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J.C. Conesaa,∗, G.C. Matherb, G. Munuerac

a Instituto de Catálisis y Petroleoquı́mica, CSIC, c/Marie Curie, Campus Cantoblanco, 28049 Madrid, Spain
b Instituto de Cerámica y Vidrio, CSIC, Camino de Valdelatas s/n, Campus de Cantoblanco, 28049 Madrid, Spain

c Departamento de Quı́mica Inorgánica, Universidad de Sevilla, 41092 Sevilla, Spain

Accepted 4 February 2005
Available online 26 April 2005

Abstract

Highly homogeneous (Ce,Tb) oxides are prepared by a microemulsion technique, and their structural and electronic state after high
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emperature calcination is examined with X-ray diffraction, high resolution transmission electron microscopy, X-ray photoelec
bsorption (XANES) spectroscopies and impedance spectroscopy measurements. Addition of Tb stabilizes significantly (in com
ure ceria) specific surface area and small particles sizes during high temperature calcination (up to 1100◦C); phase decomposition at the
igh temperatures, similar to that occurring when stabilization of ceria is carried out with Zr, does not occur, and the mixed oxid
omogeneous throughout. Tb addition to ceria may thus be beneficial when used as a component of SOFC anodes. TEM d
eshaping of oxide particles and provide evidence of crystal superstructures after high temperature treatments, while XPS and XA
n increase in the Tb4+/Tb3+ ratio (for a given pretreatment) with the Tb/Ce ratio; Ce seems to be less reducible to Ce3+ in the presence o
b. Total electrical conductivity of CT samples under H2 is mediated by electron transport (involving probably only Ce) and is lower

n gadolinia-doped ceria (GCO); in air conductivity is higher than for GCO, particularly at low temperatures, and it is probable tha
ransport mechanism predominates in this case.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The use of ceria in Solid Oxide Fuel Cell (SOFC) anodes
as received attention in recent years, particularly after the
ork by Park et al.[1], which shows its beneficial effect when

he anode is fed directly with dry hydrocarbon as fuel; this
s thought to be related to the known good characteristics
f ceria as catalyst for the total oxidation of hydrocarbons.

n these conditions of direct dry hydrocarbon feed, there is
he problem that the Ni metal component used as electrical
onductor in the anode composite promotes the formation of

∗ Corresponding author. Tel.: +34 91 5854766; fax: +34 91 5854760.
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carbon, which decreases the anode efficiency by blockin
pores. This has led some authors to propose the use
anodes of copper, which is much less prone than nick
promote carbon formation[2]. Copper has, however, the d
advantage of a lower melting point which leads to its gra
particle growth during cell operation, this being ultimat
detrimental to the necessary electrical conduction. For
reason, Kim et al.[3] have proposed using a Ni–Cu allo
this not only retards the metal particle growth but also g
rise to the formation of a small amount of carbon tha
adequately controlled, does not block pores and contrib
to the required electronic conductivity; the amount of m
can, thus, also be lowered, allowing better control of par
size. This approach may require, however, a delicate co
of material properties and process parameters to ensur
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the amount and characteristics of the formed carbon remain
stable within the desired limits. Tuning of the properties of
the ceria component will be important also in this respect. It
may be mentioned here that other approaches to avoid car-
bon formation have been proposed, as e.g. using redox-active
perovskites[4,5] or Pt as conducting metal[6]. Those other
kinds of approaches are not addressed in this work.

One of the issues here is related to the stability of the anode
materials. In this respect, it is important to keep an adequate
surface area in the oxide component of the anode composite,
in order to enhance its catalytic properties. The hydrocarbon
oxidation catalyst, ceria, has the disadvantage of being less
refractory than the zirconia-based materials typically used in
SOFC anodes, and can therefore undergo heavier sintering
and loss of surface area during cell manufacture and opera-
tion. One way to counteract this could be to add an element
to ceria such as Zr, which has proven very useful in this re-
spect in stabilizing ceria in automobile exhaust gas catalytic
converters[7]; however, Zr–Ce mixed oxides are known to
decompose in phases of mainly ceria and mainly zirconia
composition when treated at temperatures above 1000◦C,
which may lead to mechanical instabilities so that their use
in SOFC, which may easily reach such temperatures during
their manufacture, would not be recommended.

In the present work, the alternative is explored of using Tb
instead of Zr as stabilizing additive to ceria. Tb4+ has ionic
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(surface chemical properties will be the subject of a sepa-
rate study), exploring pretreatment temperatures not reached
in our previous work and characterizing the materials with
several techniques to understand the extent and nature of the
mixing and relative interactions between both Ce and Tb com-
ponents.

2. Experimental

The mixed oxides were prepared through a micro-
emulsion-based method, described elsewhere[9,10]. Briefly,
an inverse microemulsion, containing a solution of appro-
priate amounts of the metal nitrates as aqueous phase in its
small surfactant-stabilized droplets, was mixed with another
similar microemulsion in which the aqueous component was
a tetramethylammonium hydroxide solution. Upon mixing,
oxides precipitated inside the aqueous droplets, and after stir-
ring the solid formed was separated, rinsed and calcined in
air, initially at 500◦C. Samples with nominal Ce:Tb atomic
ratios equal to 4 and 1 were thus made, labeled hereafter
as CT4 and CT1, respectively (actual Ce:Tb ratios obtained
were 3.93 and 1.10 according to chemical ICP-AES analy-
sis). For comparative purposes, pure Ce and Tb oxides were
prepared by a similar method, and are labeled C and T, respec-
tively. Subsequent calcinations were carried out as needed at
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adius smaller than that of Ce4+ (so that a stabilization of
mall ceria particle size is expected, and indeed, it has
erified for temperatures below 900◦C [8]), but larger tha
hat of Zr4+, so that incompatibilities with the ceria latti
ill be lower (indeed TbO2 has a cubic fluorite structur
nd one may thus expect that such a decomposition wi

ake place.
In addition, Tb easily presents a mixture of valence s

Tb4+ and Tb3+). This may be beneficial for anode ope
ion in two respects. First, this might provide a path, ba
n electron transfer between both states, for better ele

ransport, particularly at the microscopic level, between
xide and the metal (or carbon) conductor in the anode
osite. This may facilitate the overall electrochemical pro
nd make it perhaps less critically dependent on the stru
f the carbon conductor component when this latter is
ired as in the case mentioned above. Such electron tra
y the oxide component is present as well when perovs
re used, as in the mentioned Refs.[4,5]. Additionally, the
resence of a second redox couple in the oxide (Tb4+/Tb3+

esides Ce4+/Ce3+) may provide additional pathways for r
ox reactions at the anode surface, facilitating its cata
ction for hydrocarbon oxidation. Finally, the terbium ion

he reduced state Tb3+, has an ionic radius close to that
d3+, and thus, one may expect that it could contribute to

onic conductivity of the oxide, and be beneficial also for
node operation in this respect.

Within this perspective, the present work focuses on
tructure and redox state of mixed oxides of Ce and Tb,
idering mainly the macroscopic behaviour of the mat
t

igher temperaturesTc of 900 and 1100◦C (and 1500◦C in
ome sintering treatments necessary for electrical cond
ty measurements). Where appropriate, the calcination
erature values are indicated appended to the compo

abels. The prepared materials were characterized with
ral techniques. BET specific area measurements (SBET) were
arried out with a Micromeritics ASAP 2010 system. X-
iffraction (XRD) was conducted with a Seifert XRD 30
iffractometer using Ni-filtered Cu K� radiation and opera

ng at 40 kV and 40 mA.
Transmission electron microscopy (TEM) data of low te

erature calcined samples were obtained in a JEOL 200
icroscope with 0.21 nm point to point resolution, equip
ith a top entry specimen holder; the experimental mi
raphs were digitized using a COHU-4910 CCD camera
ay energy dispersive spectroscopy (XEDS) analyses
arried out using a JEOL 2000 FX system equipped w
INK (AN 10000) probe; sample spot for XEDS analysi
bout 100 nm. TEM data of sintered samples were acq
ith a field electron gun Philips CM200 microscope, w
.24 nm point to point resolution, equipped with a XE
DAX DX4 detector; sampling spot size is in this latter c
bout 20 nm.

X-ray photoelectron spectra (XPS) were recorded
Leybold–Heraeus spectrometer equipped with an EA

emispherical electron multichannel analyzer (from Sp
nd a 120 W, 30 mA Al K� X-ray source. Depth profiles

he near-surface regions could be obtained through sp
ng with Ar+ ions using a current of 6 mA and an accelera
oltage of 3.5 kV (ion current, 8�A). The sample (0.2 g) wa
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slightly pressed into a small (4 mm× 4 mm) pellet and then
mounted on a sample rod and introduced into the pretreat-
ment chamber where it was outgassed at 473 K for 2–3 h, until
a pressure of less than 2× 10−8 Torr was achieved; thermal
treatments under H2 or O2, followed by outgassing, were car-
ried out in the same pretreatment chamber as required. The
spectrum intensities were estimated by calculating the inte-
gral of each peak after subtraction of an S-shaped Shirley-
type background with the help of UNIFIT for Windows (Ver-
sion 3.2) software[11]; atomic ratios were then derived using
the appropriate experimental sensitivity factors. All binding
energies (BE) were referenced to the adventitious C1s line
at 284.6 eV. This reference gave BE values with an accuracy
of ±0.1 eV; the peaku′′′ characteristic of Ce4+ was thus ob-
tained at 917.0± 0.1 eV. In the case of the Tb(3d) spectra,
factor analysis (also known as principal component analysis)
was used to calculate the Tb3+/Tb4+ ratios in each set of spec-
tra recorded, using the methodology developed in a previous
work [12].

X-ray absorption near edge spectroscopy (XANES) was
carried out in transmission mode in station 9.3 at the SRS
synchrotron in the Daresbury Laboratory (Warrington, UK),
using a Pd-coated plane mirror and a Si(2 2 0) double crystal
monochromator with 50% harmonic rejection detune. Two
ionization chambers filled with N2/O2 and self-supported
sample pellets with an absorbance below 1.5 were used in
t
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Fig. 1. XRD profiles of the studied samples. The arrow in the amplified
range of CT4-1100 sample marks a peak possibly corresponding to a lattice
superstructure.

thep(O2) to rise through the slow leakage of oxygen into the
furnace. Thep(O2) was monitored with an yttria-stabilized
ZrO2 (zirconia) sensor placed adjacent to the sample and at-
tached with Pt electrodes to an external voltmeter. Analysis of
spectra was conducted with the ISA program[14] and fitted
with the EQUIVCRT program[15].

3. Results and discussion

3.1. Structural analysis

The initial samples (calcined at 500◦C) present highSBET
area (Table 1). Their XRD profiles (Fig. 1) correspond to
the fluorite lattice, with unit cell parameters varying with
Tb content (Table 1), and show broadened lines indicating
small particle sizes below 10 nm. These small particle sizes
are confirmed by TEM measurements; the obtained micro-
graphs (Fig. 2) clearly reveal fluorite structure fringes, in
agreement with the diffraction patterns (see inset in the fig-
ure), while XEDS shows throughout a homogeneous distri-
bution of Ce:Tb ratios.

After calcination at 900 or 1100◦C, a substantial improve-
ment in crystallinity is observed, as expected (see diffrac-
tograms inFig. 1), with corresponding increase in crystallite
size and decrease in specific surface area (Table 1). It is worth
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he measurements.
Impedance spectroscopy (IS) measurements were c

ut on samples sintered at 1500◦C for 12 h in order to min
mise grain-boundary contributions in the determinatio
he total conductivity. X-ray diffraction of the sintered p
ets confirmed the presence of single phase fluorite-type
erial at XRD resolution, as observed for the lower temp
ure treatments. For conductivity measurements, the sin
ellets were coated with Pt paste (SPI Supplies) and
t 700◦C for 1 h to remove the organic content. Impeda
pectroscopy was performed with an Agilent 4294A ins
ent in the range 40≤ f ≤ 5× 106 Hz, computer controlle
ith the Sweep software[13]. Data were collected in th

emperature range 400–800◦C in air and under a flow of
2:N2 mixture bubbled through water and fed to the ch
er at a rate of 50 ml min−1. Measurements were taken
ooling in steps of 50◦C allowing at least 50 min for the
al equilibrium to be established. On changing atmosp
ata were collected after a period of at least 12 h or
teady-state had been reached. Data were also obtaine
unction ofp(O2) by first equilibrating the furnace in redu
ng atmosphere, then switching off the gas flow and allow

able 1
pecific area (SBET) and fluorite cell parameter (XRD) of the ceria and

Sample

C-500 CT4-500 CT1-500 C-9

BET (m2 g−1) 115 146 111 2
(Å) 5.412 5.412 5.391 5.410
erbia samples

CT4-900 CT1-900 C-1100 CT4-1100 CT1-

20 8 <0.5 8 4
5.396 5.365 5.405 5.392 5.374
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Fig. 2. Representative TEM micrograph of sample CT4 (calcined at 500◦C). The digital diffraction pattern shown corresponds to the indicated particle and is
typical of fluorite structure.

remarking here that a demixing of the mixed oxide in two
phases with different cation ratios and cell parameters, as oc-
curs for (Ce,Zr)O2 upon high temperature treatment[16], has
not been observed in the present study. The decrease in SBET
is lower for the Tb-containing samples, but this sintering re-
tardation effect is larger in sample CT4 than in sample CT1.
This indicates that already from the structural point of view
Tb may be beneficial to obtain a ceria phase with high surface
area as required in SOFC anodes (provided sufficient devel-
opment of inter-grain connectivity for electrical and chemical
transport occurs). This is probably due to the smaller radius
of the Tb ion compared to Ce (for both 3+ and 4+ Tb redox
states). The data also show that the surface area does not in-
crease monotonously with Tb content; instead, it seems that
there is an optimum Tb:Ce ratio, the value of which remains
to be established. The reason for this non-monotonous be-
havior is not clear, but some indication is provided by TEM
data as shown below.

On the other hand, a decrease in cell parameter with in-
creasing Tb fraction, which was also observable in the ma-
terials calcined at 500◦C, appears more markedly for the
samples calcined at higher temperatures. Tb3+ has an ionic
radius similar to that of Ce4+ (the fluorite-related structure
of cubic Tb2O3 has a cell parameter just 0.85% smaller than
that of CeO2 [17]), whereas that of Tb4+ is much lower (TbO2
has unit cell constanta = 5.213Å [18], 3.7% lower). Hence,
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from thermodynamics, according to which higher tempera-
tures would cause, if anything, a decrease in both the oxygen
content and this ratio. The probable reason must, therefore,
be kinetic in nature, i.e. the high temperature favours a faster
ion diffusion and equilibration of the samples with air (which
initially have substantial amounts of Tb3+, probably due to
the adopted precipitation method).

TEM micrographs of the mixed oxide samples calcined
at 900 and 1100◦C (Fig. 3) show an increase in crystallite
size withTc as observed by XRD. A particularly evident dif-
ference between CT1 and CT4 samples is that the former
present a much more agglomerated microstructure, which
explains their lowerSBET (the difference in crystallite sizes
between both specimens for eachTc is, according to the mi-
crographs, much less marked). It seems, thus, that at high
temperatures CT1 has a significantly higher overall ion mo-
bility than CT4, which facilitates coalescence. This might be
due to a higher lattice strain[8], associated with the ionic
radius mismatch and/or to a higher concentration of anion
vacancies; its destabilizing effect on the crystalline lattice
could overcome the effect of the Madelung energy increase
arising from the smaller cation radius. Greater sintering of
particles may increase conductivity and interparticle transfer
of chemical species, an advantage which might compensate
to some extent the negative effect of the lower surface area
on anode operation.

sion-
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w nd-
he significantly lower cell constant of Tb-containing pha
ith respect to CeO2 is interpreted as due to the prese
f Tb4+ (an effect of small crystallite size on cell const
ould be plausible only for much smaller particles). The

her decrease (within each Tb concentration) observed
igh temperature calcination implies an increase of the

(Tb4+) = Tb4+/(Tb3+ + Tb4+), although increasingTc from
00 to 1100◦C does not always cause this effect. This ove
ariation is contrary to what one would expect in such ox
For the less agglomerated CT specimens, TEM occa
lly shows double periodicities in the micrographs: the di
iffraction patterns show dots corresponding to spacing
.2 and 4.3–4.4̊A that do not appear for the fluorite stru

ure (Fig. 4A). Simulations indicate that these features m
ppear for a superstructure with doubled cell constan
ubic space group Ia-3 (or its I213 subgroup), i.e. consiste
ith the bixbyite structure of the sesquioxides of lanthan
ith Z ≥ 62. In the XRD patterns, reflections correspo
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Fig. 3. Electron micrographs of mixed oxide samples calcined at high temperature: (A) CT4-900, (B) CT4-1100, (C) CT1-900, (D) CT1-1100.

ing to such a superstructure were not observed, except for a
faint feature at 35.1◦ discerned for specimen CT4-1100 (see
Fig. 2). This could correspond to the (4 1 1) reflection in a
doubled cell belonging to one of these space groups. This su-
perstructure results through anion vacancy ordering, and has
been detected with XRD even in pure ceria when reduced
at temperatures too low to allow the formation of the stable
hexagonal Ce2O3 phase[19]. The extra diffraction spots and
superlattice fringes were shown by TEM for both CT4 and
CT1 samples sintered at 900–1000◦C, but the XRD patterns
only revealed superstructure features for CT4-1100, suggest-
ing a less extensive ordering in the other samples. There is
no clear explanation yet for the fact that supercell formation
was not observed by XRD for the CT1 materials, in spite of
the fact that the higher amount of Tb is expected to increase
the concentration of vacancies.

It may also be indicated here that the crystallite shapes
observed in the materials calcined at 900–1100◦C were ap-
preciably different from those usually seen in previous works
for ceria or ceria–zirconia specimens[20], also calcined at
high temperatures. In those cases, cuboctahedral shapes were
clearly dominant (see as an exampleFig. 4B), while here near-
rectangular profiles were also frequent, indicating a higher

occurrence of (1 0 0)-plane terminations. It is known that of
CeO2 the most stable exposed surfaces are (1 1 1) and (1 1 0)
[21], while the (1 0 0) surface needs a substantial number of
anion vacancies to be stabilized. It may be that the number of
vacancies present, at least at the surface, during the high tem-
perature treatment in the Tb-containing samples may allow
such (1 0 0) surfaces to stabilize leading to the observed parti-
cle shapes, which would remain unchanged when quenching
the specimens to room temperature. This should be taken into
account when analyzing the surface reactivity of these mate-
rials, which may become modified to some extent if the crys-
tal plane which is preferentially exposed changes. In this re-
spect, it is worth mentioning that for ceria-type oxides treated
at high temperatures, a change in surface reactivity was ob-
served, which, for a given outgassing treatment, generated a
greater concentration of anion vacancies on the surface than
found for specimens treated at lower temperatures[22].

3.2. Spectroscopic data

The redox state of the cations in the specimens was exam-
ined with XANES spectroscopy. Data obtained at the Ce LIII
absorption edge (not shown) indicated a dominant Ce4+ state
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Fig. 4. High resolution micrographs of high-temperature treated materials. (A) sample CT4-1100. The central crystallite shows additional periodicity features
in respect to the fluorite lattice fringes, also indicated by the new spots in the digital diffraction pattern shown in the inset. (B) Typical crystallite of a CeZrO4

material prepared by the same method and calcined at 1000◦C (from Ref. [20]), shown for comparison.

in all mixed oxide samples. On the other hand, the spectra at
the TbIII edge (Fig. 5) varied significantly with composition
andTc. As in the better known case of Ce, the terbium LIII
XANES spectrum shows one main peak just at the edge (a
“white line”) when in the Tb3+ state (as observed in other
typically trivalent lanthanide oxides), while in the Tb4+ state
a splitting appears which is normally ascribed to the presence
of mixed configuration effects in the ground state leading to
two main excitation channels (with and without transfer of
one electron from the oxygen ligands to the 4f levels) in the
2p→ 5d transition responsible for this line[23]. In a system
containing both Tb4+ and Tb3+, the intensity ratio between
the two peaks is a measure of the proportion of both states, and
although the calibration data necessary for obtaining absolute
f(Tb4+) values are lacking here, it is possible to conclude from
the spectra that this fraction appears to be minimum in CT4

calcined at 500◦C and maximum for pure TbOx calcined at
the higher temperatures, i.e. the Tb4+ content increases with
Tc and with the Tb/Ce ratio, as was deduced from the XRD
data.

XPS measurements can provide information on the con-
centration and degree of oxidation of the cations in the surface
regions of these materials (photoelectrons escape depths are
ca. 6 and 11̊A for Tb and Ce, respectively, and consequently
the total depths actually probed are correspondingly ca. 20
and 35Å). Such data could be measured for some of these
samples (seeFig. 6). The surface Tb/Ce ratios were measured
to be 0.45 and 0.18 for CT1 and CT4, respectively; these val-
ues are very close to the bulk composition and do not change
appreciably after Ar+ sputtering, indicating a high degree
of homogeneity of the materials, without significant surface
enrichment in either element. For TbOx, the Tb 3d spectra
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Fig. 5. XANES spectra in the Tb LIII edge for the different Tb-containing samples.

(Fig. 6b) show that the Tb4+ state manifests itself through
satellites with binding energy ca. 10 eV higher than those of
the main peaks (withEB = 1241.3 eV for the 3d5/2 compo-
nent of the doublet); rigorous examination revealed that the
position and shape of the main peaks of both redox states
in these oxides are practically indistinguishable, contrary to
earlier reports[24]. The proportion of +3 and +4 states can,
therefore, be obtained through Principal Component Analy-
sis (PCA) provided that the spectrum of Tb4+ can be isolated
[25]. Assuming that the spectrum of TbOx oxidized at 500◦C
(in Fig. 6b) corresponds mainly to Tb4+ (which is supported
by the fact that the O/Tb surface atomic ratio measured by

F ined.
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XPS in this case is O/Tb≈ 2.2), a tentative analysis indicates
that for the samples CT1 (Fig. 6a) and CT4 (rather similar in
appearance, not shown) calcined at 500◦C, pretreated in the
spectrometer in vacuo at 200◦C to clean the surface, the outer
regions havef(Tb4+) values of 0.60 and 0.35, respectively. It
is noteworthy that in these experiments the Ce 3d spectra (not
shown) revealed the almost exclusive presence of Ce4+, while
pure ceria treated in similar conditions exhibits significantly
higher amounts of Ce3+; this indicates that upon moderate
reduction of these materials, the excess electrons are located
on Tb in preference to Ce. This is not surprising since Tb
oxide is known to adopt the trivalent state much more easily
than Ce (indeed fully oxidised stoichiometric TbO2 is notori-
ously difficult to prepare[26], and commercial oxides of Tb
normally have a stoichiometry close to TbO1.7). The results
also confirm the general trend observed above with XANES
for the bulk of the oxide, but now at the surface level, in the
sense that, for any given pretreatment, the average oxidation
state of Tb in these oxides increases with Tb/Ce ratio.

3.3. Electrical properties

Some preliminary electrical conductivity data were ob-
tained for the mixed oxide specimens and are reported here.
The attention at this stage was focused on the macroscopic
e viour
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ig. 6. XP spectra, in the Tb 3d range, for some of the samples exam
ower part: spectra for pure TbOx oxidized (in O2) and reduced (in H2)
t 500◦C within the spectrometer pretreatment chamber. Upper par
erimental spectrum for the CT1 sample (small circles) compared wi
um of Tb3+ (40%) and Tb4+ (60%) contributions (full line) resulting from
rincipal Component Analysis.
lectrical properties of the oxides to assess the beha
f the materials for the current-carrying role of the ano
he influence of other anode characteristics, which may

ribute to a desirable low polarisation resistance, suc
suitably large surface area and most effective com

ion for efficient electrocatalytic oxidation of the fuel, we
ot addressed in this work. In order to minimise the gr
oundary contribution to the impedance, measurements
erformed on pellets sintered at 1500◦C in air. The total con
uctivities as a function of temperature obtained for CT1
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Fig. 7. Total conductivity data of CT samples (sintered in air at 1500◦C)
obtained in air and reducing conditions. The data for Ce0.9Gd0.1O2−δ are
taken from Refs. [27,28].

CT4 both in air and under humidified H2:N2 mixtures are
presented inFig. 7. Also shown are data for standard GCO
(10% Gd)[27,28], which correspond to the total conductivity
in air and the electronic contribution to the total conductivity
in hydrogen. In reducing atmosphere, the total conductivity
of CT1 is ca. one order of magnitude lower than the electronic
(n-type) component of the conductivity of GCO; that for CT4
was higher (in slightly less reducing conditions) although still
lower than that of GCO. All three compositions (in reduc-
ing atmosphere) display a practically identical slope in the
Arrhenius plots, with apparent activation energy of 1.08 eV.
For CT1, the dependence of the conductivity on oxygen par-
tial pressurep(O2) was determined at 650◦C (Fig. 8), and
revealed ap(O2)−1/4 relationship forp(O2) < 10−21 atm., in
accordance with a−1/4 power law characteristic of n-type
conductivity. Hence, to a first approximation, the increase in
conductivity with increasingly reducing atmosphere (below
p(O2) < 10−21 atm) may be assumed to arise mainly from re-
duction of the sample to form mobile electrons whereas the
oxide-ion vacancies with much lower mobility, which are
concomitantly formed on reduction, may be considered to
have an insignificant contribution to the enhanced conductiv-
ity. We note, however, that the resolution of the conductivity

into the different charge-carrier contributions has not been
fully conducted at this stage.

The fact that the activation energy in these CT samples un-
der reducing conditions is, within experimental uncertainty,
the same as in GCO, strongly suggests that the conduction
mechanism is also the same, i.e. that electron (small polaron)
hopping takes place between Ce3+ and Ce4+ species and that
Tb ions contribute to a much lower extent. This can be un-
derstood considering the previous discussion of the greater
reducibility of Tb in comparison to Ce: it is likely that in these
highly reducing conditions the great majority of Tb ions ex-
ist as Tb3+, decreasing the availability of sites for electron
hopping between Tb ions, while on the other hand jumps
from Tb3+ to Ce4+ will be unfavourable due to the clearly
higher stability of the Tb reduced state in comparison to that
of Ce. Thus, Tb would not contribute substantially to electron
transport across the solid in these conditions. Additionally,
the lower absolute conductivity in the Ce–Tb oxides with re-
spect to GCO (electronic component) is probably also due to
a smaller concentration of Ce3+, which tends to be lower in
the presence of Tb as discussed earlier.

It is apparent that Tb inclusion does not enhance the con-
ductivity on the macroscopic level in reducing conditions and
one could infer that the CT materials would not, therefore,
be suitable for the current-carrying function of the anode.
However, when accompanied by a suitably conductive ox-
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Fig. 8. Plot of total conductivity vs. logp(O2) for CT1 sample at 650◦C.
de or metallic phase in the anode, the properties of the
aterials may be of interest for the following reasons.
resent conductivity data provide no information on the
aviour of the surface regions where electrocatalytic ox

ion takes place, in a porous anode. Although the fue
o the anode in real SOFC operation (be it H2, CO, natura
as or other hydrocarbon) is a strong reductant, the ano
lso subjected to localised oxidising phenomena, espe
t the anode/electrolyte interface, and is not therefore at

ibrium with the gas atmosphere over the entire anode
ace. In the stationary state at least, some regions m
ignificantly more oxidised than when just in contact w
2. Hence, at the local level, there might be a signific
mount of Tb4+ which could participate in electrocataly
ctivity through Tb3+/Tb4+ redox couples, in addition to th
rovided by Ce3+/Ce4+ couples, and which might result
more effective oxidation than that achieved with stan

adolinium-doped ceria.
In fact, the conductivity of the CT1 sample in air is s

ificantly higher than that of GCO (Fig. 7) in the low tem-
erature range with a smaller activation energy (0.52 eV
omparison to GCO[28]. This implies that the conductio
echanism is not the same as in reducing conditions (s

he same dependence onp(O2) found under reducing cond
ions cannot be extrapolated to the situation under air).
ighly likely that in the oxidising conditions Tb ions inste
ediate the electron jump (i.e. between Tb4+ and Tb3+) in
ccordance with a p-type transport. The effective redox
itions affecting the material in the dynamic conditions
eal cell operation are difficult to determine and will n
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more extensive studies. Nevertheless, the data suggest that
Tb doping could be a relevant parameter for SOFC anode
operation, at least at a local level, in the regions closest to the
electrolyte, especially in the lower temperature range. Further
experiments to clarify this aspect are in progress.

4. Conclusions

The preparation via a microemulsion method of mixed Ce,
Tb oxides leads to materials which maintain their high com-
positional homogeneity after air-calcination temperatures up
to 1100◦C (in contrast to Ce, Zr mixed oxides). In addition,
the retention of a moderately high surface area is significantly
better with respect to pure ceria in the same conditions, espe-
cially for moderate amounts of Tb. Thus, from this point of
view, inclusion of Tb in ceria may be a positive factor when
the latter is used in SOFCs as anode electrocatalytic mate-
rial. For high Tb content, crystallite sizes remain relatively
small, but important agglomeration occurs that significantly
decreases the exposed surface area.

High temperature calcination leads not only to an increase
in the size of crystallites but also to some structural rear-
rangements which induce changes in the crystallite shape;
this might be due to a different relative stability of different
exposed crystal planes under the calcination conditions. HR-
T ation
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t
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spectra, and to Mr. A. Macı́as for assistance in recording the
XPS data.
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