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a b s t r a c t

In order to obtain different morphologies, nanostructured Gd0.1Ce0.9O1.95 (GDC10) and

Gd0.2Ce0.8O1.90 (GDC20) were synthesized using three different chemical methods: reverse

microemulsion (RM), cation complexation (CC) and template-filling (TF). The resulting

materials were characterized by synchrotron radiation X-ray diffraction (SR-XRD), by X-ray

absorption near-edge spectroscopy (XANES) and by scanning and high resolution trans-

mission electron microscopy (SEM and HRTEM). All nanostructured mixed oxides were

found to have a cubic crystal phase (Fm3m space group) with an average crystallite sizes

ranging from 9.6 to 13.2 nm. Tubular nanostructured GDC10 obtained using a template-

filling method exhibited the largest specific surface area (97 m2 g�1) while the lowest

values were obtained using the cation complexation method (23 m2 g�1). XANES results

indicated that the extent of reduction of these materials was small. Nevertheless, the Ce3þ

ion was detected. Preliminary catalytic studies showed that the tubular nanostructured

(TF) GDC10 samples exhibited better catalytic activity for CH4 oxidation than the CC and

RM nanopowders of the same chemical composition.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction application of SOFCs [3,4]. However, one of the main draw-
Ceria (CeO2) can be doped with aliovalent cations, for

example, from the rare earth oxides (Y2O3, Gd2O3, Sm2O3,

Nd2O3, etc.), to form solid solutions in which vacancies are

introduced in the anion sub-lattice as charge-compensating

defects. The oxygen ion conductivity of gadolinia-doped

ceria (GDC) solid solutions, typically with 10e20% substitu-

tion of Ce by Gd, is one of the highest in this class of solid

electrolytes [1,2]. For this reason, it is one of the ceria-based

solid solutions proposed for intermediate temperature
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backs of ceria-based materials is that high temperatures are

required to sinter the materials to form dense bodies. To

address this problem, different routes for the preparation of

ultra-fine powders by both physical and chemical methods

have been proposed [5,6]. Such ultra-fine powders are ex-

pected to aid sintering and help to bring down the sintering

temperature.

A further limitation on GDC and related materials is that,

in reducing atmospheres, the presence of both ionic and

electronic charge carriers gives rise to mixed (ionic and
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electronic) conducting behavior. This is a difficulty for the

application of GDC in SOFC electrolytes e where electronic

conductivity would give rise to an internal short circuit of the

electrolyte e but would be an advantage for the use of GDC in

anodes for IT-SOFCs. Several studies in this area have been

reported, especially on the use of GDC as a catalyst support.

For this application in particular, it is necessary to obtain

materials with large specific surface area (SSA) and high

porosity [7e9].

As is mentioned above, for application both as an

electrolyte and in the anode it is important to obtain

ultra-fine powders. Several chemical routes have been

proposed to reach this goal. In general, chemical techniques

have the advantage over conventional techniques of

yielding high purity, homogeneous and ultra-fine powders

of GDC. The synthesis of GDC nanopowders by various

wet chemical routes, such as co-precipitation, cation

complexation and the combustion routes has been reported

[10e12].

We recently reported the preparation by the template-

filling synthesis method of nanostructures of Ce-based

mixed oxides with tubular morphology [13,14]. Such nano-

structures have high specific surface areas (SSAs) that would

be expected to lead to high activities, good atomic efficiencies

and rapid response to changing conditions in catalyst

systems.

In the present work, we compare the properties of nano-

structured Gd0.1Ce0.9O1.95 (GDC10) and Gd0.2Ce0.8O1.90 (GDC20)

synthesized by following three different chemical methods

to yield different morphologies. Reverse microemulsion,

cation complexation and template-filling methods were

employed. The resulting materials were characterized by

employing synchrotron radiation X-ray diffraction (SR-XRD),
Fig. 1 e Flowchart illustrating the three different synthetic ro
X-ray absorption near-edge spectroscopy (XANES) and high

resolution transmission electronmicroscopy (HRTEM). Finally,

preliminary tests of the catalytic activity for CH4 combustion

were performed on these nanostructured materials.
2. Experimental

2.1. Synthesis of nanostructured gadolinia-doped ceria
solid solutions

Three different methods were used to obtain nano-

structured Gd0.1Ce0.9O1.95 (GDC10) and Gd0.2Ce0.8O1.90 (GDC20)

mixed oxide. Ce(NO3)3.6H2O (99.99%, Alfa Aesar) and

Gd(NO3)3$6H2O (99.9%, Acros) 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 stoichiometry appropriate for the prepara-

tion of GDC10 and GDC20. Fig. 1 presents the flow diagrams

of the three methods employed in this work.

2.1.1. Cation complexation method (CC)
Different amounts of citric acid (99.5%-Merck) were dissolved

in d.i. water and this was added to the cation nitrate solution.

The molar ratio of total oxide (TO) to citric acid (CA) was 1:2.

After homogenization of this solution, the temperature was

raised to 80 �C, and the solution maintained under stirring to

remove excess water and to convert it to a transparent gel.

While raising the temperature, the solution became more

viscous with evolution of foam, and finally it gelled without

any visible precipitation or turbidity. During the dwell at

80 �C there was an increase in viscosity and simultaneous

elimination of water and NO2. The initial thermal
utes used to obtain nanocrystalline GDC solid solutions.
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Fig. 2 e SEM images of (a) GDC10-CC, (b) GDC20-CC (c) GDC10-RM and (d) GDC20-RM.
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decomposition of the precursor was carried out at 250 �C for

1 h. The resulting ash-like material was calcined at 600 �C for

1 h in air [15,16].

2.1.2. Reverse microemulsion method (RM)
For each preparation, two microemulsions were prepared by

mixing in each case the surfactant Triton X-100 (octylphenol

ethoxylate) (AppliChem), n-hexanol (Tedia), and cyclohexane

(Tedia), in the volumetric ratio 1:1.3:2.2 respectively. The

volume of surfactant was 25 ml. To each microemulsion,
Fig. 3 e SEM images of (a) and (b) G
10 ml of aqueous solution was added (resulting in a w/o ratio

of 1:1.09) under continuous, heavy stirring: in one case the

cation nitrate solution (solution A); in the other case,

concentrated NH3 (Merck, diluted by half) (solution B). Each

resulting microemulsion was perfectly clear (the one con-

taining the Gd and Ce cations exhibited a moderately intense

yellow color) and without any sign of turbidity, showing the

stability of the microemulsion so obtained. Both solutions

were left to stabilize under stirring for 45 min. Solution B was

then added dropwise to solution A, once again under heavy
DC10-TF; (c) and (d) GDC20-TF.
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Fig. 4 e TEM diffraction patterns and images for samples prepared by the cation complexationmethod. SAEDs for (a) GDC10-

CC; (b) GDC20-CC. Low magnification images for (c) GDC10-CC; (d) GDC20-CC. High resolution images for (e) GDC10-CC; (f)

GDC20-CC, including DDP (inset) of the particle in the image indexed to the [011] zone axis of the fluorite structure and with

Miller indices shown.
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magnetic stirring. During the addition, successive color

changes were observed (from yellow to light red, then light

brown and finally violet) until a light violet-gray solid

appeared, at a pH above 10. This suspension (where the

microemulsion has not destabilized) was aged for 12 h.

During this time, the suspension color turned light yellow,

the characteristic color of ceria.
The next step involved the addition of ethanol to destabi-

lize the microemulsion. The solid obtained was washed and

centrifuged several times with additional ethanol to eliminate

any remaining surfactant and/or organic residues (each time,

the supernatant liquid was discarded). The washed solid was

dried in a furnace at 125 �C, and heated in an oven at 600 �C for

1 h in air.
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2.1.3. Template-filling method (TF)
Templates consisting of porous polycarbonate films were

used as filters in an appropriate syringe filtration system to

ensure that the total volume of the pores was filled with the

cation nitrate precursor solution. The polycarbonate (PC) films

used were commercially-available Isopore� membrane filters

from Millipore. Films with 800 nm pore pass diameters were

used. The reaction to obtain the desired compound proceeded

by the dehydration and denitrification of the confined
Fig. 5 e TEM diffraction patterns and images for samples prepa

GDC10-RM; (b) GDC20-RM. (c) Low magnification image for GDC1

High resolution images for (e) GDC10-RM; (f) GDC20-RM, both inc

to the [001] zone axis of the fluorite structure with Miller indice
precursor in a commercial microwave oven. For all composi-

tions, an output power of 800 W was applied for 3 min. The

desired compound was finally obtained and the template was

burnt off in a standard furnace employing a thermal treat-

ment in which the final step involved heating at 650 �C for

10 min in air. After this treatment, the furnace was allowed to

cool freely to room temperature. The resulting material was

a collection of tubular nanostructures whose diameters

depended on the size of the pores of the template [14].
red by the reverse microemulsion method. SAEDs for (a)

0-RM; (d) Intermediate magnification image for GDC20-RM.

luding DDPs (inset) of the particles circled and both indexed

s shown.
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Fig. 6 e SR-XRD of (a) GDC10-CC (blue) and GDC20-CC (red);

(b) GDC10-RM (blue) and GDC20-RM (red); and (c) GDC10-TF

(blue) and GDC20-TF (red). All plots include the Rietveld-

fitted pattern (black line) and the difference plot. (For

interpretation of the references to color in this figure

legend, the reader is referred to the web version of this

article.)
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2.2. Physico-chemical characterization

2.2.1. Electron microscopy
SEM images were obtained using a Philips XL30 E-SEM

instrument which was fitted with a field emission gun. TEM

images of the nanotube sample were obtained using a JEOL

2010 TEM instrument. This was equipped with a LaB6 filament
and a Gatan digital camera and was operated at 200 keV. The

microscope also benefited from a system for performing

Energy Dispersive X-ray Spectroscopy (EDS) and this was used

to analyze the chemical compositions of the samples. For TEM

study, samples were prepared by dipping a 3 mm copper grid

coated with holey carbon film into a dispersion of the sample

powder in acetone.

2.2.2. Synchrotron X-ray diffraction
Synchrotron XRD experiments were carried out using the

D10B-XPD beamline of the LNLS (Brazilian Synchrotron Light

Laboratory, Campinas, Brazil) in static air. A high-intensity

(low-resolution) configuration, without a crystal analyzer,

was employed. The wavelength was set at 1.5500(4) Å. Data in

the angular region of 2q ¼ 20 � 100� were collected at room

temperature in a step-scanning mode, with a step length of

0.05� and a step-counting time of 3 s. NIST SRM 640c Si powder

was used as the standard for the instrumental broadening

correction.

2.2.3. Nitrogen adsorption-desorption measurements
Specific surface area (SSA) measurements were carried out

using Brunauer-Emmett-Teller (BET) absorption isotherm

analysis by nitrogen adsorption-desorption (Autosorb-1,

Quantachrome). The analysis of the isotherms provided the

BET specific surface area. Outgassing was carried out at 300 �C
for 4 h.

2.2.4. Ce L3-edge XANES
In order to determine qualitatively the oxidation state of Ce in

the GDC samples, XANES (X-ray absorption near-edge struc-

ture) spectra were collected at the D04B-XAFS1 beamline at

LNLS in transmissionmode using a Si(111)monochromator for

the Ce L3-edge. The nominal photon flux of the beamline is

3 � 109 photons/(s.mrad.100 mA)@6 keV. All spectra were

collected at room temperature for energies in the range

5690e5780 eV using steps of 2 eV for 5690e5710 eV and 0.2 eV

for 5710e5780 eV, with E/DE ¼ 5000e10,000. Energy was cali-

brated using a Cr foil. Several acquisitions (around 4 spectra)

were carried out on the same sample to improve the signal to

noise ratio.

2.2.5. Preliminary catalytic tests
Catalytic studies on GDC10-RM, GDC10-CC and GDC10-TF

samples 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 into the quartz

tube, directly into the sample as a way to provide an accurate

temperature measurement. 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.

Measurements were performed in the 300e900 �C tempera-

ture range, at 50 �C increments. Several measurements were

http://dx.doi.org/10.1016/j.ijhydene.2011.12.094
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taken at each temperature until the system reached steady

state. Gas analysis were performed using a Perkin Elmer Cla-

rus 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 characterization

SEM images of GDC10-CC and GDC20-CC powders are pre-

sented in Fig. 2a and b, respectively. Both powders showed the

typical morphology of GDC mixed oxides synthesized by the

citrate complexation route, consisting of sheets in an egg

shell-like structure. There is a large difference between the

morphologies of these powders and those obtained by the

reverse microemulsion method (Fig. 3c and d). In the case of

GDC10-RM and GDC20-RM, the aggregates are characterized

by an angular shape. In both cases, there is a high degree of

agglomeration.

For GDC synthesized by the template-filling method,

tubularmorphology was observed. The SEM images of GDC10-

TF and GDC20-TF are shown in Fig. 3a and b,c and d, respec-

tively. Fig. 3 shows a large cluster of tubular structures and

illustrates the very high yield of these structures obtained.

Individual tubes showed consistent geometries, especially in

terms of their diameters, which were typically between 500

and 600 nm. Tube lengths varied more than diameter, falling

into the range from 1 to 5 mm. No significant differences were

observed between the dimensions of the two different

compositions.

Diffraction patterns and images obtained in the TEM for

the samples prepared by the cation complexation (CC) and

reverse microemulsion (RM) methods are presented in Figs. 4
Fig. 7 e Ce L3-edge XANES normalized absorption spectra for (a

(dashed line) CeO2 - for Ce(IV) - and Ce(NO3)3 (full line) e for Ce(II

for CeO2 are indicated by capital letters.
and 5, respectively. Comparable information for the nano-

structured tubular GDC materials made using the template-

filling (TF) method is available elsewhere [14]. Selected Area

Electron Diffraction patterns (SAEDs) were recorded for all six

samples from areas containing a large number of particles

(Figs. 4 and 5a and b and Figs. 7 and 8a in [14]). These patterns

could be indexed to the cubic Fluorite structure in all cases.

The concentric rings in all of the SAEDs imply diffraction

from a large number of small crystallites aligned in all

possible orientations. In low to intermediate magnification

images, these crystallites are seen to form sheets in the CC

samples, similar sheets which curve around to form tubes

in the TF samples and thicker agglomerations in the RM

samples. The primary particles are generally quite rounded

in shape, with many surface facets, and the majority in

each sample falls into the size range 5e15 nm. In the CC

samples, there is a tendency towards slightly larger and more

angular primary particles and in some images these appear

to lock together like grains within the thin sheets already

mentioned (Fig. 4e). Again, for all samples, the high resolu-

tion images clearly show the internal crystal lattice structure

confirming the high crystallinity of the nanoparticles of

which these materials consist. Digital Diffraction Patterns

(DDPs) were obtained by performing Fourier transforms

on the images of such particles and examples are given as

insets in Figs. 4 and 5 and in [14]. These patterns were

successfully indexed to the Fluorite structure viewed

along either the [001] or [011] zone axis. The Miller indices

corresponding to the spots in the DDPs are indicated in the

figures.

EDS spectra were obtained from a number of regions of

each sample and the relative quantities of Gd and Ce were

extracted. EDS analysis for the TF method is given in [14].

Molar ratios of Gd to total cations (Gd þ Ce) for GDC10-CC,

GDC20-CC, GDC10-RM and GDC20-RM of 0.112, 0.208, 0.102

and 0.206, respectively, were obtained. These are close to the

values of 0.1 and 0.2 expected.
) GDC10 and (b) GDC20. Reference standards of micrometric

I) - are included. Four characteristic peaks of XANES spectra

http://dx.doi.org/10.1016/j.ijhydene.2011.12.094
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Fig. 8 e a) First and (b) second derivatives of Ce L3-edge

XANES normalized absorption spectra for micro-CeO2

(dashed line), GDC10-CC (black line), GDC10-RM (blue line)

and GDC10-TF (red line). (For interpretation of the

references to color in this figure legend, the reader is

referred to the web version of this article.)

Table 1 e Structural parameters, standard Rietveld
agreement factors and crystallite average size (DXRD) for
GDC10 and 20 obtained by cation complexation (CC),
reverse microemulsion (RM) and template-filled (TF)
methods.

Sample a/Å Rp Rwp Re c2 DXRD/nm

GDC10-CC 5.4210(6) 4.41 5.74 3.22 3.18 13.2(8)

GDC20-CC 5.4283(6) 5.01 6.31 3.33 3.59 12.9(7)

GDC10-RM 5.4193(5) 3.09 2.86 1.71 2.78 10.2(5)

GDC20-RM 5.4274(5) 5.15 4.41 2.04 4.69 10.2(5)

GDC10-TF 5.4202(6) 3.93 3.60 2.12 2.87 9.6(4)

GDC20-TF 5.4267(4) 4.61 4.06 2.35 2.98 9.9(4)
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A crystallographic study was performed by Rietveld

refinement of the SR-XRD data employing the FullProf suite of

software [17]. For the cubic phase, the Fm3m space group was

assumed, with (Gd3þ, Ce4þ) cations and O2� anions in 4a and

8c positions, respectively. The peak shape was assumed to be

a pseudo-Voigt function. The background of each profile was

fitted using a six-parameter polynomial function in (2q)n,

n¼ 0e5. The thermal parameterswere assumed to be equal. In

Fig. 6aec, SR-XRD patterns recorded at room temperature for

the nanostructured GDC10 and GDC20 samples, the Rietveld-

fitted pattern (line) and the difference plot are exhibited. The

results of Rietveld refinements of the SR-XRD data for the

nanostructured samples are summarized in Table 1. In this

table, the refinements are accompanied by reliability indices

to judge the fitting quality. These indices are weighted R (Rwp),

the reduced chi-squared (c2), and Re, which are related just to

the profile of the XRD patterns, and Rp, which is related to the
crystal structure. The reduced chi-squared is defined by (Rwp/

Re)
2, where Rwp is the index that should be analyzed to verify if

the refinement is converging and Re is the expected statistical

value for Rwp.

All GDC compositions exhibited a cubic structure (Fm3m

space group) and the lattice parameters showed a cell

expansion with increasing Gd content. In GDC solid solutions,

a unit cell expansion is expected to occur because of the

replacement of Ce4þ (0.97 Å) by Gd3þ (1.02 Å). The estimated

lattice parameters for both compositions are in good agree-

ment with JCPDS entries no. 75e0161 and no. 75e0162.

In figure Fig. 6, all SR-XRD patterns exhibited resolvable

peaks but with relatively severe line broadening. This broad-

ening was ascribable to the presence of small crystallites. The

average crystallite size, DXRD, was determined using the

Scherrer formula [18], at the peak position of the main

reflection (111). Errors in crystallite size were derived by esti-

mating the error in the FWHM (full-width at half-maximum)

to be equal to the 2q step.

All samples exhibited a small average crystallite size (Table

1). Nanostructured GDC powders obtained using the cation

complexation method exhibited larger crystallite sizes than

the other GDC samples.

In Table 2, SSA and the primary particle size, dBET, calcu-

lated from the BET data, are summarized. It can be seen that

the GDC10-FT and GDC10-RM showed the highest values of

SSA (97 m2 g�1 and 77 m2 g�1, respectively), while the lowest

values were obtained for GDC20-CC (23.4 m2 g�1). The dBET/

DXRD ratio in the GDC10-FT and GDC10-RM samples were

about 1.3 and 1.7, respectively, indicating that the crystallites

in both samples exhibited a low degree of agglomeration.

On this measure, the materials synthesized using the

citrate complexation route showed significantly more

agglomeration.

In Fig. 7, the Ce L3-edge XANES spectra of the GDC10

(Fig. 7a) and GDC20 (Fig. 7b) samples are comparedwith that of

the CeO2 reference and with cerium (III) nitrate. The Ce LIII-

edge is frequently used as a “fingerprint” to characterize the

electronic properties of ceria-based materials. However, the

electronic transitions behind these XANES features are

complex and not fully understood. In pure CeO2, the Ce LIII-

edge exhibits two clear peaks frequently labeled A and B. Peak

A is a Ce4þ peakwith the final state of 2p4f05 d1, which denotes

that an electron is excited from the Ce 2p shell to its 5d shell,

http://dx.doi.org/10.1016/j.ijhydene.2011.12.094
http://dx.doi.org/10.1016/j.ijhydene.2011.12.094


Table 2 e Specific surface area (SSA) and calculated
primary particle size (dBET) for GDC10 and 20 obtained by
cation complexation (CC), reverse microemulsion (RM)
and template-filled (TF) methods.

Sample SSA/m2 g�1 dBET/nm dBET/DXRD

GDC10-CC 29.0(5) 33.2 2.52

GDC20-CC 23.4(7) 41.2 3.20

GDC10-RM 77.2(4) 12.5 1.22

GDC20-RM 50.6(6) 19.0 1.86

GDC10-TF 97.0(5) 9.9 1.04

GDC20-TF 61.2(3) 15.7 1.58
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with no electron in the 4f shell. Peak B is also a Ce4þ 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
Fig. 9 e a) First and (b) second derivatives of Ce L3-edge

XANES normalized absorption spectra for micro-CeO2

(dashed line), GDC20-CC (black line), GDC20-RM (blue line)

and GDC20-TF (red line). (For interpretation of the

references to colour in this figure legend, the reader is

referred to the web version of this article.)
shell) to the Ce 4f shell, leaving a hole (v) in the valence band.

Some authors refer to Peak C as a Ce3þ peak [19]. An additional

small peak (D) is present at pre-edge and likely arises from

transitions to the bottom of the conduction band.

In Fig. 7 two main peaks (labeled A and B) separated by

approximately 7 eV are observed in the CeO2 spectrum. These

two features were also detected for all other samples, with an

intensity ratio close to that found in the CeO2 sample.

Although the presence of Ce3þ ions in the GDC samples

cannot be completely excluded, based on the comparison

with the reference compound, the Ce atoms appear to be

mainly in the tetravalent state. In fact, the small shoulder

corresponding to Peak C in these spectra is consistent with

the expected increase in the fraction of Ce ions in low coor-

dination environments at the surface of these high surface

area nanostructured materials, i.e. because of surface to

volume effects.

First and second derivatives of the Ce L3-edge XANES

spectra for nanostructured GDC10 and GDC20 are exhibited in

Figs. 8 and 9, respectively. According to the second derivative,

the Ce L3-absorption edges for all samples are close to

5724.5 eV.
3.2. Preliminary catalytic test for CH4 combustion

In order to obtain an indication of the catalytic activity of

nanostructured materials, several tests were performed on

the GDC10 materials, as explained in the experimental

section. The GDC10 compositions were chosen for catalytic

evaluation because they exhibited larger SSAs than the GDC20

materials. In order to allow a comparison between samples of

the same composition but different morphologies, samples of

GDC10-TF, GDC10-RM and GDC10-CC were tested, thus

providing a sample with high SSA (97 m2 g�1) and one with

a typical medium-to-low SSA (29 m2 g�1), respectively.
Fig. 10 e Catalytic results of CH4 combustion for GDC10-CC

(black circles), GDC10-RM (red circles) and GDC10-FT (blue

circles) samples at different temperatures. (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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In Fig. 10, CH4 conversion versus temperature for different

catalyst samples are plotted. The temperature at which 50% of

CH4 conversion was reached (T50) was used as an index of

catalytic activity. T50 values were estimated from the experi-

mental curves [20]. The non-catalytic sample (blank test)

exhibited the highest value of T50 (883 �C), GDC10-CC and

GDC10-RM gave values of 638 �C and 610 �C, respectively. The
tubular GDC10-TF sample exhibited the lowest value of T50

(597 �C) and, therefore, appeared to be themost active catalyst

under these conditions.Clearly, the increase inSSAseems tobe

responsible for the enhanced catalytic activity of GDC10-TF.
4. Conclusions

In the present work, we report on the preparation of

CeO2eGd2O3 mixed oxide employing three different chemical

methods. The resulting nanostructures were characterized by

employing synchrotron radiation X-ray diffraction, XANES,

SEM and HRTEM and EDS.

All nanostructured mixed oxides were found to have

a cubic crystal phase (Fm3m space group) with average crys-

tallite sizes ranging from 9.6 to 13.2 nm. Tubular nano-

structured GDC10 obtained using a template-filling method

exhibited the largest specific surface area while the lowest

values were obtained from the cation complexation method.

XANES results indicated that the Ce4þ state is in the

majority, although a small amount of the Ce3þ state was

detected.

Preliminary catalytic studies showed that tubular nano-

structured GDC10 samples exhibited an improved catalytic

activity towards CH4 oxidation compared to the GDC10

nanopowders. 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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