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Manipulating the grain boundary properties
of BaCeO,-based ceramic materials through sintering
additives introduction

BaCe0,-based materials represent a well-known family of proton-conducting
electrolytes, which can be used in different solid oxide electrochemical devices.
An effective operation of the latter across an intermediate-temperature range
requires improved transport of PCEs, including their grain (G) and grain boundary
(GB) components. In the present work, some 3d-elements in a small amount were
used as sintering additives to verify the possibility of improving the GB conduc-
tivity of BaCe, ,Gd, ,0, ;. It is shown that copper oxide (CuO) can be considered
as one of the most effective sintering agents, since its use enables decreasing
the GB density of the BCG ceramic material at the reduced sintering temperatures.
The obtained results form a new tactic for designing new protonic electrolytes,
whose conductivity might be prevail over ones containing Ni-based modifiers.
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Introduction

Proton-conducting oxide
(PCO) materials occupy a special place
in the high-temperature electrochemistry
due to its unique features consisting in pro-
ton transportation in an oxide matrix [1-5].
These features allows PCOs to be utilized
as electrolytes for various types of electro-
chemical devices (EDs) such as solid oxide
fuel cells (SOFCs), solid oxide electrolysis
cells (SOECs), pumps and sensors [6-9].
As a result of high realizable conductivity
levels of PCOs, the mentioned devices can
operate at reduced temperatures (below
600 °C) compared with the conventional
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systems based on oxygen-ionic electrolytes
(10, 11].

In order to further improve the EDs’
performance and efficiency, different
strategies aimed at the electrolyte modi-
fications can be exploited [1-3, 12-14]:
the decrease of their thickness, designing
the structures with a higher ionic mobil-
ity, purposeful modification of ceramics
morphology. The latter is a highly promis-
ing strategy, since the overall conductivity
of polycrystalline PCOs is known to be
determined by a high resistance of grain
boundaries [14]. One of the most obvious



ways to modify the grain boundaries rests
on adding the low-melting phases [15],
which intensify mass transport and pro-
motes grain growth. Nickel oxide (NiO)
is often used as such an additive. However,
no improvement (or even deterioration)
of grain boundary transport is observed
[16-20]; this is due to two undesirable
effects: very low solubility of Ni**-ions
in a Ce-sublattice of BaCeO,-based ma-
terials and, consequently, the sedimenta-
tion of proton-blocking Ni-containing
phases (NiO, BaY,NiO,) along the grain
boundaries. Therefore, a rational search
of possible alternative to NiO is a matter

Experimental

BaCe,,Gd, 0, ; (BCG) material and its
doping derivatives (BaCe, ,Gd, , M, ,,0; &
BCGM, where M = Cu, Co and Ni) were
prepared using traditional solid state syn-
thesis method. BaCO,, CeO,, Gd,0,, CuO,
Co,0, and NiO powders (with purity not
less than 99.5%) were taken in stoichio-
metric amounts and thoroughly mixed via
amortar and pestle. The obtained mixtures
were first pre-synthesized at 1100 °C for 5 h.
The resulting powders were again mechani-
cally activated, uniaxally pressed into discs
and then sintered at 1450 °C for 3 h.

One part of the obtained ceramic
samples was crushed and characterized
by XRD (diffractometer Rigaku D/MAX-
2200VL/PC, Japan), while another part

Results and discussion

The XRD pattern of the sintered
BCG material (Fig. 1) shows the forma-
tion of a single-phase product, the crys-
tal structure of which can be indexed
as an orthorhombically-distorted perovs-
kite with lattice parameters of a = 6.221 A,
b=8.770 A, c = 6.244 A and space group
of Pmcn. The doping with 3d-elements

of fundamental and applied interests as-
sociated, respectively, with design of PCOs
with optimized properties and their suc-
cessful application in EDs.

In the present work, on a well-known
example of PCOs, BaCe,,Gd, 0, ; pos-
sibility of improving its grain bound-
ary transport was checked via an addition
of CuO, Co,0, and NiO as second dopants.
To launch bridges between structural, mi-
crostructural and transport properties
of the materials obtained, the X-ray diffrac-
tion (XRD), scanning electron microscopy
(SEM) and electrochemical impedance
spectroscopy (EIS) analyses were used.

was studied by SEM (JEOL JSM-5900 LV,
Japan).

Electrochemical characterization
was performed for the Ag|BCG|Ag
or Ag|BCGM|Ag symmetrical cells by uti-
lizing an Amel 2550 potentiostat/galva-
nostat (Italy) and a MaterialsM 520 fre-
quency response analyser (Italy). These cells
were fabricated in the following sequence:
polishing the discs, an Ag paste painting
and its sintering at 800 °C for 1 h. The im-
pedance spectra were obtained for wet
(pH,O = 0.03 atm) air atmosphere in a fre-
quency range of 10°-10° Hz with an ampli-
tude of 30 mV. The spectra were analysed
by an equivalent circuit method, using
a ZView software for model processing.

does not change symmetry of the per-
ovskite structure, while the lattice pa-
rameters of BCGM are virtually constant
(a=6.220+0.003 A, b =8.766 + 0.005 A,
¢ =6.237 + 0.007 A). These results can be
explained by the extremely small amount
of sintering additives introduced into
the BaCeO, structure, 0.005 mol.%.
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Despite of small concentrations used,
the M-doping affects considerably the mi-
crostructural parameters of the sintered
materials that can be seen from qualita-
tive (Fig. 2) and quantitative (Table 1)
analyses. In detail, the processes associ-
ated with grains growth, their close pack-
age, pores disappearance and densifica-
tion occur in all the cases. Nevertheless,

(a)
2 —BCGNi
'E A A A A '
g BCGC
- —BCGCu
'% A _L A A
) ==
& l BCGCo
A A A A
—BCG
A l A A
20 30 40 50 70 80
20, degree

a degree of these processes is different
and increases in the sequence of BCGCo-
BCGCu-BCGNj, indicating dissimilar na-
ture of the sintering additives.

To reveal grain (o,) and grain boundary
(0,,,) contributions of the total conductiv-
ity (0,,,,)> the EIS analysis was successfully
performed. The electrochemical charac-
terization was carried out in different tem-
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Fig. 1. XRD patterns of the sintered BCG and BCGM materials (a)
and example of refinement for BCG (b)
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Fig. 2. Surface morphology of the sintered ceramic materials:
BCG (a), BCGCo (b), BCGCu (c) and BCGNi (d)
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Table 1
Microstructural parameters of the BCG and BCGM materials sintered at 1450 °C for 3 h:
p is the relative density, L is the total shrinkage, D is the average grain size,
y is the grain boundary density *

Composition p, % L, % D + 5%, um Y *5%, um™
BCG 86 8.2 0.8 4.66
BCGCo 91 12.3 34 1.10
BCGCu 94 17.5 6.9 0.54
BCGNi 97 22.3 9.6 0.39

* estimated on the base of the following equation: y = 3.722.D"", see ref. [21].

perature ranges, boundaries of which were
determined by accuracy of the analysis.
The obtained spectra (Fig. 3) were ana-
lyzed using an equivalent circuit scheme
of R -(R,Q,)-(R,Q,)-(R,Q,), where R
is the resistance, Q is the constant phase
element, indexes of 1, 2, 3 correspond
to grain, grain boundary and electrode
processes, respectively. Correlation of ho-
dographs’ elements with these processes
is performed analyzing the characteristic
capacitance (C) and frequency (f) values
calculated as follows:

c=(R-Q)" R (1)

opposite (but minor) effect. For ex-
ample, the o, value at 200 °C reaches
5.01-107%, 3.27-10” and 2.61-10™" S cm™
for BCG, BCGCo and BCGCu, respectively.
This parameter cannot be precisely deter-
mined for the BCGNi material at 200 °C,
but its o, level is by ~2 times lower than
that of BCGCu at the lower temperatures
(100-150 °C).
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tively. Both levels of these parameters relate - | i Fows = 2510 Hy
with grain and grain boundary properties. )
It should be noted that R, = 0.001 Q 0

was purposefully introduced in the equiv-
alent circuit scheme; it imitates the origin
of the coordinates, providing a correct fitting.

As can be seen from Fig. 4a, Cu-
and Ni-doping of BCG results in an in-
crease of o,, while Co-doping has an

0 1000 2000 3000 4000 5000 GOO
Re, Q
Fig. 3. Impedance spectra obtained
for the Ag|BCG|Ag symmetrical cell
at different temperatures in wet air atmosphere

(a) and example of the fitting procedure
for the spectra obtained at 250 °C (b)
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Discussing the grain boundary trans-
port (Fig. 4b), the o,;, improvement is ob-
served for all the BCG-modified mate-
rials and can be related with decreasing
the grain boundary density (Table 1). Com-
parison of the BCGCu and BCGNi samples
allows formulation of the assumption that
nickel is only partially dissolved in the Ce-
sublattice of BCG, while another part local-
izes onto grain boundaries. This proposal
is based on the fact that BCGNi exhibits
the lowest grain boundary density, which
should provide the highest o, ; however,
this is not confirmed experimentally.

The resulting conductivity (o,,,, Fig. 4c)
of the BCGM samples is higher than that
of BCG, showing that the grain boundary
transport determines the overall proper-
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Fig. 4. Grain (a), grain boundary (b) and total
(c) conductivities of the BCG and BCGM
ceramic materials
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ties even for BCGCo (at least in the entire
studied temperature range). The BCGCu
material exhibits the maximal achievable
0, values, ranging from 6.33-10° S cm™
at 100 °C to 1.86-10™ S cm ™ at 200 °C.

As shown in Fig. 5, the apparent acti-
vation energies (E,) of o, fall in the range
of 0.45-0.49 eV, being in close agree-
ment with a characteristic value of 0.5 eV
for proton transportation of PCOs [22-24].
According to these data, the M-doping
does not affect the grain transport proper-
ties of BCG. Another scenario is observed
for the grain boundary transport proper-
ties, when E, of o,,, decreases by 25-40%
comparatively 0.92 eV reaching for the ba-
sic BCG oxide. It might be also associated
with the meaningful decrease of grain
boundary density serving as a barrier
to ionic charge transfer.

Fig. 6 displays the most interesting re-
sult — a ratio between the grain boundary
(R,;) and total (R,,,) resistances of BCG
and BCGM. This ratio decreases signifi-
cantly for the latter samples as a result
of weakening the effect of grain boundaries
on the overall transport of BCGM. A viv-
id example can be seen when R, /R, =
= 0.5: for BCG this level is reached
at ~250 °C, whereas for BCGM — at 100-
125 °C. In terms of real operation of PCOs
(400-600 °C), the introduction of 3d-elem-
etns in small amounts can improve the out-
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Fig. 5. Apparent activation energy values
calculated for different types of conductivities



put properties (power density, current den-
sity) of PCO-based electrochemical devices
by tens of percent.

Considering transport properties
of BCGM and data on low-melting phases
in corresponding systems [25-27], it can be
concluded that the studied dopants behave
differently respectively each other. For ex-
ample, cobalt is assumed to act as a dopant,
fully incorporated in the Ce-site of BaCeO,;
nickel is mostly localizes at grain boundary
region due to the mentioned low solubil-
ity in the Ce-sublattice, although a certain
amount can be nonetheless incorporated;
finally, copper demonstrates dual nature:
it has a high solubility (at least, more than
5 mol.% [21]), but can be also formed

Conclusions

This work shows that the doping strate-
gy of barium cerate with transition elements
is one of the simplest and most effective
methods aimed at fabricating the gas-
tight ceramic samples at reduced sintering
temperatures. This effect is achieved due
to the intensification of diffusion processes
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as a sediment at grain boundaries because
of very low melting temperatures detected
for a Ba—Cu-O system [15, 27].

caused by the appearance of a liquid phase.
The latter leads not only to an increase
in the relative density of the ceramic mate-
rials, but also to grain size growth, which
may be favorable for designing new poly-
crystalline materials and rational engineer-
ing their grain boundary parameters.
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