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Abstract

The electrical conducting properties of both hydrated and dehydrated BaCegg5Y(.1505_5 (barium cerate, BCY) were investigated at low
temperature (473-203 K) by an AC impedance analyzer combined with a dielectric interface. For the BCY, the bulk and grain boundary
conductivities were separated with the equivalent circuit model, and the bulk conductivity was approximately two orders of magnitude higher than
the grain boundary conductivity. At very low temperature (203 K), a single semicircle was obtained in the impedance plot, whereas three distinct
semicircles were plotted in modulus plot due to the three different resistance components in the system. The activation energy of bulk conductivity
was 0.55 eV and 0.57 eV for the hydrated and dehydrated BCY samples, respectively.
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1. Introduction

Since the phenomenon of high-temperature proton conduc-
tion in oxides was first reported, acceptor-doped perovskite
structures have been intensively studied due to their potential
applications for fuel cells, sensors, membranes, and steam
electrolyzers [1-3]. Among the perovskites, acceptor-doped
barium cerates (BCY: BaCe( g5Y(.1503_s) are recognized as the
highest proton conductor [4].

Despite its good proton-conducting properties, BCY has not
yet been successfully applied for use in electrochemical devices
due to its thermodynamic and long-term chemical instability,
especially in CO, CO,, and water-containing conditions [5,6].
Thermal stability was also identified as a major concern when
the vapor pressure of BCY was measured by mass spectrometry
above 1774 K: BaO(g) was confirmed as the main gas species
[7]. Atomistic simulation results [8] showed that the formation
of Ba and O vacancy pairs is the most energetically favorable
point defect, resulting in the loss of BaO and CeO, formation at
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very high temperature. Loss of BaO from yttrium-doped BCY
was believed to be due to either dopant redistribution over the A
and B sites or direct evaporation of BaO.

The high-temperature transport properties of acceptor-
doped BCY have been intensively studied from conductivity
measurements [9], open cell measurements [10], permeation
[11], and point defect modeling [12], but their low-temperature
properties have not yet received any attention.

In this study, the electrical conducting properties of both
hydrated and dehydrated BCY were investigated at low
temperature (473-203 K) by an AC impedance analyzer
(Solartron 1260) combined with a dielectric interface
(Solartron 1296). For the BCY, the bulk and grain boundary
conductivities were separated with the equivalent circuit
model.

2. Defect chemistry

The defect structure of the system is described by the
relations among the structural elements. Mass action laws are
applied to defect equilibria and the defect notation of Kroger
and Vink [13] is used, in which the subscripts indicate the site,
while the superscripts (x), (), and (/) indicate zero, positive,
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and negative effective charges, respectively. Mass action laws
are applied to defect equilibria as follows:

e Internal equilibria:

null = Vg.// + Ve! !/ +3Vp**: 0
KS = [VBH//][VCS////][VO'.]37

where Kg is the equilibrium constant for Schottky—Wagner
disorder:

null = ¢/ + h*; ()

where K; is the equilibrium constant for the electron—hole pair
intrinsic reaction.
External equilibria:

1
EOz(g) + Vo®* — Of + 2k

K; =np,

KOX — pZ[VOoo]*lpazl/Z,

3
where Kox is the equilibrium constant for the oxygen
exchange:

[OHo"J*
[Vo**]Puo’
“)

where Ky is the equilibrium constant for the water exchange.
Vaporization equilibrium of BaO:

HzO(g) + VO.. + Oxo — ZOHO.; Kw =

Bag,* + Cec.* + 300" — VBa// + Cece* + Vo** + 200"

+BaO(g); Kg = [Ve//][Vo"*]as.0, )

where Kp is the equilibrium constant for the vaporization of
BaO, and ag,0 is the activity of BaO.
e Charge neutrality condition:

n+2[Ve/] + 4[Vri///] + [Ye/]

= p+2[Vo**] + [OHp"], (6)

The possibility of Frenkel disorder is ruled out because,
according to the atomistic simulation, the perovskite structure
is highly unlikely to accommodate ion interstitials.
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3. Experimental

Polycrystalline BCY powders were prepared by conven-
tional, solid-state reaction methods. High-purity oxide powders
of BaCO5 (99.9%, Alfa Aesar), CeO, (99.9%, Alfa Aesar), and
Y>05 (99.99%, Alfa Aesar) were mixed, ground in a ball mill
with stabilized zirconia balls, and calcined at 1523 K for 12 hin
air. The calcined oxides were then crushed, sieved through a
mesh size of <45 wm, pressed into pellets, cold isostatically
pressed, and finally sintered at 1723 K for 12 h in air to afford
disks with densities of 96%.

For dehydration, the samples were annealed at 1273 K for
2 h with the Ar gas dried by passing through a column of
CaSO,. A wet gas stream produced by bubbling through a water
bath at an ambient temperature acted as feed for the hydrating
samples at 773 K for 24 h.

The electrical conducting properties of both hydrated and
dehydrated BCY were investigated at low temperature (473—
203 K, controlled by a closed-cycle refrigerator, CCS-400) by
an AC impedance analyzer (Solartron 1260) combined with a
dielectric interface (Solartron 1296) over the frequency range
of 100 Hz to 100 MHz at an amplitude of 100 mV. Platinum
paste (Engelhard 6929) was used as an electrode on both sides
of the pellets after their surfaces had been polished.

4. Results and discussion

Fig. 1 shows the scanning electron microscopy (SEM)
images of the as-sintered and fractured surfaces. The as-
sintered specimen exhibited a porous surface (Fig. 1a) because
the chemical evaporation of the component oxide (BaO) caused
pore development at the surface of the specimen sintered at
elevated temperature. A very dense fractured surface was
shown in Fig. 1b. The X-ray diffraction (XRD) spectra on the
polished-surface of specimens, shown in Fig. 2, confirm a
single-phase perovskite with an orthorhombic structure.

Figs. 3 and 4 show two representative impedance results for
both dry and wet conditions, along with the equivalent circuit
used in fitting. The impedance response of the BCY samples at
298 K typically showed two semicircles in the Nyquist plot:
one small arc at high frequencies, corresponding to the bulk
characteristics; and one large arc at medium—low frequencies,
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Fig. 1. Scanning electron micrograph (SEM) images of the (a) as-sintered and (b) fractured surfaces of BaCe(gs5Y( 1503_5 (BCY).
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Fig. 2. X-ray diffraction (XRD) patterns of BaCe g5Y.1505_5 (BCY) sintered
at 1673 K in air.

related to both the grain boundary and electrode resistance. The
reason how electrode response affects the grain boundary
response may be ascribed to the similar resonance frequency of
both bulk and grain boundary. In this result, both grain
boundary and electrode response was not clearly divided from
the medium-low frequency range impedance data, but using
equivalent circuit model both terms were successfully
separated.

The bulk conductivity was calculated by multiplying the
inverse bulk resistance (1/R,) by L/A, where A is the cross
sectional area, and L is the thickness of the sample. The bulk
and grain boundary resistivities were calculated from impe-
dance measurements by comparing the capacitance of the bulk
and grain without further microscopic information, while the
bulk and grain boundary dielectric constants were assumed to
be approximately equal, as described elsewhere [14,15]. The
specific grain boundary conductivity can be calculated from:
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Fig. 4. Typical Nyquist plot of dehydrated BaCe g5Y.1505_s (BCY) at around
297 K.

where Ry, is the grain boundary resistance, d, the grain size,
and dgy, is the grain boundary thickness (mainly the thickness of
the space charge layer). d,, may also be calculated from the
ratios of the bulk and grain boundary capacitances:

®)

if we approximate the dielectric constant of the grain boundary
(égp) to the bulk value (e,). Although the electrode and grain
boundary responses were not clearly divided, we assumed an
equivalent circuit of three parallel RC circuits connected in
series. The impedance diagrams were fitted to obtain the
resistance, characteristic frequency, and capacitance of the
bulk, the grain boundary, and the electrodes.

The reported data on the acceptor-doped BaCeO;_s show
that the concentration of electrons and holes are minor when
compared with that of the ionic defects in the higher pO, regime
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Fig. 3. Nyquist plots at various temperatures for (a) dehydrated and (b) hydrated BaCe g5Y.1503_s (BCY).
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Fig. 5. (a) Impedance and (b) modulus plots at 233 K for dehydrated BaCe( g5Y¢.1503_5 (BCY).

(N,/O, mixture). Therefore, Eq. (6) simplifies to [16]
[Ye!] = 2[Vo**] 4 [OHo"] ©)

By combining Eq. (1)—(6) and (9), the following defect con-
centration relationship may be derived

1/2
1 KwPn,0 8[Yce']
H, = 1 —1 1
[OHp"] 1 l( +KWPH20 (10)
1/2 2
0o KWPHzo 8[YC8/]
Vo] = =475 (1 P 1 (11)

KoxKw 1/2 1/4 ,1/2
p=(05) Pl

1/2
8[Yce/] )
I +—— -1 (12)
( KwPu,0
Though an oxygen vacancy is a major positive charged defect, it
is evident that the hole conduction is dominant in the p-type
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regime, because a higher total conductivity was reported at the
dry oxygen condition than at the dry argon condition.

In the case of the wet argon condition, a proton may be

incorporated into BCY by consuming the oxygen vacancy, as
shown in Eq. (4), and further be dissolved according to the
following equation:
H,O(g) + 2h* + 200* — 20Ho"® + %OQ(g) (13)
As shown in a previous simulation work [12], proton incorpora-
tion increases with both decreasing oxygen partial pressure
(pO,) at a fixed water vapor pressure and increasing water
partial pressure (pH,O) at a fixed pO,. Therefore, proton
conduction becomes dominant at the wet argon condition.

Comparing the impedance diagrams for both dry- and wet-
BCY disk samples indicated that the medium frequency
semicircle (associated with grain boundary resistance) was
larger for the wet-BCY disk, indicating that BCY has a larger
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Fig. 6. (a) Arrhenius plots of bulk and grain boundary conductivity of dehydrated BaCe g5Y.1503_s (BCY), and (b) temperature dependence of total conductivity for

dehydrated and hydrated BCY.
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grain-boundary resistance at the dry condition (grain boundary
resistance: 5.93 x 108, shape factor: 0.22 at 297 K) than at the
wet condition (grain boundary resistance: 7.59 x 10”, shape
factor: 0.257 at 297 K).

At low temperature (up to 243 K), there is only a single
overlapped arc at intermediate frequencies, together with the
beginning an arc at low frequencies assigned to the electrode
response. Due to the similar capacitance of the bulk/grain
boundary at the temperature studied, the overlapped arc could
not be further analyzed. In Fig. 5, the electrical response of the
bulk and grain boundaries was successfully resolved in the
modulus spectrum because of the difference in their resistance.

The Arrhenius plot of the electrical conductivity is shown in
Fig. 6. The bulk conductivity was several orders of magnitude
higher than the grain boundary conductivity over the temperature
range of 473-203 K for dehydrated BCY. This result confirmed
that the grain boundary may not provide a pathway for fast proton
transport, and that bulk transport makes a major contribution to
the total conductivity [17]. The calculated activation energy,
consisting of the formation and migration energy for mobile
defect species, was 0.55 eV and 0.57 eV for the hydrated and
dehydrated BCY samples, respectively.

5. Conclusion

The electrical conducting properties of both hydrated and
dehydrated BCY were investigated at low temperature (473—
203 K) by an AC impedance analyzer combined with a dielectric
interface. For the BCY, the bulk and grain boundary conductiv-
ities were separated with the brick-layer model, and the bulk
conductivity was approximately two orders of magnitude higher
than the grain boundary conductivity. The activation energy of
bulk conductivity for the hydrated BCY was 0.55 eVand 0.57 eV
for the hydrated and dehydrated BCY samples, respectively.
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