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Bulk transport and oxygen surface exchange of the
mixed ionic–electronic conductor Ce1�xTbxO2�d

(x ¼ 0.1, 0.2, 0.5)†

Maŕıa Balaguer,a Chung-Yul Yoo,b Henny J. M. Bouwmeesterb and Jose M. Serra*a

Bulk ionic and electronic transport properties and the rate of oxygen surface exchange of Tb-doped ceria

have been evaluated as a function of Tb concentration, aiming to assess the potential use of the materials

as high-temperature oxygen-transport membranes and oxygen reduction catalysts. The materials were

synthesized by the co-precipitation method. Cobalt oxide (2 mol%) was added in order to improve

sinterability and conductivity. The materials were studied by means of X-ray diffraction (XRD), temperature-

programmed desorption (TPD), thermogravimetry (TG), DC-conductivity and UV-vis spectrophotometry. The

results indicate that the extent of mixed ionic–electronic conductivity is a function of temperature and can

be tuned by modifying the Tb- (and Co-doping) concentration. Low Tb-content materials (x ¼ 0.1 and 0.2)

are predominant ionic conductors, but the materials with 50 mol% Tb show both p-type electronic and

ionic conductivity. The enhanced electronic conduction in Ce0.5Tb0.5O2�d is associated with narrowing of

the band gap upon doping ceria with Tb. In addition, the surface chemistry of the samples was

investigated by means of X-ray photoelectron spectroscopy (XPS) and pulse isotopic exchange (PIE). The

surface exchange rate is found to increase on increasing the level of Tb doping. The highest surface

exchange rates in this study are found for materials doped with 50 mol% Tb.
Introduction

Oxygen separation technologies based on ion transport
membranes enable thermal integration and energy savings in
oxyfuel power plants and other energy-intensive processes.1,2

Membranes based on mixed ionic electronic conductor (MIEC)
materials enable in situ separation of oxygen.3,4 Commonly used
MIECmembrane materials include thermally stable perovskites
e.g. Ba1�xSrxCo0.8Fe0.2O3�d (BSCF) and La1�xSrxCo0.8Fe0.2O3�d

(LSCF).5 High oxygen uxes up to 9.5 ml cm�2 min�1 at 1223 K
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can be achieved using BSCF hollow bres and asymmetric
membranes.6–8 Using LSCF hollow bres, a ux of 3.2 ml cm�2

min�1 (LSCF) has been reported at 1173 K.9 In both cases argon
was used as sweep gas. However, the listed materials are limited
by poor chemical stability under the large oxygen concentration
gradient encountered during membrane operation, with one
side of the membrane exposed to pressurized air and the other
side to a reducing or CO2-containing atmosphere.10–12 Even at a
concentration of 300 ppm, the presence of CO2 is a major issue
for, e.g., BSCF due to the carbonation reaction associated with
the presence of earth alkali metals in the perovskite structure.13

Alternatively, lanthanide-substituted ceria materials combine
rather high oxygen-ion conductivities, redox catalytic properties
and chemical compatibility with water and CO2 at high temper-
atures. In addition, they show n-type electronic conductivity due
to partial reduction of ceria ions, from the tetravalent to the
trivalent state, at high temperatures under reducing conditions
(pO2 < 10�10 atm). Electron transport is facilitated by hopping
between cerium sites via a small polaron process. Doping ceria
with multivalent cations allows extension of the mixed ionic–
electronic conduction to higher oxygen partial pressures (10�5 to
10�1 atm), which enables its application as an oxygen permeable
membrane.14 Praseodymium and terbium are suitable dopants.
Their doping into ceria has been previously studied by Fagg
et al.,15 Chatzichristodoulou et al.16 and Balaguer et al.17 Ceria-
based membranes offer competitive oxygen permeation uxes at
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3ta11610g
http://pubs.rsc.org/en/journals/journal/TA
http://pubs.rsc.org/en/journals/journal/TA?issueid=TA001035


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
0 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

T
w

en
te

 o
n 

28
/1

1/
20

13
 1

2:
59

:2
1.

 
View Article Online
temperatures below 1123 K when compared with perovskite-
based membranes.18,19

Basic requirements for oxygen permeation are fast kinetics
for bulk oxygen transport, e.g., via oxygen defect sites, and
electron and/or electron–hole transport, as well as fast surface
oxygen exchange kinetics, involving dissociation of molecular
O2, its reduction to oxygen adatoms, and successive incorpo-
ration into the oxide lattice as O2� anions. Bulk oxygen trans-
port and oxygen surface exchange are characterized by two
kinetic parameters, i.e., diffusion coefficient D (cm2 s�1) and
surface exchange coefficient k (cm s�1). Different techniques
have been developed in order to determine these parameters.
Commonly used techniques include isotopic exchange depth
proling using, e.g., secondary ion mass spectrometry (SIMS)
and electrical conductivity relaxation (ECR).20–22,49 Pulse isotopic
exchange (PIE)23 and isothermal oxygen isotope equilibration24

techniques allow working in a surface exchange-dominated
regime provided that powders are employed with a particle size
smaller than the so-called characteristic thickness (Lc ¼ D/k).25

In this work, different compositions of Ce1�xTbxO2�d (x ¼
0.1, 0.2, 0.5), either undoped or cobalt-doped, have been
prepared and characterized to assess its applicability as an
oxygen separation membrane. Several bulk-related properties
were investigated to gain insight into the transport properties of
terbium-doped ceria. These were investigated by means of X-ray
diffraction (XRD), temperature-programmed desorption (TPD),
thermogravimetry (TG), DC-conductivity and UV-vis spectro-
photometry. The surface chemistry of the samples was studied
by X-ray photoelectron spectroscopy (XPS). Pulse isotopic
exchange (PIE) experiments were conducted to measure the rate
of oxygen surface exchange.
Experimental methods

Terbium-doped ceria compounds were prepared by the co-
precipitation method. A clear solution of commercial lantha-
nide nitrates in the appropriate cation ratio was prepared with
distilled water at 323 K. A (NH4)2CO3 solution was dropped into
the previous solution to achieve precipitation and the nal
NO3

�/CO3
2� molar ratio was 0.75. The resulting precursor

powders were dried at 373 K aer ltration and rinsing with
water. The cobalt addition (when required) was done over the
dried precursor powder by incipient wetness impregnation.
Co(NO3)2$6H2O was dissolved in distilled water, and then the
powder was impregnated until incipient wetness using this
solution. Finally, each powder was calcined for 5 h in air at
1073 K to decompose the residual nitrates and carbonates, and
to favour the formation of the uorite phase. In this study,
Ce1�xTbxO2�d samples are referred to as CTx and CTxCo, for Co-
free and Co-containing samples, respectively.

To identify the crystalline phase and the lattice parameters of
the samples, the powders were characterized by X-ray diffrac-
tion (XRD). The measurements were carried out on a PAN-
alytical CubiX fast diffractometer, using CuKa1 radiation (l ¼
1.5406 Å) and an X'Celerator detector in Bragg–Brentano
geometry. XRD patterns were recorded in the 2q range from 10�

to 90� and analysed using X'Pert Highscore Plus soware. The
This journal is ª The Royal Society of Chemistry 2013
lattice parameter (a) was extracted by tting the reection peaks
with a Gaussian function and solving the equation for a cubic
system.26

The oxygen non-stoichiometry was calculated from the data
of thermogravimetric (TG) measurements, which were per-
formed on a Mettler-Toledo StarE balance under dry air and N2

ow in the range of 300–1273 K, following a heating ramp of 5 K
min�1. The calculations were done by taking into account that
the mass loss corresponds to oxygen release (aer a drying
step). To obtain the nal non-stoichiometry, the total O2 mol
per mol of uorite has been added to the oxygen of the totally
reduced uorite in N2, following the equation:

2� d ¼ nO2

nfluorite
þ
�
2� x

2

�

Temperature-programmed desorption (TPD) measurements
were performed in order to monitor the oxygen release with
change in temperature. The sample powder (100mg) was placed
in a quartz reactor, and heated in air up to 1273 K and cooled
down in the same atmosphere. Next the sample was heated at
10 K min�1 up to 1273 K in Ar, and the oxygen release was
monitored by following the m/z ¼ 32 and 16 amu with a mass
spectrometer Omnistar (Balzers).

UV-vis spectra of the compounds were recorded on a Varian
5000 UV-Vis-NIR spectrophotometer in the range of 200–800 nm
using BaSO4 as a reference material and with a lamp change at
350 nm.

Rectangular probes (4 � 0.4 � 0.2 cm3) of the powders red
at 1073 K were uniaxially pressed at 125 MPa for 1 min and
subsequently sintered for 5 h at 1573 K in air. Electrical
conductivity measurements were conducted with a standard
four-point DC technique on the sintered rectangular bars using
silver wire and paste for electrical contact. The measurements
were carried out in the temperature range from 673 to 1073 K by
cooling down (1 K min�1) in different O2-containing atmo-
spheres (Linde calibrated gas mixtures). The corresponding
oxygen partial pressures were measured using a home-made
YSZ oxygen sensor. The constant current was supplied by a
programmable current source (Keithley 2601) and the voltage
drop across the sample was measured by a multimeter (Keithley
3706). Prior to measurements, the samples were equilibrated
for 2 h at the highest temperature (1073 K). Experimental data
were analysed on the basis of Arrhenius behaviour s(T) ¼ (A/T)
exp(�Ea/kT). The activation energy Ea was extracted from the
slope of the graphs.

Sintered pellets of CT20 and CT20Co were quenched from
1073 K in air to liquid N2 to imitate the surface conditions in PIE
experiments. During the quenching experiment gaseous air was
bubbled into the liquid N2 in order to prevent sudden surface
reduction of the specimen. These specimens were analyzed by
X-ray photoelectron spectroscopy (XPS). Measurements were
carried out on a SPECS spectrometer with a MCD-9 detector,
using a non-monochromatic Al K (1486.6 eV) X-ray source.
Spectra were recorded using an analyzer with a pass energy of
30 V, and an X-ray power of 100 W, under an operating pressure
of 10�9 mbar. Spectra were analyzed using the CASA soware.
J. Mater. Chem. A, 2013, 1, 10234–10242 | 10235
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Fig. 1 Cell parameter dependence on the dopant amount for CTx and CTxCo
and theoretical Vegard's slope for Tb3+ and Tb4+ total substitution.‡
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Binding energies (BEs) were referenced to the C 1s peak at 284
eV. The energy regions of Ce 3d, Tb 3d, Tb 4d, Co 2p, O 1s and C
1s transitions were recorded for all samples.

For pulse-response isotope exchange (PIE) experiments, the
powder was uniaxially pressed at 400 MPa. The disk was sin-
tered at 1723 K for 10 h in air, and crushed into a coarse
powder. The fraction passing through a 125 mm stainless steel
sieve was pre-annealed at 1473 K for 10 h in air, and sieved
again to remove the formed agglomerates. Prior to exchange
measurements, the powders were characterized by X-ray
diffraction (Philips PANalytical PW1830), BET surface area
(Micromeritics Gemini ASAP 2020 M), and particle size (Mal-
vern Mastersizer 2000) measurements. The average particle
size was in the range of 0.545–0.676 mm. The surface area
calculated by the BET method was found to be in the range of
0.24–0.37 (�0.01) m2 g�1. The PIE measurements were per-
formed in the temperature range of 773–1123 K at a pO2 of 0.21
atm, using a continuous ow packed-bed micro-reactor. For
the measurement, approximately 80–100 mg of sample powder
was loaded between two quartz wool plugs in a quartz tubular
microreactor with an inner diameter of 2 mm. The length of
the packed-bed was about 10 mm. A 16O2/Ar gas mixture was
used as the carrier gas with a ow rate of 50 ml min�1 (NTP).
The response to an 18O2/N2 pulse (500 ml), with the same pO2 as
the carrier gas, passing through the reactor was analyzed by
online mass spectrometry (Omni Star TM GSD 301 Pfeiffer-
Vacuum) at the exit of the reactor. A six-port valve with a
sample loop was used for injection of the 18O2/N2 pulse into
the 16O2/Ar carrier gas ow stream. Oxygen isotope gas (>97
atom% 18O2) was purchased from Cambridge Isotope Labo-
ratory. Nitrogen used as a diluent gas was also used for
internal calibration of the mass spectrometer. Prior to
measurements, the powder packed-bed was pre-treated in situ
at 1073 K for 0.5 h under owing synthetic air in order to
remove the possibly adsorbed water and CO2, and subse-
quently cooled to room temperature at a rate of 5 K min�1. The
PIE measurements were performed, at pO2 ¼ 0.21 atm, in the
temperature range of 773–1123 K. The reactor was equilibrated
for 0.5 h at each temperature prior to data acquisition. The
packed-bed microreactor was designed to approximate ideal
plug ow behavior.16 The isotopic exchange measurements are
detailed by Yoo et al.27
‡ The slopes were calculated from Vegard's law, taking the experimental Tb
undoped ceria cell parameter (x ¼ 0), which gave a correction factor from
perfect uorite (5.427 Å) of 0.9971 and 0.9965 for CTx and CTxCo, respectively.29,30

a(x, rM) ¼ 5.411 + 2.293(rM � 1.024)x

a(x, rM) ¼ 5.408 + 2.292(rM � 1.024)x

where rM(Tb
4+) ¼ 0.88 Å and rM(Tb

3+) ¼ 1.04 Å for the cations in eight-fold

coordination according to Shannon.
Results and discussion
Structural characterization

XRD patterns of CTx and CTxCo sintered at 1723 K showed that
all the powders are single phase with a cubic uorite structure.
Previous studies on the microstructure of (Co free) Tb-doped
ceria showed the presence of nano-sized precipitates in the
uorite-structured matrix, which are Tb3+ and Ce3+ rich.28

Within experimental error, diffraction peaks corresponding to
any precursor or secondary phase related to Tb or Co oxides
could not be detected in the present study (ESI S1†).

Fig. 1 shows the cell parameter dependence on the dopant
amount for CTx and CTxCo. Also theoretical Vegard's slope for
total Tb3+ and Tb4+ substitution is drawn. Vegard's law is the
10236 | J. Mater. Chem. A, 2013, 1, 10234–10242
empirical linear relationship at constant temperature between
the crystal lattice parameter and the concentrations of the
dopant element. Deviations from this line may indicate the non-
solubility of the dopant.29–31 However, single-phase uorite
without impurities was observed for all samples. Thus, these
deviations indicate that Tb is in a mixed 4+/3+ valence that
indeed follows a linear trend with a starting 64% of Tb3+ for CTx
and 60% for CTxCo measured at room temperature.

As previously reported,32 cobalt is a sintering aid enabling
lowering of the densication temperature for different doped
ceria. ESI S2† shows the change of the microstructure and the
cobalt location, as obtained by SEM. As inferred from the XRD
results displayed in Fig. 1, Co-containing compounds have a
slightly smaller cell parameter than that found for Co-free
samples, which is attributed to partial incorporation of Co
cations into the ceria lattice; the remainder of Co resides at the
grain boundary, as discussed elsewhere.17

The Co addition slightly increases Vegard's slope, due to the
shrinkage of the cell parameter when compared to Co-free
samples, which provides an indication of the higher average
oxidation state of Tb cations in the Co-containing compounds,
i.e., smaller oxygen non-stoichiometry. Therefore, a higher
reducibility of Tb4+ to Tb3+ and a different redox catalytic
activity are expected for Co-containing specimens.
This journal is ª The Royal Society of Chemistry 2013
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Temperature-programmed desorption and oxygen non-
stoichiometry

The results of TPDmeasurements in Ar for samples investigated
in this study are shown in Fig. 2a. For CT10 oxygen desorption
starts at �750 K, reaching a maximum value at 940 K. This
oxygen release suggests the reduction of the material through
the concurrent cation reduction and oxygen vacancy formation.
Since Ce4+ reduction is reported to initiate at oxygen partial
pressures lower than 10�10 atm, and to be nearly constant at
higher oxygen contents,33–35 the changes in oxygen non-stoi-
chiometry observed under these oxidizing conditions (>10�5

atm) are most likely related to reduction of Tb4+ rather than to
reduction of Ce4+. A higher dopant content is found to shi
oxygen release to lower temperatures, corresponding to an
increased reducibility of the material.

Co-containing samples show two distinguishable redox
processes: (1) oxygen release associated with Tb4+ reduction,
which starts at lower temperatures, i.e., at ca. 600 K with respect
to the Co-free samples and (2) a well-dened reduction process
that takes place at temperatures in the range of 1000–1150 K
and reaches a maximum at 1050 K, 1070 K, and 1080 K for
CT10Co, CT20Co, and CT50Co, respectively. This high-temper-
ature reduction process can be ascribed to:

(1) Reduction of Co itself (Co3+ / Co2+).17,36 Note that the
intensity of the Co-related peak changes due to the Tb
background.

(2) Further reduction of bulk Tb4+ to Tb3+ as conrmed by
the existence of a broadened peak at higher temperatures.
Fig. 2 (a) TPD of oxygen in Ar and (b) oxygen non-stoichiometry (d in CTx)
determined by TG in N2 and air for CT10, CT10Co, CT20, CT20Co, CT50, CT50Co.

This journal is ª The Royal Society of Chemistry 2013
In summary, TPD measurements demonstrate that addition
of higher amounts of Tb and Co to ceria increases the oxygen
release properties. Fig. 2b shows the evolution of the oxygen non-
stoichiometry parameter d in N2 with temperature for different
samples, as determined by thermogravimetry. As expected, at
high temperatures d is not affected by the Co addition while only
minor changes in d are observed at low temperatures. On the
other hand, a substantial change in d arising from the Co addi-
tion is observed for the sample with 50%Tb (CT50Co). In fact, the
lower d observed in CT50Co with respect to CT50 seems to be
associated with the higher concentration of Tb4+ at lower
temperatures, which also emerges from the data of XRD recorded
at room temperature (Fig. 1).
Conductivity and UV-vis absorption

Fig. 3a shows the dependency of the total conductivity of CTx
and CTxCo on the Tb dopant concentration under air (le
gure) and Ar (pO2 ¼ 2 � 10�5 atm, right gure). The total
conductivity in air increases with the Tb dopant concentration,
which is interpreted to reect the enhanced concentration of
oxygen vacancies at higher Tb doping levels. Under Ar the total
conductivity reaches a maximum at about x ¼ 30 mol% Tb. For
CT50 and CT50Co, the total conductivity is found to decrease
with decreasing pO2 as seen from Fig. 3b. This observation can
be attributed mainly to a p-type electronic conductor behavior.
In this case, the conductivity decreases with the decrease in pO2

since the formation of oxygen vacancies decreases the electron–
hole density. The activation energy (see ESI S3†) is consistent
with the electronic hopping mechanism. Besides, defect asso-
ciation between dopant Tb3+ cations and oxygen vacancies can
occur, according to

Tb0
Ce þ V$$

O4
�
Tb0

CeV
$$
O

�
(1)

These associated defects prevent oxygen vacancies to move
and, consequently, the ionic conductivity reduces as well.37

Fig. 3b presents the total conductivity for different samples,
at 1073 K, measured as a function of pO2. The plot shows that (1)
in general, the conductivity is enhanced by cobalt addition and
(2) the conductivity-pO2 behavior depends on the Tb content.

The total conductivity of the CT10 sample follows a pO2
�1/6

dependency (the slope �1/6 in the graph) due to the reduction
and formation of oxygen vacancies in the material when the pO2

decreases, up to a plateau at pO2 z 10�3 atm. This behavior can
also be observed in CT10Co even though the increase in
conductivity is not only due to the oxygen vacancies but also due
to enhanced densication of the sample. It has been reported
that the use of Co as a sintering aid may result in a decrease of
grain boundary resistance.33,38 In a previous study, the
maximum solubility of the Co into the ceria lattice was deter-
mined to be 1.3 mol%.17 The remaining Co appears as a cobalt-
rich phase at the grain boundary (below the detection limit of
the XRD device). This cobalt-rich phase might act as a perco-
lating network, increasing the electronic conductivity as
observed for other doped ceria.38 A benecial effect is that the
catalytic activity for the oxygen reduction reaction at the surface
J. Mater. Chem. A, 2013, 1, 10234–10242 | 10237

http://dx.doi.org/10.1039/c3ta11610g


Fig. 3 Dependence of the total conductivity of CTx and CTxCo as a function of dopant concentration (x in Ce1�xTbxO2�d), at 1073 K, as measured in (a) air and Ar (pO2

¼ 2 � 10�5 atm) and (b) as a function of pO2.

Fig. 4 UV-vis (hnF(R))2 spectra versus hn photon energy of CTx and CTxCo series.
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may change due to the presence of Co, which will be discussed
below.

The total conductivity found for CT20, at 1073 K, in argon is
twice higher than that observed for CT10, and this increase
corresponds to the increase of oxygen vacancies with the
introduction of Tb into the lattice. This fact suggests that ionic
conduction is the most important contribution to the total
conductivity for these two compositions. The pO2 dependency
of the conductivity for CT20 is lower than �1/6 and reaches the
ionic plateau at higher pO2 than for CT10. It may be the
consequence of the introduction of energetic levels of Tb into
the ceria band gap, which permit electrons to hop from Tb3+ to
Tb4+, and the concurrent enhancement of the electronic
conductivity. The small addition of Co oxide allows further
increase of the p-type electronic conductivity. Particularly, this
conductivity plateau is observed in the whole pO2 range studied
for CT20Co. The slight increase in conductivity observed for
these samples with decreasing pO2 is still attributed to Tb4+

reduction with concomitant formation of oxygen vacancies.36

The total conductivity of CT50 is proportional to pO2
1/6,

which is ascribed to predominant p-type conductivity. For
highly Tb-doped ceria, the impurity band contributing to the
electron–hole hopping and causing additional electronic
transport is more evident.41 This small polaron hopping
requires the mixed valent Tb, since electrons at Tb3+ sites can
only hop to an adjacent Tb site if it is empty, e.g. in the Tb4+

state. The maximum contribution to the electronic conductivity
is, therefore, pO2 dependent, and it will be reached when the
concentration of the two valence states is equal.37 These results
conrm that electron–hole transport is the dominant conduc-
tion mechanism at high pO2 for CT50.

UV-vis absorption experiments were carried out in order to
study the inuence of the dopant on the band gap. The band
gap reects the energy difference between valence and
conduction bands, being related to the extent of the electronic
10238 | J. Mater. Chem. A, 2013, 1, 10234–10242
conductivity of the material. In fact, the optical band gap energy
is comparable to the thermal band gap related to the formation
of electron–hole pairs. Kubelka–Munk (K–M) theory has been
used to estimate the forbidden energy gap Eg of the material.39,40

Evaluation involves plotting of the obtained (hnF(RN)2) as a
function of hn. The band gap Eg can be obtained by extrapo-
lating a tangent line drawn in the point of inection of the curve
to zero, i.e. the point of intersection with the hn horizontal axis.

Fig. 4 shows the room temperature UV-vis absorption spectra
of the Tb-doped series. CeO2 and Tb4O7 were taken as the
reference (see the inset in Fig. 4). The energy gaps for CeO2 and
Tb4O7 are found to be 3.3 eV and 1.94 eV, respectively. The band
gap energy decreases upon Tb doping, decreasing mono-
tonically from the pure ceria to Tb4O7. This fact suggests that Tb
dopingmakes electron hopping easier and increases electronic–
hole conductivity. For low Tb content materials (x¼ 0.1, 0.2) the
addition of Co results in even smaller values for Eg. CT50 had
the lowest Eg, which is not further lowered by the addition of Co.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 X-ray photoelectron spectrum of the Tb 3d region of CT20 (a) and CT20Co
(b) quenched in air from 1073 K, acquired with a pass energy of 30 eV.
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X-ray photoelectron spectroscopy

Near-surface defect chemistry plays an important role in
determining the chemical surface chemistry and gas exchange
activity. Therefore, X-ray photoelectron spectroscopy (XPS) has
been performed to gain insight into the position of both (1)
valence bands and (2) core levels of the atoms present in the
rst layer of the material surface. To this end, samples of CT20
and CT20Co were quenched from 1073 K under air stream to
liquid nitrogen in order to have the same material state as for
the conductivity and PIE measurements.

The Ce 3d XPS spectra of CT20 and CT20Co quenched in air
from 1073 K are plotted in Fig. 5. Both of them show three
peaks, separated by several eV for each of the spin-orbit split
5/2; 3/2 components (more details are given in the ESI, S4†). The
3d3/2 and 3d5/2 contributions are represented as u and v,
respectively. The intense u0 0 0 component at 915.5 eV, which
represents a ngerprint of the Ce4+ state, does not overlap with
other peaks. This peak is coupled with v0 0 0 (897.2 eV) and they
both come up from an almost pure 4f0 electron conguration.41

Besides, good separation between v (881.3 eV) and v00 (888.1 eV)
peaks can be discerned, which is characteristic of only the Ce4+

state.41,42 The whole spectrum is shied about 1 eV to lower BE
with regard to literature spectra for Ce 3d and this deviation is
ascribed to charge shiing of the device. There are slight
differences in the peak separation between CT20 and CT20Co,
which are attributed to experimental errors rather than to a
mixture of oxidation states. Ce3+ peaks represented as v0 and u0
are expected in these spectra at around 879.6 and 898.3 eV,
respectively (marked by dotted vertical lines).43 Here, it can be
seen that the latter peaks do not appear, which conrms that
there is a negligible amount of Ce3+ in the samples. Under the
conditions of the experiment, no signicant changes in the
cerium oxidation state are found which can be associated with
the presence of cobalt in the samples.

The most intense core level for terbium is Tb 3d at the high
binding energy between 1230 and 1290 eV. However, it is diffi-
cult to distinguish accurately the chemical states of the Tb 3d
Fig. 5 Ce 3d XPS patterns of CT20 and CT20Co quenched in air from 1073 K
(pass energy was 30 eV).

This journal is ª The Royal Society of Chemistry 2013
line as the binding energies for the different oxidation states are
very similar. Fig. 6 shows the Tb 3d XPS patterns of quenched
samples. Two principal components are commonly distin-
guished related to Tb 3d3/2 and the Tb 3d5/2 binding energy peak
positions. These are shied from those published previously for
pure TbO1.5 (Tb3+), where the Tb 3d5/2 and Tb 3d3/2 peaks are
reported to be found at about 1239.1 and 1274 eV. Tb4+ related
peaks appear at 1244 and 1278 eV.44 In addition to the main
peaks, terbium shows relatively intense satellites in the Tb 3d5/2
component at 1251.5 eV for the tetravalent state and 1250.6 eV
for the trivalent state, and at 1264 eV for the Tb 3d3/2 component
of Tb4+.45 In Fig. 6, the spectra show two peaks at 1241.6 and
1276.3 eV, and 1240.9 and 1275.7 eV for CT20Co and CT20,
respectively. Also two satellites appear between the main peaks.
These results suggest that Tb substituted for Ce in CeO2 appears
in more than one oxidation state, i.e., 3+ and 4+.46 The CT20Co
spectrum is more shied to higher energies, with regard to the
CT20 spectrum, and this indicates a higher oxidation state, i.e.
higher amount of Tb4+. From the deconvolution of the spectra it
is possible to estimate that the fractions of Tb3+ in the surface of
CT20 and CT20Co are 60.5% and 54%, respectively. The surface
oxidation state of Tb differs from the bulk oxidation state
determined by the non-stoichiometry estimated from TG
measurements in air (1073 K), ca. 88.5% for CT20 and 81% for
CT20Co. Nevertheless, XPS results support the presence of Tb in
both 3+ and 4+ oxidation states inferred from the lattice
parameter extracted from the XRD of CT20 and CT20Co.

The presence of Co atoms on the grain surface is conrmed
by the data from XPS. The binding energy (BE) values of the Co
2p3/2 core-level are close to 780 eV for Co2+ on CoOx. The main
peak (red) is accompanied by a relatively intense satellite peak
(blue) at 787.5 eV, characteristic of Co2+ species and its inter-
action with other metals.47 The spin-orbital splitting upon
ionization between 2p3/2 and 2p1/2 is 16 eV. XPS spectra of
CT20Co in the Co 2p region are shown in Fig. 7. The low
intensity of the Co 2p region is due to the very low Co content
(2 mol%). The BE of the Co 2p3/2 peak is ca. 780 eV and the
satellite peak at 787.5 eV. These binding energies correspond to
J. Mater. Chem. A, 2013, 1, 10234–10242 | 10239
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Fig. 7 X-ray photoelectron spectrum of the Co 2d region of CT20Co quenched in
air from 1073 K, acquired with a pass energy of 30 eV. The Co 2d peak is shifted to
higher binding energy than found in CoO (778 eV), suggesting Co lattice
substitution.

Fig. 8 Arrhenius plots of the exchange rates of CT10, CT10Co, CT20, CT20Co,
CT50, and CT50Co.

Table 1 Oxygen non-stoichiometry and surface exchange rate, at 973 K, and
apparent activation energies for the surface exchange rate for different
compounds (for more details see ESI Fig S5†)

Compound d (973 K)
R0 (mol O per m2

per s) (973 K)
Ea (kJ mol�1)
[temperature range]

CT10 0.042 6.71 � 10�5 105 [873–1173 K]
CT10Co 0.036 4.18 � 10�5 136 [973–1173 K]
CT20 0.08 2.42 � 10�4 118 [873–1173 K]
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cobalt oxide species highly dispersed and with a strong inter-
action with the structure, which may support partial incorpo-
ration of Co into the lattice of CeO2. The BE is shied to lower
values (about 0.2 eV) compared to that of Co 2p3/2 in Co3O4 or
CoO (780.2 eV).48 The close proximity of binding energies for
both oxides, i.e., Co3O4 and CoO, makes it difficult to identify
the Co state at the surface of this material.
CT20Co 0.073 4.02 � 10�4 101 [773–1173 K]
CT50 0.179 1.96 � 10�3 96 [773–973 K]
CT50Co 0.174 1.52 � 10�3 97 [773–1023 K]
Pulse isotopic exchange

The rate of oxygen surface exchange on Tb-doped ceria may be
inuenced by the surface concentration of oxygen vacancies and
by the supply of electrons, which are necessary for charge
transfer.49 Fig. 8 displays Arrhenius plots of the overall exchange
rate (R0) for all materials investigated in this study as evaluated
from the data of pulse isotopic exchange (PIE) measurements.
R0 is found to increase profoundly with increasing Tb concen-
tration. The data listed in Table 1 support a relationship
between the surface exchange rate, at 973 K, and the corre-
sponding concentration of oxygen vacancies in the Tb-doped
ceria samples (see also ESI S6†).

Note from Fig. 8 that Co addition to either CT10 or CT50
does not signicantly improve R0. However, Co is found to
improve the surface exchange rate when added to CT20. These
observations support the conclusion that the rate of exchange in
these materials is determined by (i) the concentration of oxygen
vacancies, which is related to the ionic conductivity, (ii) the (p-
type) electronic conductivity, and (iii) the balance between these
two parameters.

PIE experiments also provide information about the surface
exchange mechanism.23 The distribution of oxygen isotopomers
(18O2,

16O18O, 16O2) in the effluent pulse can be modeled by
adopting a two-step exchange mechanism, in which isotopic
scrambling is determined by the rate of dissociative adsorption
of O2 molecules at the surface and that of successive
10240 | J. Mater. Chem. A, 2013, 1, 10234–10242
incorporation of adsorbed O adatoms into the oxide lattice. The
overall rate of surface exchange on both undoped and Co-doped
CTx samples appears to be controlled by the dissociative
adsorption reaction, as was found for, e.g., 25 mol% erbia-
stabilized bismuth oxide (BE25)27 and Ba1�xSrxCo0.8Fe0.2O3�d

(BSCF).23 For all compositions studied, the rate of oxygen
incorporation was found between one or two orders of magni-
tude higher (ESI S7†). The observations made in this study can
be reconciled by assuming that O2 dissociative adsorption and,
hence, overall oxygen exchange are rate determined by electron
transfer to intermediate superoxide ions (O2

�) at the surface

O2
� + e� / 2O� (2)

with the notion that surface oxygen vacancies are assumed to be
the sites at which adsorption of O2 molecules takes place.
Conclusions

Tb-doped ceria materials were prepared by the co-precipitation
method. Cobalt oxide (2 mol%) was added to improve
sinterability and electronic conductivity. Results of the
This journal is ª The Royal Society of Chemistry 2013
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characterization by XRD and total conductivity suggest that only
part of the cobalt is incorporated into the ceria lattice. The
conductivity results indicate that the extent of mixed ionic–
electronic conductivity is a function of temperature and can be
tuned by modifying the Tb- (and Co-doping) concentration. Low
Tb content materials (x ¼ 0.1) show predominantly ionic
conductivity. CT50 and CT50Co materials show p-type elec-
tronic conductivity combined with a higher ionic conductivity,
which is related to the higher oxygen non-stoichiometry. The
enhanced electronic conductivity is due to the introduction of
an impurity band into the band gap of ceria upon doping
with Tb.

The oxygen exchange rate of CTx and CTxCo materials was
measured using PIE. The highest surface exchange rates were
obtained for CT50 and CT50Co samples. On the whole, the
results indicate that the exchange rate exhibited by CTx is
limited by the dissociative adsorption of molecular oxygen at
the oxide surface, and its magnitude is bound by the relative
magnitudes of the ionic and electronic conductivities in the
materials.
Acknowledgements

Funding from the Spanish Government (BES-2009-015835,
ENE2011-24761 and SEV-2012-0267 grants) and Helmholtz
Association (MEM-BRAIN Portfolio) is kindly acknowledged.
Notes and references

1 M. B. Toegaard, J. Brix, P. A. Jensen, P. Glarborg and
A. D. Jensen, Prog. Energy Combust. Sci., 2010, 36, 581.

2 M. P. Lobera, M. Balaguer, J. Garćıa-Fayos and J. M. Serra,
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