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ABSTRACT:

Tb doped ceria materials have been synthesized by coprecipitation method.
Cobalt oxide (2 mol%) has been added in order to improve the sinterability and
conductivity. XRD measurements suggest that a part of the cobalt is incorporated in the
ceria lattice. Ce;4TbO,.s materials showed predominantly ionic conductivity, but the
mixed ionic electronic conductivity can be tuned by modifying Tb and Co doping level
and temperature range. The ambipolar conductivity was determined by galvanic method
coupled with gas permeation and these results support the applicability of these
materials as oxygen transport membranes at high temperature. Ce;TbyO,5 +Co
membranes are CO; stable and yielded oxygen fluxes that can compete with reported
perovskite materials. Oxygen diffusion and surface exchange coefficients in the range
10° - 10* cm?s and 10* - 107 cm/s from 773-1023 K have been obtained by

conductivity relaxation.

KEYWORDS: Mixed ionic electronic conductor, nanocrystalline oxide, fuel

cell, oxygen permeation membrane, Ce; s\ TbsO,.s, doped ceria, conductivity relaxation

BRIEFS: Mixed-conducting materials for in sifu separation of oxygen at high

temperatures applicable as oxygen transport membrane.



Study of the transport properties of the mixed ionic electronic conductor Ce;.

xIbx0s.5 + Co (x=0.1, 0.2) and evaluation as oxygen-transport membrane
1. Introduction

Oxygen production at high temperature through ceramic membranes represents a
current challenge that would enable the introduction of more efficient and
environmental-friendly power generation and chemical production processes. In fact,
reliable mass-scale O, separation in membrane modules would allow the cost-effective
operation of Oxyfuel power plants [1], which can integrate CO, capture and
sequestration strategies in order to minimize CO, emissions. Oxyfuel combustion
principle is the removal of nitrogen from the oxidizer to carry out the combustion
process in an oxygen-enriched gas stream, thus reducing gas volume and recycling the
flue gas to lower the flame temperature. Hence, an air separation unit (ASU) has to be
added to the power plant. The current state of technology development for ASU applies
high energy consuming cryogenic distillation units while alternative oxygen separation
technologies such as ion transport membranes [2] would enable thermal integration and
energy savings. Furthermore, several chemical processes [3,4,5,6,7] would benefit from
the development of highly-permeable and CO, stable ceramic membranes, since it
would make possible the process intensification and the improvement of product

selectivity by avoiding the direct contact of molecular oxygen and reaction products.

Membranes based on mixed ionic electronic conductor (MIEC) materials [8,9]
enable in situ separation of oxygen in a membrane reactor fed by air. The most common
type of material that exhibits both ion and electron conducting properties are
perovskites e.g. Ba;«SriCogsFep203.5 (BSCF), La; (SriCosFeo203.5 (LSCF), which
are thermally stable [10] and enable to achieve oxygen fluxes of 6 ml-cm™ min™ (BSCF)
and 3.2 ml-cm™ min™ (LSFC) at 1173 K using argon as sweep gas [11,12]. BSCF
hollow fibre configuration improves fluxes up to 9.5 ml-cm™? min™ at 1223 K [13, 14].
However, the main disadvantage of these materials is the limited chemical stability
under a large oxygen concentration gradient, with one side of the membrane exposed to
air oxidizing atmosphere and the other side to reducing or CO, containing atmosphere
[15,16,17]. Even at 300 ppm [18], CO, presence is a major issue for perovskite-based
membranes (e.g. BSCF) due to the carbonation reaction of the earth alkali metals

included in their structure.



Lanthanide substituted ceria materials show a particular combination of high
oxygen-ion mobility, redox catalytic properties and chemical compatibility with water
and carbon dioxide at high temperatures. In addition, it shows n-type electronic
conductivity due to the partial reduction of the cerium ion from the tetravalent to the
trivalent state at high temperatures under reducing conditions. Namely, the electron
transport takes place by hopping between cerium sites via a small polaron process. By
doping with multivalent cations, mixed conduction in ceria may be further extended to
higher oxygen partial pressure range (10°-10" atm), which enables its application as

oxygen permeable membranes. Terbium and praseodymium fulfil the multivalence

condition. Fagg et al.[19] developed cobalt-doped CeggPry,0,-s membranes that offer

competitive levels of oxygen permeation flux at temperatures below 1123 K when
compared with perovskite materials. Chatzichristodoulou et al. have co-doped Pr doped
ceria with Tb and concluded that high non-stoichiometry and oxidation state of both
elements depends on the relative amount of the two dopants [20,31]. Another strategy
for reaching mixed ionic and electronic conductivity is the fabrication of composites to
combine the ionic properties of a doped ceria with a primarily electronic material, e.g.
CepGdp20,.5 (CGO) combined with Lag7Sro3MnOs.5.(LSM) or LaggSrg,FepsC0020s3.
5.(LSFC) [21]. Nevertheless, the interaction of properties was found to be detrimental

for the total conductivity and oxygen permeability.

In this work, four different compositions based on undoped and cobalt-doped
Ce | xTbxO,_s have been prepared and structurally characterized in order to clear up the
electrochemical behavior and oxidation state of terbium doped ceria. Total conductivity
measurements in high pO, range combined with temperature programmed desorption
and reduction enabled to gain insight into the conduction mechanisms dependent on pO,
and temperature. Subsequently, conductivity relaxation, CO, stability and oxygen
permeation and ion pumping experiments were done to assess the applicability of this

kind of materials in oxygen separation and catalytic membrane reactors.



2. Experimental

Terbium doped ceria has been prepared by co-precipitation method in order to
synthesize powders of nanometric size. This technique consists of the dissolution of
commercial lanthanide nitrates mixture in distilled water at 323 K. NH3(NH4),CO;3
solution in a 1:1.5 molar ratio was dropped under stirring into the lanthanides solution
to achieve the total precipitation. The resulting precursor powder was dried at 373 K
after filtration and rinsing. Cobalt incorporation (when required) was done over the
dried precursor powder by incipient wetness impregnation. Calculated 2% molar of Co
was dissolved in distilled water (volume corresponding to the pore volume) and mixed
with the powder. Finally, each powder was calcined during 5 hours in air atmosphere at
1073 K to decompose the residual nitrates and carbonates and to favor the formation of

the fluorite phase.

In order to identify the crystalline phase(s) and determine crystallite size and
lattice parameters of the samples, the powders were characterized by X-ray diffraction
(XRD). The measurements were carried out by a PANalytical X’Pert PRO
diffractometer, using CuKa, , radiation and an X’Celerator detector in Bragg-Brentano
geometry. The studies of the thermal behavior of the material were performed in an
Anton Paar XRK-900 reaction chamber attached to the diffractometer, either in a dry air
atmosphere or in helium up to 1173 K. XRD patterns were recorded in the 26 range
from 0° to 90° and analyzed using X’Pert Highscore Plus software. The lattice

parameters were calculated by using the equation for a cubic system:

a=dvh* +k* +1? (1)

Where h, k and [ are the Miller indexes, d is de inter-plane distance calculated
from the Bragg’s law: 2dsin@ =nA, being 1=1.5406 A the K ,; wavelength of the Cu, 6
the scattering angle and n the integer representing the order of the diffraction peak. The
particle size has been also extracted from XRD patterns taking into account that the
width of the peaks is influenced by the size of the particles [22]. Then from the Scherrer

formula:

0.94
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Where fis the full width at half maximum (FWHM) of the XRD peak and 7 is
the average crystal size. In this study the lattice parameter (a) and the particle size (7)
have been calculated from the 28 position and the FWHM of (0 2 2) and (4 2 2) peaks

respectively, extracted by fitting with a Gaussian [22].

Temperature programmed desorption (TPD) measurements were performed in
order to observe the oxygen release with temperature. The powdery material (100 mg)
sintered at 1473 K was placed in a quartz reactor and it was heated up in air up to it
1273K and cooled down in the same atmosphere. Then the sample was heated up at 10
K/min up to 1273K in He and the oxygen release was monitored by following the m/z =

32 and 16 amu with a mass spectrometer Omnistar (Balzers).

Micromeritics system was used to carry out temperature-programmed reduction
(TPR). Thus, 100 mg of sample was degassed under Ar flow for 1 h and then was
subjected to reduction under Hp/Ar (1/9) flow, and heating rate of 10 K/min till 1273 K.
The H, consumption was measured by a TCD. Thermogravimetry analysis was
performed on a Mettler-Toledo StarE equipment in air with 5% CO, and using a heating

ramp of 10 K/min.

Rectangular probes (4 x 0.4 x 0.2 cm’) of the powders fired at 1073 K were
uniaxially pressed at 125 MPa during 1 minute and subsequently sintered 5 hours at
1573 K in air atmosphere. Electrical conductivity measurements were conducted by
standard four-point DC technique on the sintered rectangular bars using silver wire and
paste for contacting. The measurements were carried out in a temperature range from
673 to 1073 K by cooling down (1 K/min) in constant atmospheres under different O,
contained atmospheres. The constant current was supplied by a programmable current
source (Keithley 2601) and the voltage drop through the sample was detected by a
multimeter (Keithley 3706). The conductivity measurements are thermally activated and
are analysed on the basis of Arrhenius behaviour o(T) = (A/T) exp(-E/kT). The
activation energy E, has been extracted from the slope of the graphs. Once the highest
temperature (1273K) is reached, the samples are let stabilize during two hours in order

to warrantee the high-temperature reduction state corresponding to the specific pO,.

Permeation and transport numbers measurements were performed on 15 mm

diameter disks. The sample consisted of a gastight Ce;sTbxO,.5 + Co (2 mol%) disc



sintered at 1473 K. Sealing was done by using gold gaskets. Oxygen was separated
from air (65 mL/min) using 200 mL/min argon as sweep gas. Permeate was analyzed
using a micro-GC Varian CP-4900 equipped with Molsieve5A, PoraPlot-Q glass
capillary, and CP-Sil modules. Transport numbers were calculated from the oxygen
permeation deviation of pure ionic behavior when an input current from 0 to 75 mA was

imposed using a Solartron 1470E equipment.

The electrical conductivity relaxation technique (ECR) was carried out in a
tubular oven in which the gas volume was minimized in order to achieve an almost
instantaneous pO, change. The same four-point DC technique was used to monitor the
electrical conductivity, but the thickness of the probe was reduced to obtain shorter
relaxation times. The oxygen exchange kinetics was investigated by alternatively
swapping oxygen partial pressure from 1 to 0.21 atm at some given temperatures. D and
k are determined by fitting the appropriate solution of the Fick’s diffusion equation
[23,24] to the experimental relaxation curves of the electrical conductivity plotted in

Figure 6a,

— = 20 -B..Dt) & 2L - B; Dt
2% 1- Z >, eXp( ﬂl2 ]XZIBZ (,32 )exp( ﬁlz ]X
n,y )

O-oo _O-O m=1 ﬁnz@x (ﬁm,x + Li + Lx)
I? - B, Dt
XZ (,B +L2+L) Xp{ I ]]

where x, y, z are the sample dimensions, ¢ the time in seconds and

l k
L IBn)tanIBn)E ﬁpztanﬂpzz

3)

(\w

L ﬁm x tan ﬁm x = belng l half of

D
each sample dimension.

Once the electrochemical analysis was done, cross-sections of the sintered

probes were analyzed by SEM and EDX using a JEOL JSM6300 electron microscope.

3. Results and discussion
3.1. Structural characterization

XRD patterns of Ce;x\TbxO,.5 and Ce;Tb0O,.5+ Co (2 mol%) sintered at 1573
K are shown in Figure 1. All the powders are single cubic fluorite structured with space
group Fm3m. Diffraction peaks corresponding to any precursor or secondary phase
were not observed. The obtained patterns indicate that terbium forms a solid solution
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and incorporates in the lattice of ceria as both compositions are below the solubility
limit of Tb in ceria compounds [25,29]. As previously reported [26], cobalt acts as a
sintering aid and enables lowering the densification temperature. Co-containing samples
show sharper and more intense diffraction peaks as a consequence of the grain size

growth. No secondary phases related to Co were detected by XRD.

SEM pictures of CeygTbg 10,5 and Ce9Tby10;2.5 + Co 2% membranes calcined
at 1473 K showed in Figure 1, confirm the grain size growth [27]. EDS did not prove
the presence of Co in any preferential location, e.g., in the grain boundary as reported

for other doped cerias.

As no secondary crystalline phases appeared to the limit of XRD, the lattice
parameter should follow the Vegard’s rule, i.e., a linear relationship exists between cell
parameter and the concentration of the solute or dopant [28,29],

4

a=54113+—~=[r, —1.024]-x

3 “)

where r, is the ionic radius of the dopant cation and x is the dopant amount in

Ce 1 -bexOZ- o

Figure 2a depicts the cell parameter measured at room temperature as a function
of the amount of Tb (x=0, 0.1, 0.2) for Co-free and -containing series. The slope of this
line is known as Vegard’s slope. First it can be appreciated that Co-containing
compounds have a slightly shorter cell parameter than Co-free samples. This can be
attributed to the partial incorporation of Co cations into the ceria lattice while the rest
should be in the grain boundary. Specifically, an incorporation of 1.3 mol% of Co** [30]

would give rise to the cell parameter change observed in CeO,.

The dashed lines in Figure 2a correspond to the theoretical Vegard’s slope [28]
for both oxidation statesl, Tb** and Tb4+, and the corresponding with a constant
incorporation of 1.3 mol% Co. No change in the oxidation state of Ce cations is
assumed. The experimental results lay inside the defined theoretical limits and the
lattice parameter decreases with the amount of Tb. For each series, the cell parameter in
oxidizing atmospheres and at room temperature follows a nearly linear trend and this

means that the ratio Tb*/Tb remains constant in the studied Tb concentration range.

! Taking into account that the ionic radii of Ce™, Ce™, Tb*, Tb™ and Co®" in eight-fold
coordination are 0.97, 1.143, 0.88, 1.04 and 0.90 A respectively.
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Considering the theoretical and experimental slopes for Co-free (solid circles) and Co-
containing compounds (open circles), a rough estimation of the Tb*/Tb proportion at
room temperature can be done, i.e., 38% (Co-free) and 48% (Co-containing). The first
value agrees with that obtained by Chatzichristodoulou et al. for CeysTb20;-5
measured by XANES [31]. Moreover, the Co addition allows increasing the Vegard’s
slope, i.e., it produces a slight decrease in the cell parameter, when compared to Co-free
samples, and this is an indication of the higher oxidation state in the Co containing
compounds. It should be pointed out that a higher amount of incorporated Co in the
lattice cannot explain such high cell parameter shrinkage of the CesTbg20,.5 sample
that would need to incorporate almost twice the Co nominally available. Otherwise, it is
well-known that cobalt cations/species have high redox activity and this enables to
increase the reduction and re-oxidation rate of bulk material. The improved reduction
activity of cobalt has been studied by temperature programmed oxygen desorption
(TPD) in helium and temperature programmed reduction (TPR) in hydrogen. TPR
measurements confirm that there is a higher reducibility of Tb** to Tb** in specimens

containing Co, which present greater consumption of H; (see Figure S1).

The evolution of the cell parameter with different compositions also agrees with
the evolution of grain size of the samples calculated by Scherrer equation (2). Figure 2b
shows that 10% Tb doped samples have a larger cell parameter and smaller grain sizes.
This lattice expansion with decreasing grain size at room temperature is due to the
larger concentration of oxygen vacancies associated to the presence of intrinsic defects

of Ce®* and/or Tb>" as previously reported for other cerias [32,33, 34].

Room temperature XRD results of as sintered samples cannot be extrapolated to
operating conditions due to different redox processes dependent on temperature and
pO,. In order to check the evolution of cell parameters and associated vacancy
concentration at high temperature, XRD measurements were performed on CepoTbg ;0O,-
5 by heating the specimen in air up to 1173 K and cooling it down in helium. The results
plotted in Figure 3 show a linear dependency of cell parameter with temperature and an
increase of the slope at 700 K, once proved that fluorite structure is maintained in the
whole temperature range. The first slope corresponds to the thermal expansion
coefficient (12.1x10°® K™) in air. Above 700 K, the increase in slope can be interpreted
as the additional contribution of chemical expansion due to the reduction of Tb™ to Tb*

and the associated oxygen release. From these results, a linear chemical expansion
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coefficient can be estimated (5.77x10° K™) for the temperature range from 700 to 1173
K. When the sample is cooled down in He, the material cannot be re-oxidized due to the
lack of molecular oxygen necessary for re-oxidation, and only thermal expansion can be
observed for the material in reduced state. It should be noted that the linear thermal
expansion coefficient coincides for the oxidized and reduced material. Indeed, this value
is very similar to that obtained for Cey9Gdy 0,5 (Figure 3), which shows neither

chemical expansion nor oxygen release in the studied pO, range.

The oxygen release is confirmed by TPD measurements for all samples, as
depicted in Figure 4, where the ion current corresponding to the released oxygen from
the solid is plotted as a function of temperature. Cep9Tbg 10,5 0xygen desorption starts
at ~700 K, approximately the same temperature at which the chemical expansion
becomes tangible by HT-XRD. It reaches a maximum at 755 K and decreases hereafter.
This oxygen release suggests the reduction of the material through the concurrent cation
reduction and oxygen vacancy formation. However, the non-stoichiometry of ceria and
doped ceria materials has been exhaustively studied [31,35,36,37] demonstrating that
Ce** reduction initiates at oxygen partial pressures lower than 10" atm and keeps
nearly constant at higher oxygen contents. Consequently, in the present study, the
changes in oxygen non-stoichiometry observed at the most oxidizing conditions (>10~

atm) are most likely related to the reduction of Tb** /Tb>* rather than Ce**.

For CepsTbp20,.5 and Co-containing samples, a more complex reduction
behavior can be ascertained, i.e., two main redox processes can be distinguished (Figure
4): (1) the oxygen release related to Tb** reduction starts at lower temperatures, i.e. ca.
600 K for both Co added samples, with respect to the Co-free samples; and (2) a new
important well-defined reduction process takes place at temperatures ranging from 1000
to 1150 K and it reaches a maximum at 1010 K, 1050 K and 1070 K for CeygTbp»0,.5,
CepoTbp 1025+ Co 2% and CepsTbp,0,.5+ Co 2%, respectively. This new high-

temperature reduction process can be ascribed to different processes:

(i) the reduction of Co itself (Co”*—Co”*)[30] confirmed by the existence of
this reduction in in CeO,s+Co sample, and not present in CeO,.5 as
shown in the inset of Figure 4.

(ii)  further reduction of bulk Tb** to Tb>* confirmed by the existence of a
broad second reduction peak in CegTby,0,5 sample (without Co but

with a higher concentration of reducible Tb**).
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In summary, TPD measurements demonstrate that the addition of either Co or a
higher amount Tb allows increasing the oxygen release, i.e., the material reducibility.
By taking Ce9Tbg 10,5 oxygen desorption as reference, it is possible to determine
quantitatively the relative impact of the changes in the oxide composition. 20% Tb
doping enables an increment of 1% ascribed to a higher reduction degree of Tb*" to
Tb™, as also suggested by TPR measurements (supporting figure S1). The addition of
Co in CepoTbg 10,5 sample results in a 6.4% increase in the oxygen desorption and this
is attributed to the Co reduction itself and the enhancement of Tb** reduction (broad
peak at around 765 K). Finally, Co addition to Ce( gTby,0,.5 sample leads to the highest

oxygen release, 7.7% with respect to reference sample.

3.2.Conductivity and transport number measurements

Figure 5 shows the conductivity In(cT) as a function of the reverse temperature
for all compositions of terbium doped ceria measured in pO, of 0.21 and 5x10™ atm.
Given a sample composition, differences in conductivity at different pO, would indicate
a change in the level of reduction. Moreover, oxygen can be more easily incorporated at
high pO, as temperature drops while it cannot be incorporated (reoxidization) at low
pO,. This is translated into an apparent change in activation energy (E,) under oxidizing
atmospheres (1 and 0.21 atm) while reoxidization cannot be observed at 5x107 atm in
the measured temperature range (1073-673 K). The variations in E, at given conditions
indicate a temperature dependent change in the conductivity behaviour of the material.
Taking into account that at these high pO, atmospheres doped ceria materials have been
reported as pure ionic conductors, the change in apparent E, could be analyzed in terms
of vacancy concentration increase due to the release of oxygen (Tb reduction). Actually,
E, change of Cey9Tb 0,5 in air is produced at 740-750 K, which matches the
temperature range reported by XRD for oxygen desorption/incorporation (Figure 3) and

TPD (Figure 4).

Table 1 summarizes apparent E, in the temperature ranges of 1073-750 K and
750-673 K and the conductivity at 1073 K under 0.21 and 5x10” atm pO,. Experimental
E, match the typical values found for ionic conductors. At pO, lower than 107 atm,
there exists only one E, for all compositions, i.e., terbium is mainly reduced to Tb* ,
over the whole studied temperature range, thus behaving as a fixed valence dopant,
which enhances principally the ionic conductivity.
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The increase from 10 to 20% of Tb and the addition of cobalt enables increasing
substantially the total conductivity and the best conductivity values have been obtained
for CeogTbp20,.5 + Co 2%. Firstly, the behaviour of Co-free Ce;<TbxO,.5 samples is
discussed. Taking into account that the studied range of pO, only includes the region of
dopant reduction (Tb+4—>Tb3+) [31], the increase of Tb should give rise to a higher
concentration of oxygen vacancies with the corresponding raise in ionic conductivity.
As shown in Table 1, conductivity of CeysTbp0,.51n air at 1073 K is twice the
conductivity of CepoTbg ;0,5 which confirms the previous observations, i.e.,
conductivity is mainly ionic in these oxidizing conditions and the multiple oxidation
state of the dopant makes the ionic conductivity pO, dependent (region not observed in

single-oxidation-state acceptor doped systems as Gd).

When Co is added to both compositions, reducibility of the sample is enhanced
as shown in TPD (Figure 4) and TPR measurements (Figure S1). This allows the
oxygen vacancy concentration to be higher at the same temperature with respect to the
Co-free samples. This makes it possible to increase the ionic conductivity and promote

electronic conduction as it is confirmed later on by oxygen permeation results.

The apparent E, values observed for the different samples (Table 1) are
intermediate values between the E, ones corresponding to the major conduction
processes contributing to the total conductivity. Therefore, changes in the E, in this kind
of mixed conducting materials are ascribed to the variation in the proportion between
ionic and electronic contributions. The E, decrease in 10% Tb doped material when Co
is added is attributed to a rise in electronic conductivity. In 20% doped samples the
amount of Tb is high enough to allow small polaron hopping and the material becomes
a mixed conductor. The introduction of Co promotes the formation of new oxygen

vacancies and this causes an increase in E, due to the higher ionic conductivity.

CesTbp20,.5 + Co transference numbers were obtained across a 1.2 mm thick
membrane under a pO, gradient 0.21/5x10” atm (air/Ar). Figure 6a presents the ionic,
electronic and total conductivity values obtained from transference numbers showed in
Figure 6b. This study was performed in the temperature range from 1023 to 1293 K
suitable for application as oxygen transport membranes. The results confirm the mixed
1onic-electronic conductivity of this composition. Ionic conductivity is predominant in
the whole temperature range but electronic contribution becomes more important as the
temperature drops.
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In order to analyze the complete conductivity mechanism in the studied range of
temperatures and pO, it would be necessary to explore the defect chemistry of these
compounds. The dominant defect equilibrium at high pO; in the system Ce; <TbxO, 51is
thereby suggested to be that of Tb reduction. Stefanik and Tuller [38] and Fagg et al
[35] described a defect model including a variable valency acceptor dopant. The main

key defect reactions are listed below, starting with the consideration of pure CeO,.

First, the formation of oxygen vacancies and interstitials is dominated by the
Frenkel defect mechanism for pure CeO, as described in (5) while intrinsic electron-
hole pair generation provoked by thermal excitation over the band gap is governed by
(6). On the other hand, molecular oxygen release and oxygen vacancy generation
(charge compensated by the formation of free electrons localized on Ce ions) and
hopping conduction, will occur over the Ce®*/Ce** from intrinsic defects of pure ceria

sublattice following (7).

05 = Vo+ 0;'; V51101 = Kp(T) 5)

nil=e'+ h'; np= K,(T) (6)
x 1 . ’ ) 1/2 _

0p =302 (9) + V5 + 2¢'; [VoIn“ p03'" = Kr(T) (7)

In a Tb doped system it has to be taken into account the mass conservation law
(8), the ionization of Tb cations (9), and the added charge defect Th, in order to keep

the electroneutrality condition (10).

[Theel + [Theel = Thiotar )

Thie = Thio+ €'i el = Ky (T) ©)
Ce

2[0] + n+ [Thee] = 2[V51+p (10)

As Tb enhances the overall reduction in the material, the concentration of
oxygen vacancies will be high. Hence, the concentration of interstitial oxygen will be
suppressed [Ol] — 0, improving the ionic conductivity over p-type electronic
conductivity in the high pO, range, i.e., p — 0 in eq. (10). Besides, in oxidizing
conditions and low temperatures (below 750 K) most terbium exists as Tb* and then

Th¢e << Th, (n << Krp). Then:

n o po, /° (11)
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V51 < p03/° (12)
In the case when Th(, >> Th, (n >> Kry,) but Tbyo >> n; consequently:

n o po; * (13)

[V5] « pO? (14)

Thus vacancy concentration is independent on pO, and proportional to the total

terbium concentration.

When Co is added it seems, from XRD analysis, that is partially incorporated in
the lattice as Co”™* following similar equation as Tb but giving rise to one oxygen
vacancy per substituted Ce [30]. Therefore the electroneutrality balance equation (10)
must be modified with the addition of [C oge] in the left term. The rest of Co is likely
placed along the grain boundaries and does not affect bulk defect chemistry in

equilibrium.

Equations above describe a way to make an evaluation of the predominant type
of carries from the conductivity behavior with pO,. Figure 7 plots the conductivity
logarithm at 673 K (a) and 1073 K (b) versus pO, logarithm for the different

compositions.

At 673 K, over the whole range of pO,, Cepy9Tby 10,5 show -1/6 dependency,
which could be characteristic of both n-type electronic conductivity and ionic
conductivity for this material and conditions, as described by eq. (11) and (12)
respectively. At 1073 K the -1/6 dependency exists but there is a conductivity plateau at
pO; lower that 107 atm, characteristic of ionic transport as illustrated in eq. (14). This
plateau should be related to a maximum reduction of Tb reachable at these temperatures
in this pO, range and it causes the material to achieve a steady vacancy concentration
independently on the pO; and g o [V,]. The fact that there is not a continuous slope of -
1/6 indicates that, even at pO, higher than 107 atm, the total conductivity should be
predominantly ionic as n-type electronic conductivity would result in a continuous
increase of conductivity when pO, decreases, not observed in the experimental results.
The predominant ionic conduction agrees with the fact that electronic conductivity for
Co free samples will occur with the reduction of Ce** to Ce**, and the polaron hopping

in Tb sublattice, which are not likely produced in these atmospheres and temperatures.
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Predominant ionic conductivity behaviour can be extended to the Co added
Ce9Tbg 10,5 sample in the studied temperature range, taking into account the ability of
Co to enhance the reducibility and favour the vacancy formation at temperature above
673 K from higher pO,. As a result, pO, slope is smoothed and an extended plateau
range is observed. The improved conductivity is related for these Co-containing
compounds to (i) the higher oxygen vacancy concentration, mainly associated to the
higher Tb reducibility; (ii) the contribution of n-type electronic conductivity ascribed to
the small polaron hopping through Tb*/Tb** sublattice [35] and (iii) the higher sample

density and grain packing due to high sintering activity of Co-containing cerias.

As aforementioned, Ce(sTbg 0,5 introduces more oxygen vacancies than the
10% doped material. At 673 K, pO, conductivity dependency is lower than -1/6
meanwhile at 1073 K the similar slope is observed but the ionic plateau is reached at
pO; lower than 107 atm. pO, dependency smaller than -1/6 sets the behaviour of the
material in a diffuse region between the vacancy concentration pO, independent and the
-1/6 dependence. Therefore, the higher Tb concentration leads to higher oxygen

vacancy formation and broadening of the electrolytic region over that of Ce9Tbg 10,s.

Finally, Co addition to Ce(gTby,0,.5 widens the ionic conductivity plateau over
the whole studied pO, range at 1073 K and provides the highest conductivity values
obtained in this study. However, a slightly positive slope is observed at 673 K, which
suggests that the enhancement of vacancy formation by Co is such that causes defect
interaction as is typical for highly doped specimens. The electrostatic interaction among
dopant Tb** and the oppositely charged oxygen vacancy generates a new type of defect
as [38,39]: Th¢, + V, & (TheV5).  These associated defects prevent oxygen vacancies
to move and consequently the ionic conductivity diminishes while the activation energy
rises. This effect is more appreciable at low temperatures and it does not appear at high
temperatures since there is enough energy to exceed the defect dissociation barrier.

Thus, oxygen vacancies are free and able to account on the ionic transport process.

3.3. Permeation measurements and stability tests

The combination of conductivity and permeation measurements using imposed
current allowed determining the ambipolar conductivity at high temperature for

CepsTbp202.5 + Co 2%. This compound shows electronic conductivity although ionic
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conduction prevails (Figure 6). In this section, the oxygen permeation through different
samples has been determined under certain pO, gradients and this may enable to assess
the presence of mixed conductivity and the applicability as O, separating membranes.
Oxygen permeation of CeyoTby 0,5, CegoTby 025 + Co 2% and CegTby20,.5 + Co
2% membranes sintered at 1473 K has been measured. Figure 8 shows the oxygen flux

as a function of temperature for two sweep gases, i.e., argon and diluted methane.

Figure 8 illustrates also the flux obtained with benchmark perovskite-based
membranes. Ce(9Tbg 0,5 Co-free sample showed nearly negligible permeability (not
shown) and this confirms the pure ionic conductivity of this composition. However, a
0.9 and 1.2 mm-thick membranes made of Cey9Tbg 1055 + Co 2% and CegTby20,.5 +
Co 2% present permeation values at 1273 K around 0.02 and 0.08 mL-min™-cm? for

argon sweeping, respectively. The O, flux obtained agrees perfectly with the expected
0i0¢
(oi+0e)

value calculated” considering the ambipolar conductivity og4mp = and assuming

a constant mean value in the experimental pO, gradient.

In more reducing conditions the permeation can be enhanced and for methane
sweeping CepoTby 0,5 + Co 2% sample is able to achieve 0.5 mL-min™-cm?. This flux
increase is attributed to the substantial rise of n-type conductivity achieved
preferentially through Ce** reduction. The permeation values are interesting also when
compared to some perovskite type permeation membranes, especially due to the high
stability under reducing and CO; containing atmospheres at high temperatures, where
broadly-applied perovskite materials are prone to decompose. Specifically, these harsh
operation conditions are encountered in the targeted applications in oxyfuel processes
using flue gas as sweep and high-temperature catalytic membrane reactors for
hydrocarbon conversion into syngas and added-value products. The stability of
Cep9Tbg 10,5 and CepoTby 10,5 + Co 2% has been studied by thermogravimetry under
continuous flow of air with 5% CO,. Figure 9 shows the mass evolution of this sample
together with the evolution of a highly-permeable perovskite, i.e., BSCF. Carbonates
are formed (mass increase) in the range from 700 to 900°C and decompose (mass

decrease) at higher temperatures, as it can be observed for the BSCF measurement.

2. _RT D2 0i0¢
Jo2 = Tgrzr Jp, (0i+0¢)
e. g at 133K, joo experimenan= 2-8-10° mol-s™-cm™,  6,,,=0.0085 S-cm™ and

. -8 -1 2 . RT 0.21
Jo2 (cateutareay= 3-1- 107 mol-s™-cm™,  where joz(caicutatea) = Tor? 0.0085In 500015

d InpO0,
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Ceria sample presents a negligible formation of carbonates while it is also detected the

mass loss due to oxygen release at temperatures above 700K.

3.4.Conductivity relaxation study

Two important parameters characterizing mixed-conducting materials for
oxygen permeation membranes are the chemical diffusion coefficient (D), which
characterizes the diffusion kinetics of composition changes and surface exchange
coefficient (k). Changes in the non stoichiometry & are related with changes in the
carrier concentration. This fact is translated in macroscopic conductivity (G) variations
that can be measured by conductivity electrical relaxation technique (ECR). The
relaxation process follows after an abrupt change of the oxygen partial pressure that
produces a change in stoichiometry of the oxide. It is possible to measure the way back
to the equilibrium by monitoring the conductivity and thus estimate values of D and k.
In oxygen deficient oxides a change in pO, induces an oxygen vacancy excess or deficit
at the surface. The vacancies then diffuse into or out of the solid to recover

thermodynamic equilibrium.

The oxygen exchange kinetics of Cep9Tbg 10,5 +Co has been investigated by
alternatively swapping oxygen partial pressure from 1 to 0.21 atm at some given
temperatures. The conductivity change is reproducible and reversible, and slightly faster
in the oxidation direction as shown in Figure 10a. As the measured process is not
surface exchange reaction limited, thickness of the sample is a parameter affecting to
the relaxation time. Short relaxation time (=300 s) is due to the thin thickness of the

specimen.

D and k parameters were determined by numerical fitting of the relaxation
curves to the diffusion model described in equation (3) and are represented in Figure
10b as a function of the inverse temperature. D is in the range 10™ - 10 cm?/s and k 10°
4107 cm/s from 773-1023 K. Arrhenius plots on Figure 5b indicate that both diffusion
and surface exchange processes are thermally activated. The activation energies are 0.17

eV for k and 0.22 eV for D as obtained by linear regression analysis.

The obtained D and k values are similar or even higher than those reported for
highly oxygen-permeable and catalytic membrane materials based on perovskites.

Specifically, Lag¢Sro4CoooFeps0s5 (LSCF) measured by Lane and Kilner [40]
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delivered values of D=10" cm?/s and k=2-10* cm/s at 1073 K and similar pOa.
Bay 5S19.5C00 sFe203.5 showed [41] values of D= 2-10” cm’/s and k=2-107 cm/s at
1023 K. There are only few published studies on conductivity relaxation of lanthanide
doped ceria. The results of this study are in good agreement with the estimations of
Yashiro et al [42] for 10% gadolinium doped ceria (CGO). They reported an ECR
assessment under high oxygen partial pressure conditions of D=2.5-10" cm?/s at 1073
K. Specially remarkable is the relatively high k value obtained for CeoTbg 0.5 +Co,
which confirms the high catalytic activity for oxygen activation. As a consequence, Ce;.
xIbx0s5 +Co based membrane materials show a promising combination of high
catalytic activity, high oxygen-ion diffusivity, stability under realistic operation
conditions and sufficient mixed conductivity to achieve reasonable oxygen flux. From
the present results, it is reasonable to assert that high permeation and robust membrane
operation could be achieved by (i) proper fine-tuning of the membrane composition and
layer microstructure and (ii) development of supported thin-films on porosity-

engineered substrates.

4. Conclusions

Tb doped ceria shows predominant ionic conductivity or mixed ionic-electronic
conductivity depending on the Tb and Co doping level and temperature range, which
proves MIEC properties of these compounds.

Partial reduction of CeoTby 0,5 (Tb* — Tb’*) is achieved at temperatures
beyond 750 K and pO, = 10* atm. In these conditions ionic conductivity is
predominant. Higher doping levels (20%) causes changes in the Tb*/Tb’* ratio
allowing small polaron hopping between Tb ions of different oxidation state (as the Ce
does not reduce under the studied pO, range). As a consequence, the electronic
conductivity of these compositions in oxidizing conditions is not negligible and will be
limited by the number of available sites for electron hops. XRD results showed that Co
addition does affect the oxidation state of Tb, increasing the ratio Tb*/Tb™, However,
it i1s not entirely incorporated into the ceria lattice, but in the grain boundary.
Consequently, the addition of cobalt oxide enables the improvement of the sintering and
densification of specimens and the significant enhancement in total conductivity due to
(i) the improved material reducibility at high temperatures and the associated rise in

electronic conductivity and (ii) the increased concentration of oxygen vacancies. The
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higher reducibility of Co-containing Tb-doped cerias is also inferred from temperature
programmed oxygen desorption experiments done under helium gas flow, which
showed (i) the Tb** reduction at temperatures above 700 K and (ii) Co reduction at 1050
K.

Oxygen permeation was negligible for cobalt-free samples while Ce 9Tbg 0,5 +
Co and CegTby,0,.5 + Co showed an oxygen flux at 1273 K and 1 mm thickness of ca.
0.02 and 0.08 mL-min™-cm? for argon sweeping, respectively. This permeation values
are increased until reaching values 0.5 mL-min"-cm? at 1273K (CegoTbg 0,5 + Co
sample) by using methane as sweep gas. Permeability results confirm the higher
ambipolar conductivity of the CeysTb 20,5 + Co 2% composition and the possibility to
achieve suitable mixed conductivity values by the appropriate dopants and doping level.

Thermogravimetric tests carried out in air with 5% CO, confirmed the stability
of ceria material in contrast with the instability observed for Ba- and Sr-containing
perovskites. The combined oxygen permeation and stability under reducing and
carbonated atmospheres suggests the application of Ce; xTbxO,.5 + Co 2% as membrane
materials in catalytic membrane reactors for hydrocarbon and syngas conversion and

oxygen separation using flue gas sweeping.

Conductivity relaxation allowed the determination of oxygen vacancy diffusion
coefficient (D) and oxygen exchange coefficient (k) at high pO, conditions for
CepoTby 10725 + Co 2% mol. D varies from 10° to 10 cm*s and k from 10™ to 107
cm/s corresponding to the temperature range 773-1023 K. These values are in
agreement with reported results for CepoGdy 0,5 and lay within the range for the

targeted application as oxygen separation membrane.
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Figure Captions:

Figure 1. XRD patterns recorded at room temperature and SEM pictures of Ce;.

+IbO,.5 and Ce4TbyO,.5 +Co.

Figure 2. a) Cell parameter dependence on the dopant amount, b) Grain size

dependence on the cell parameter.

Figure 3. HT-XRD heating up in air (solid symbols) and cooled down in He
(open symbols) of CepgTbg 10,5 and Ceyo9Gdy10,.s.

Figure 4. Normalized TPD measured in He of CeygTbp,0:.5, CepoTbg 10,5,
Ce3Tbp20,5. + Co and CepoTby;0,.5.+Co. Inset: CeO, and CeO,+Co. The intensity

(ion current) corresponds to m/z = 32.

Figure 5. (a) Arrhenius plot of Ce;TbxO,.5 and b) Ce; \TbsO,.5+ Co (2 mol %)

at oxygen partial pressures of 0.21 and 5-10 atm.

Figure 6: Total, ionic and electronic conductivity (a) transport numbers of
CepgTbp2055. + Co measured across a 1.2 mm thick membrane under a nominal
gradient of pO, 0.21 Il 5x10° atm (air/Ar). J(O,) measured using chromatography

analytical data.

Figure 7. Conductivity of Ce;TbsO,.5 system as a function of oxygen partial
pressure measured at 673 K (a) and 1073 K (b).

Figure 8. Oxygen permeation flux as a function of inverse temperature for

Ceo.gTbo.loz.s + Co 2% and CegTbp 20,5 + Co 2% (a)

Figure 9. Thermogravimetric analysis under CO; flow of Ce;TbyO,5 / Ce;.

XTbXOQ_s + Co 2% in COz, and Bal_XSI'XCO(),gFe()QO}s

Figure 10. Experimental relaxation curve in the form of conductivity change
versus time from pO,= 1 atm to 0.21 atm (left-hand), and chemical diffusion coefficient
and surface exchange coefficient (right-hand) as a function of temperature for

Ceo.gTbo.loz.s + 2% Co.

Table 1. Apparent activation energies in the temperature range of 1073-750 K
and 750-673 K and conductivities at 1073 K under air and 5x107 atm.
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Ce9Tby.1025
Ceg9Tby 10,5+ Co 2%
Ce5Tbo 2025
CesTbg20,5+ Co 2%

Table 1

E, (eV)

6 (S/cm) 1073 K

0.21 atm 5x107” atm 0.21 atm 5x107” atm
HighT LowT
1.08 0.67 0.80 0.018 0.025
1.06 0.76 0.75 0.038 0.045
0.87 0.59 0.71 0.035 0.040
0.82 0.55 0.77 0.048 0.051
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Supporting Information Available: Additional TPR results of the samples are
plotted in figure S1. Oxygen flux measurements under different temperatures as a
function of imposed current are depicted in figure S2. Figure S3 shows OCV
measurements compared with Nernst theoretical values. OCV values are lower than

theoretical, which indicates that a electronic component exists.
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