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ABSTRACT

It has been reported that peak mixed conducting performance can only be
obtained in doped ceria-based fluorite ceramics that contain cobalt sintering
additives, when these materials are sintered below 1100 °C. Hence, this article
provides a comparative analysis of the electrochemical behavior of such mate-
rials formed under the aforementioned conditions. The transport properties of
CepgTbp 0, s (CTO), CepsGd,0,_5 (CGO), and CepgPrg,0, 5 (CPO) with
2 mol% Co sintering aid were analyzed for samples prepared and sintered
under similar conditions. The total conductivities of these samples were char-
acterized by impedance spectroscopy under air atmosphere in the temperature
range of 200-850 °C. Oxide-ion transference numbers were determined by the
modified electromotive force method under oxygen/air gradient. Ionic and
electronic conductivities were calculated from transference numbers and total
conductivity measurements and compared. CTO + Co and CPO + Co ceramic
materials show higher relative contribution of the electronic transport compared
to CGO + Co. Among these materials, CPO + Co shows the highest total and
partial electronic conductivities, as well as the highest oxygen permeability,
with essentially the same partial oxide-ion conduction as CGO + Co.

Introduction conducting properties depending on substitution
mechanism, rendering them appropriate for a variety
Significant scientific effort has been devoted to the  of applications, such as electrolytes and electrodes for

study of ceria-based oxides, as they can exhibit ionic solid oxide fuel cells (SOFCs) [1, 2], oxygen sensors [3],
conducting, electronically conducting, or mixed oxygen permeation membranes [4], and ultraviolet ray
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absorbents [5]. Although perovskite and perovskite-
related structure materials have traditionally been the
most widely studied as potential mixed conductors
[6, 7], significant levels of ambipolar conductivity can
also be obtained in materials of the defect cubic fluo-
rite-type structure by substitution of mixed-valence
elements in recognized fast ionic conductors, for
example, Nb or Ti substitution into zirconia-based
fluorites [8, 9], or Pr and Tb into ceria-based fluorites
[4, 10, 11]. In the case of the ceria-based materials, such
substitution can lead to p-type electronic conductivity
in oxidizing conditions via small polaron hopping
arising from Prt/Pr*t or Tb>*/Tb*" [4, 10, 11],
whereas in reducing environment, n-type electronic
conductivity can also be induced due to partial
reduction of Ce** to Ce®* [12-14]. Additional gains in
ambipolar conductivity can also be obtained in oxi-
dizing conditions by the presence of small quantities of
sintering additives, where preferential segregation of
the additive to grain boundaries has been demon-
strated to lead to beneficial effects on the level of
electronic conductivity [11, 15-17]. Several transition
elements have been reported to show this effect e.g.,
Cu, Co, and Fe, with the most studied being that of
minor cobalt oxide additions (2 mol%), where signifi-
cantly enhanced densification and improved
ambipolar conductivities have been documented for a
wide range of Ce;_,Ln,O,_s systems (Ln = Tb, Pr,
Gd, La, Eu, Er, Yb, and Nd) [10, 11, 15, 16, 18-21].
Further increases in the amount of sintering additive
beyond this level have been reported to be detrimental
for conductivity [11, 22]. The concept behind the pre-
sent study follows from the observation that the sin-
tering temperature of ceria-based materials with Co
sintering additives is a critical factor to obtain the
desired enhanced electrical performance. Excessive
sintering temperatures are shown to lead to grain
growth and significant segregation of cobalt into iso-
lated grains, resulting in decreased ambipolar con-
ductivities and oxygen permeation fluxes [17, 20, 23].
Therefore, in the current work, we analyze Cep gTbg -
O,_s with small additions (2 mol%) of cobalt oxide
sintering aid, sintering at low temperature (<1000 °C)
where optimal transport properties are maintained
[15, 17, 23]. Electrical conductivity, EMF, and oxygen
permeability measurements were performed in order
to understand the behavior of CTO mixed ionic elec-
tronic conductor. Results were compared to the
transference numbers, total and partial ionic and
electronic conductivities, and oxygen permeability of
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cobalt containing CepgGdp20,-s5 and CepgPrp,05_s
that were prepared under similar low-temperature
conditions. In this way, the current article provides a
direct appraisal of the peak electrical properties and
oxygen permeabilities obtainable from Ce;_,Ln,O,_s
(Ln = Tb, Pr, and Gd) materials containing cobalt
oxide sintering additives.

Experimental

Cerium terbium oxide (CepgTb20,_s5) powder was
synthesized via the hydrothermal method, with cer-
ium (III) nitrate hexahydrate and terbium (III) nitrate
pentahydrate as precursors. The detailed CeysTbg 2
O,_; preparation was reported elsewhere [17]. Cer-
ium praseodymium oxide (CesPry,0,_5) was pro-
duced by the solid-state route from cerium (III)
nitrate hexahydrate and praseodymium (I, IV)
oxide, as described elsewhere [11]. Commercial cer-
ium gadolinium oxide (Cey sGd20,_s) was supplied
by Rhodia [15]. The cobalt oxide (2 mol%) sintering
aid was added in the form of an aqueous solution of
cobalt (II) nitrate, followed by ultrasonic treatment,
drying and grinding with an agate mortar and pestle.
Subsequently, all the powders were dry compacted
into pellets at 30-60 MPa and further compressed by
isostatic pressing at 200 MPa. The pellets were sin-
tered at 900-1000 °C for 5 h in air.

Powder XRD patterns were acquired in a Rigaku
Geigaku Geigerflex diffractometer (Cu Ko radiation)
over a 20 range of 20°-80°. The impedance spectra for
pellets with platinum electrodes were recorded by
means of Electrochemie-Autolab PGSTAT302 N fre-
quency response analyser in the frequency range of
0.01 Hz-1 MHz. The activation energy (E,) values for
the conductivities were calculated by the standard
Arrhenius equation,

Ay _m
0 =—e KT

(1)
where Ay is the pre-exponential factor.

Oxygen ionic transference numbers (t,) were
measured using the modified electromotive force
(EMF) method first proposed by Gorelov [24],

Eobs
En

R 1
=11 E 2
] @

where R, is the polarization resistance, R, and R, are
the partial oxygen ionic and electronic resistances of
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the sample, respectively [25]. Oxygen permeation
measurements for cobalt containing CepgPrg,05_s
and CegTb,0,_s were performed on dense gas-
tight samples following the procedure reported
elsewhere [26]. The discussion of the permeation
phenomena is based on the oxygen flux density, j,
and the specific oxygen permeability, [(O,), which are
interrelated as

-1

102) =jd 2] ®)
P1

where p; is the oxygen partial pressure at the mem-

brane permeate (inner) side and p, is the oxygen

partial pressure at the membrane feed (outer) side

remaining constant at ~0.21 atm (p; < po).

The oxygen flux density and specific oxygen per-
meability values of cobalt containing CejgGdg20,_s
were calculated using the oxygen ionic transference
numbers for oxygen/air gradient, the total conduc-
tivity, the relation between [(O,) and j (Eq. 3), and
following relationship between the specific oxygen
permeability J(O,) and the ambipolar conductivity
(o.mb) averaged for a given oxygen partial pressure
range (Gump) [11], assuming that the surface oxygen
exchange does not limit the oxygen transport through
the membrane:

1(On) = RT _ RT o0, RT
2) T 1627 T 16 g, + 0. 16F2

O'Tto(l — to),

(4)

where ¢, is the oxygen ion transference number and
or, 0, and o, represent the total, oxygen ionic and
electronic conductivities, respectively.

Results and discussion
Structural and microstructural studies

Figure 1 shows the XRD patterns of Cepglng,0,_s
ceramic samples (Ln = Gd, Pr, and Tb) sintered at
low temperatures <1000 °C  with cobalt oxide
(2 mol%) sintering aid. The patterns show broad
peaks, reflecting that the formed ceramics are con-
stituted by relatively small grains. SEM micrographs
of the sintered samples are presented in Fig. 2, and
show a very similar microstructure for all samples
with submicron grain sizes <200 nm.

The corresponding lattice parameters (refined from
the XRD patterns) are summarized in Table 1. All
samples showed densities higher than 90 % of the
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Figure 1 X-ray diffraction patterns of cobalt containing Cegg
Lng,0,_s (Ln = Gd, Tb, and Pr) sintered ceramics.

theoretical densities, confirming that dense materials
are obtained after sintering at relatively low temper-
atures (900-1000 °C) by addition of 2 mol% of cobalt
oxide as a sintering aid. Although the ionic radii of
the lanthanide dopants increase in the sequence
Tb < Gd < Pr, for the same 3+ oxidation state, a
direct correlation cannot be made with the measured
lattice parameters, due to the variable oxidation state
of the Tb and Pr cations [27, 28].

Total conductivity

Figure 3 shows the total conductivities of CeygPrg2»
027(5, CEQ_ngO.ZoQ,(s, and CeoigTbOQOz,(; ceramics
sintered with Co addition, measured in air using
impedance spectroscopy. Above 450 °C, the highest
total conductivity can be observed for CPO + Co
ceramics. Among other two compositions,
CGO + Co shows higher total conductivity than
CTO + Co in the higher temperature range, while at
lower temperatures this tendency is reversed. The
activation energies of the total conductivity of these
materials, Table 2, show distinct variations between
low and high temperature ranges and this feature is
more pronounced for materials containing variable
valent dopants, Pr and Tb. For these materials, this
effect can be related, predominantly, to the changing
oxidation states of Pr and Tb with temperature [29].

Partial electronic and oxygen ionic
conductivities

Figure 4 represents the behavior of oxygen ionic
transference numbers of Ceygl.ng,0,_s (Ln = Pr, Tb,
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CPO+Co

Figure 2 SEM micrographs of sintered ceramics Cegglng,0,_s (Ln = Gd, Tb, and Pr) containing cobalt.

Table 1 Lattice parameters of cobalt containing Cegglng,0,_s
(Ln = Gd, Tb, and Pr) sintered ceramics [11, 15, 17]

Composition Lattice parameter (A) (0.0003)
CGO + Co 5.4275
CTO + Co 5.3910
CPO + Co 5.4106

and Gd) ceramics with Co sintering aid measured by
the modified EMF method. The ionic transference
numbers were measured across the membrane under
p(O,) gradient (oxygen/air) in the temperature range
from 900 to 600 °C. Obtained transference numbers
show that CGO + Co and CTO + Co ceramics are
predominantly oxygen ionic conductors at these
temperatures, in contrast with mixed conducting

1 4 —=— CPO+Co
—A— CGO+Co|
—e—CTO+Co
2 4
‘:'g 3
b -3 4
bi—
8 -4
-5 -
T M T T M T

v — v
0.8 1.0 1.2 1.4 1.6 18 20 22
1000/T (K™

Figure 3 Total conductivity (o1) of Cegglng,0,_s (Ln = Pr,
Tb, and Gd) ceramics with Co sintering aid in air.
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CPO + Co material. The CGO + Co composition
sintered at 900 °C displays oxygen ionic transference
numbers that increase with decreasing temperature,
approaching unity at the lowest temperature mea-
sured. In contrast, the ionic transference numbers of
the CPO 4+ Co and CTO + Co compositions are
shown to decrease with decreasing temperature.

The combination of ionic transference numbers (t,)
with total conductivity (or), measured in air by
impedance spectroscopy at corresponding tempera-
tures, allows the estimation of ionic conductivity (a,)
through the following relation,

oo, = tyoT. (5)

Figure 5 summarizes the temperature dependencies
of the partial oxygen ionic conductivities of these

1.0
0.9 - k‘/A/A/k—‘
0.8
0.7 1
0.6
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Figure 4 Oxygen ionic transference numbers of Cegglng,0;, s
(Ln = Pr, Tb, and Gd) ceramics with Co sintering aid, measured in
oxygen/air gradient.
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Table 2 Activation energy values for the total conductivity of
Cegglng,0,_s5 (Ln = Pr, Tb, and Gd) ceramics with Co mea-
sured in air

Composition Activation energy (eV)
500-850 °C 200-500 °C
CGO + Co 0.77 £ 0.02 0.79 £ 0.02
CTO + Co 0.64 £+ 0.01 0.50 £ 0.01
CPO + Co 0.70 £ 0.12 0.59 £ 0.06
-0.8 - —A— CGO+Co|
—a— CPO+Co
—@—CTO+Co
.2 -
£
S
@
6 -1.6 -
(=Y
°
-2.0 +
T T T T v T N
0.8 0.9 1.0 1.1 1.2
1000/T (K™

Figure 5 Oxygen ionic conductivities of Cegglng,0,_s

(Ln = Pr, Tb, and Gd) ceramics with Co sintering aid in air.

materials, resulting from Eq. (5). The compositions
CGO + Co and CPO + Co show similar levels of
ionic conductivity that are considerably higher than
that offered by the terbium doped, CTO + Co, com-
position. All compositions show similar activation
energies for ionic conductivity in the studied tem-
perature range, Table 3.

In a similar way, the electronic conductivity can be
estimated from oxygen ionic transference numbers
and total conductivity values at corresponding tem-
peratures as follows:

Oe = (1 - to)UT- (6)

Table 3 Activation energy values for the ionic and electronic
conductivities in air and oxygen permeation (at log (p./p;) ~ 0.7)
of Ceg gLng ,0,_s (Ln = Pr, Tb, and Gd) ceramics with Co

Composition  Activation energy (eV)
Tonic Electronic Oxygen permeation
CGO + Co 0.71 £0.01 1.50 +0.20 1.56 + 0.20
CTO + Co  0.75 £ 0.02 0.32 +0.08 0.43 + 0.04
CPO + Co 0.69 & 0.04 0.23 £0.01 0.49 £+ 0.09
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Figure 6 Electronic conductivities of Ceyglng,0,_s (Ln = Pr,
Tb, and Gd) ceramics with Co sintering aid in air.

It has been reported that the addition of 2 mol%
Co0O into CepgGdy,0s_5, CensTby,O,_s5, and Ceyg
Pro0;_; systems can lead to enhancement of p-type
electronic conductivities over the base compositions
and this enhancement is greatest for materials sin-
tered at low temperatures (900-1000 °C) [17, 20, 23].
For these peak performing materials, Fig. 6 shows
that the highest electronic conductivities are offered
by the compositions containing the variable valent
lanthanide dopants, Pr and Tb. The highest electronic
contribution of all materials studied is offered by the
composition CPO + Co. The activation energies of
the electronic conductivity of the CPO + Co and
CTO + Co compositions are shown to be similar and
to be lower than that of the CGO + Co material
(Table 3).

Oxygen permeation fluxes

Figure 7a, b shows, respectively, the oxygen flux
density, j, and specific oxygen permeability, J(O,), for
the CTO + Co, CPO + Co, and CGO + Co compo-
sitions at various temperatures, as a function of the
oxygen partial pressure gradient. Previous literature
has shown that oxygen surface exchange limitations
are insignificant for 2 mol% cobalt oxide containing
CTO [17, 19] and CPO [11] materials, in the studied
temperature range. Moreover, considering that
increased mixed conductivity and faster oxygen
surface exchange have been reported that for ceria-
based oxides when the grain size decreases to the
submicron range [26, 30], the surface kinetics of
2 mol% cobalt oxide containing CGO is assumed to
not significantly limit the oxygen permeation for the

@ Springer
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Figure 7 The steady-state oxygen permeation fluxes (a) and
specific oxygen permeability values (b) for cobalt containing
Ceoglng,0,_s5 (Ln = Pr, Tb, and Gd) 1 mm thick membranes
versus oxygen partial pressure gradient (for Pr and Tb-measured,
for Gd-calculated).

following comparison; the results presented for this
composition in Fig. 7 should, therefore, be considered
as a best case scenario. The oxygen permeation flux
and, consequently, specific permeability values of
cobalt containing CeygPrp20,_s are substantially
higher than those of cobalt added Ceg sTb ,0,_s5 and
CepsGdp20;,_5s for these peak performing materials
sintered at low temperatures. As shown in Eq. (4),
higher partial oxygen ionic and electronic conduc-
tivities result in higher oxygen permeability (assum-
ing negligible surface exchange limitations),
achieving a maximum when these conductivities are
similar (f, = 0.5). Indeed, cobalt containing Cepg
Pr,0,_; offers a better combination of the oxygen
ionic transference number (Fig. 4) and partial con-
ductivities (Figs. 5, 6), when compared with that
offered by CTO + Co and CGO + Co.

At 800 °C, the oxygen permeability values of cobalt
containing CegTbp,0,_s and CepsGdp.0,_5 are
very close (Fig.7), reflecting that their ambipolar
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conductivities (Gomp = %) at this temperature are
o €

similar. Thus, although the oxygen ionic conductivity
of CGO + Co is noted to be significantly higher than
that of CTO + Co (Fig. 5), its ambipolar conductivity
is limited by a low level of electronic conduction that
is inferior to that offered by the CTO + Co compo-
sition under these conditions (Fig. 6). On decreasing
temperature, the difference in electronic conductivity
between these two oxides increases (Fig. 6), as the
activation energy of electronic conduction for
CGO + Co is considerably higher than that of
CTO + Co (Table 3). Thus, at lower temperatures,
the lower electronic component in the CGO + Co
case can no longer be compensated (in terms of
ambipolar conductivity) by ionic conductivity due to
the similar activation energies for ionic conductivity
of these materials (Table 3). As a consequence, the
oxygen permeation of cobalt containing CeysGdy»-
O,_; becomes progressively lower than that of cobalt
added Ce(gTb;,0,_s5, upon decreasing temperature
(Fig. 7).

On consideration of the definition of ambipolar

conductivity (Gamb = J;‘f;e), it becomes clear that if

one of the partial conductivities is significantly lower
than the other one (e.g., for CGO + Co, 0. < 0,), the
ambipolar conductivity and, therefore, oxygen per-
meation become limited by this contribution (for
example in the case of CGO + Co, limitation in
ambipolar conductivity is by the level of electronic
transport: o;mp =~ do). In agreement, the activation
energy of oxygen permeation flux through cobalt
containing CeysGdp,0,_s membrane, determined
according to the standard Arrhenius equation [see
Eq. (1) as a model], is very similar to the activation
energy of its electronic transport (Table 3), further
highlighting that the oxygen permeability of
CGO + Co is mostly limited by its bulk electronic
conduction.

The activation energy values of oxygen permeation
flux for cobalt containing CesPrg,0,_s and Cegg
Tbo20;_5 lie between their respective activation
energy values for oxygen ionic and electronic con-
ductivities, being slightly closer to the activation
energy of electronic transport (Table 3). This indi-
cates that the oxygen permeability of CPO + Co and
CTO + Co, contrary to CGO + Co, is governed by
both partial conductivities. The oxygen ionic trans-
ference numbers (Fig. 4) confirm this assumption, as
t, values of cobalt containing CejgsPro,0,_s; and
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CepgTbp20,_s5 are considerably closer to 0.5, than
those of cobalt added CeysGdg-0,_s.

Conclusions

The introduction of small amount (2 mol%) of cobalt
oxide is highly effective as a sintering aid in fluorite
Ce;_,Ln,O,_;5 (Ln = Tb, Gd, and Pr) oxides allowing
dense materials with submicron grain sizes to be
formed at sintering temperatures of 1000 °C and
below. For the peak performing samples prepared
under these conditions, ambipolar conductivities are
shown to increase in the order CGO +
Co <CTO + Co < CPO + Co. The oxygen ion
transference number of CTO + Co, obtained from
modified EMF method, increases with temperature,
in line with that observed for the praseodymium-
substituted composition CPO + Co. In contrast, the
oxygen ion transference number of the gadolinium
substituted analogue, CGO + Co, exhibits negative
temperature dependence. The ambipolar conductivi-
ties of CTO + Co and CGO + Co compositions are
observed to be similar at the highest temperatures
studied, 800 °C, while deviating strongly with
decreasing temperature due to a much greater acti-
vation energy for the electronic conductivity com-
ponent in the CGO + Co case. The oxygen
permeabilities obtainable from these materials follow
these trends, increasing in the sequence CGO + -
Co <CTO + Co < CPO + Co. The current work
shows that the Ce gTby,0,_s with low concentration
of Co sintering additive can attain relatively high
mixed ionic electronic conductivity after sintering at
low temperature of 900 °C. Nonetheless, this perfor-
mance is shown to be significantly inferior to that
offered by the praseodymium-substituted material,
CPO + Co.
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