxygen, so this mechanism was
favoured.

In pure GDC, Gd3+ ions introduce extrinsic oxygen vacancies,
which in turn diminish the Ce3+ content in the material from a

Fig. 7. Synchrotron HT-XRD patterns of (a) 1 wt% Pd/GDC10-CC, (b) 1 wt%
Pd/GDC10-WI, (c) 5 wt% Pd/GDC10-CC and (d) 5 wt% Pd/GDC10-WI samples at 500 ◦C
under reducing (red line) and oxidizing (black line) conditions. (For interpretation
of  the references to colour in this figure legend, the reader is referred to the web
version of this article.)

simple equilibrium point of view [10]. The GDC10 then shows a
higher Ce4+ content than pure ceria (under the same external con-
ditions), and, it is proposed that, as a consequence, it displays higher
catalytic activity. The higher oxygen vacancy concentration would
also tend to allow faster loss and uptake of oxygen from the gas
phase, so improving the redox kinetics. T50 data for pure ceria and
pure GDC10 showed precisely this behaviour in Fig. 11 (680 ◦C vs.
640 ◦C, respectively).

In Pd-containing materials, the exact catalytic mechanism for
hydrocarbon oxidation is not fully understood, and neither are the
species that are involved. Nevertheless, there is a general consensus
that the active phase is probably PdO or an equivalent interme-
diate, but that metallic Pd shows worse or no catalytic activity
at all [33–35].  There is also evidence for the enhancement effect
conferred by ceria-related materials on the PdO active phase and
hence on the catalytic activity [36,37].  Even in the case of catalytic
tests using unsupported Pd, it was shown that the active phase for
hydrocarbon oxidation is PdO and not metallic Pd [38].

In our case, XRD and HRTEM results indicate that, certainly at
the higher Pd doping level (5 wt%), Pd is not incorporated into
the GDC10 lattice, but rather is present as segregated PdO and Pd
phases. XANES spectra at the Pd-L3 edge also showed that at an
equal Pd loading, reductive treatment caused the Pd to change from
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Fig. 8. Normalised Pd L3-edge XANES absorption spectra for (a) 1 wt%  Pd/GDC10 and (b) 5 wt% Pd/GDC10 at room temperature prepared by the methods indicated. Pd metal
foil  is included for comparison (blue line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

being mainly present as PdO to being mostly present as metallic Pd.
This strongly suggests that the Pd is to be found mainly outside the
GDC10 lattice. However, here GDC not only acts as a support for
Pd/PdO, but also plays a major role (albeit somewhat indirect) in
the catalytic activity, since it serves as an oxygen source for the
Pd/PdO hysteresis, allowing the active PdO phase to be regener-
ated (something favoured by the oxidised state of the GDC10 in
the oxygen-rich gas environment in the catalytic tests and by the
good oxygen ion conductivity of the GDC10). Additional catalytic
tests (not included here) were made on Pd/GDC10 samples that had
been pre-reduced in hydrogen. These displayed T50 results virtually
identical to those shown by their original unreduced counterparts.
This indicates that the active PdO phase was regenerated from the

metallic Pd in the reduced samples upon treatment of these with
the oxygen-rich feed in the catalytic tests.

In summary, the proposed explanation is that the GDC10 con-
stantly provided oxygen to the active catalytic sites and that the
GDC10 itself is constantly reoxidised (and hence kept in its active
form) by the oxygen from the gas feedstock.

The results presented in Fig. 11 show that the 1 wt%  Pd/GDC10-
WI sample had a higher T50 value than the 1 wt%  Pd/GDC10-CC
sample which had the same Pd loading. This can be explained by
considering the distribution of Pd resulting from the two prepara-
tion methods. EDS maps in Figs. 4 and 5 showed that the WI  method
gave rise to a more patchy distribution of Pd than the CC method. In
the latter, the Ce and Pd concentrations were very closely related,

Fig. 9. Normalised Ce L3-edge XANES absorption spectra for 5 wt%  Pd/GDC10-CC (a) at room temperature and (b) at 600 ◦C under reducing conditions, showing the experi-
mental data (empty circles), four Gaussian peaks (A–D), and one arctangent function (dotted line) obtained by least-squares fitting (continuous black lines) and the sum of
all  five functions (continuous red line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Fraction of Ce present as Ce3+ in nanostructured GDC10, 1 wt%  Pd/GDC10-
CC, 1 wt%  Pd/GDC10-WI, 5 wt% Pd/GDC10-CC and 5 wt%  Pd/GDC10-WI under
reducing conditions as a function of temperature. Micropowders and nanopowders
of  CeO2 are included for comparison.

across the samples, thus providing a more effective distribution of
the active PdO/GDC10 sites.

The fact that both 5 wt% Pd/GDC10 samples show essentially the
same T50 values does not necessarily contradict the points proposed
in the previous paragraph. The EDS maps in Figs. 4 and 5 show that
the Pd distribution in the catalysts prepared by both the CC and WI
methods is not adversely affected by increasing the Pd loading and,
indeed, the catalysis test results show that there was  an increase in
catalytic activity in both cases on increasing Pd loading from 1 wt%
to 5 wt%. The fact that the activities of the 5 wt% catalysts prepared
by the two different methods are more similar than in the case
of the 1 wt% loadings can be explained as a saturation effect. A Pd
loading will be reached at which there are so many PdO particles
that the processes they catalyse will be fast enough to cease to
be rate limiting. Another process, for example, reoxidation of the
GDC10, will then control the rate of reaction. It is proposed that this
point had been reached for both CC and WI  catalysts at a loading of
5 wt%, thus explaining the similar catalytic behaviour of these two
samples.

Fig. 11. Catalytic results of CH4 combustion for nanostructured 1 wt% Pd/GDC10-
CC,  1 wt%  Pd/GDC10-WI, 5 wt% Pd/GDC10-CC and 5 wt% Pd/GDC10-WI samples as
a  function of temperature. Nanopowders of CeO2, GDC10 and non-catalytic sample
(blank) are included for comparison.

Finally, it should be noted that the catalytic activity that stems
from the PdO/GDC10 sites acts in parallel with the catalytic activity
expected from any ceria-based material, due to the presence of the
Ce3+/Ce4+ redox couple.

4. Conclusions

In the present work, 1 wt% and 5 wt% Pd/GDC10 nanopowders
were prepared by two different methods: (a) CC and (b) incipient WI
of an aqueous Pd2+ solution onto GDC10 nanopowders. All samples
were characterised by XRD, XANES, HRTEM and EDS.

Pd L3-edge XANES absorption experiments confirmed that Pd is
present mainly as PdO in these samples and that the Pd is easily
reduced to its metallic form on exposure to hydrogen at elevated
temperatures.

The addition of Pd to the GDC10 nanopowders increased the
reducibility of the Ce in the mixed oxide. This was demonstrated
by analysis of in situ XANES spectra obtained under reducing con-
ditions.

Catalysts with the higher Pd loading (5 wt%) exhibited the best
performance for CH4 combustion. The influence of preparation
method was  evident for catalysts with 1 wt%  Pd, CC resulting in
more active catalysts than the WI  method. This was explained as
a consequence of differences in Pd distribution as observed in EDS
element maps.

These findings open up an interesting avenue for future work
in this area, and indicate a promising possible application for this
particular system.
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