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Bulk samples consisting of BaCep.s5Y0.1503_5 (BCY15) and Cep.85Y0.1502—5 (YDC15) compounds, mixed
together in different ratios, were studied as potential electrolytes in dual protonic ceramic-solid oxide fuel cells
and compared with non-composite BCY15 and YDC15. The microstructures of the sintered materials indicate
that BCY15 exhibits the largest grains, whereas composites have greater visible porosity than the non-composite
samples. From X-ray diffraction studies it follows that BCY15 and YDC15 consist mainly of one phase, whereas
the composites are two-phase materials. Electrochemical impedance spectroscopy studies at different temperatures
show that the composite materials are capable of conduction the order of 1072 S/cm at temperatures above 500 °C
in a hydrogen-containing atmosphere. Furthermore, activation energy values of the conductivity determined for the
composites in air atmosphere are between those obtained for BCY15 (E, = 0.590 £ 0.017 ¢V) and YDC15 (E, =
1.132£0.008 V). From this it follows that both phases of the composites influence the electrical conductivity of the
materials. In conclusion, BCY15 and the BCY15-YDC15 composites show promise for future use as electrolytes

in dual protonic ceramic-solid oxide fuel cells.
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1. Introduction

Ceramic fuel cells that operate at elevated tempera-
tures have been studied for many years as potential al-
ternative energy sources. Initially, yttria-stabilized zir-
conia (YSZ) compounds were used as electrolytes in so-
called solid oxide fuel cells (SOFCs) due to the significant
oxide ion (O?7) conductivity of such materials around
1000°C [1, 2]. Later, it was determined that cerium diox-
ide (CeOs) doped with trivalent oxides (M2O3; M =Y,
Sc, Gd, etc.) exhibit significant O?~ conduction in the
temperature range 600-800°C [3-5]. Pure cerium diox-
ide exhibits mixed ionic/electronic conductivity at ele-
vated temperatures [6-8]. However, the addition of triva-
lent oxides increases oxygen vacancy concentration in the
material, according to the Kroger—Vink notation [9] pre-
sented in Eq. (1):

M,03 ©% oMy, + 308 + V3®. (1)
This, in turn, leads enhances O?~ diffusion through the

compound, in accordance with the following equilibrium:
1
of « 502(8) + 2¢' + V3°. (2)

Thanks to CeQOs-based electrolytes, it is possible to pro-
duce SOFCs that are capable of operating in a lower
temperature range (600-800°C) than initially-designed
SOFCs. These fuel cells are called intermediate temper-
ature solid oxide fuel cells (IT-SOFCs). Fuel cell stacks
consisting of IT-SOFCs units can be manufactured with
less expensive components compared to those built with
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high temperature SOFCs units, e.g. IT-SOFCs stacks
can use metallic interconnect materials. Furthermore,
Iwahara et al. discovered that perovskite-based com-
pounds are capable of proton conduction in a hydrogen-
containing atmosphere at elevated temperatures [10].
This leads to the possibility of creating IT-SOFCs that
generate power by conducting protons (HT) from the an-
ode to the cathode, instead of O%~ ions from the cathode
to the anode. These fuel cells with perovskite-based elec-
trolytes were named protonic ceramic fuel cells (PCFCs),
or proton conducting solid oxide fuel cells (SOFCs-H™).
The ability of these materials to conduct HT ions can be
explained by the formation of hydroxide species (OH®) in
the compound, which enables proton diffusion through
the interstitial area of the material via the Grotthuss
(“hopping”) mechanism [11, 12]|. According to this mech-
anism, protons migrate by jumping from one interstitial
site to the next, breaking and forming new hydroxide ions
with each jump. This conduction in hydrogen or water
vapour containing atmospheres can be expressed as

1/2H, + O3 — OHY + ¢, (3)

Hy0 + V§® + OF — 20HY,. (4)
Among several perovskite oxides doped with trivalent
cations (M3 = Y3, Sc3t Yb3H, Gd3 ™, etc.), BaCeO3
doped with Y3+ (BCY) has shown very promising electri-
cal properties for application as a PCFCs electrolyte [13—
15]. However, the chemical instability of such materials
in the presence of COy [16, 17] limits the use of hydro-
carbon fuels in the system.

Both PCFCs and SOFCs have several advantages,
e.g. clean chemical to electrical energy conversion, quiet
vibration-free operation and relatively high efficiency
(50-60%). However, in both cases, overall system effi-
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ciency is lowered due to the formation of water vapour
(H20) at one of the electrodes during fuel cell operation.
A solution to this drawback was proposed by the Inno-
vative Dual mEmbrAne fuel. Cell (IDEAL-Cell) project
(2008-2011). The idea behind the project was to com-
bine the anode/electrolyte (anode compartment) of a
PCFC with the cathode/electrolyte (cathode compart-
ment) of a SOFC by means of a porous central membrane
(CM). A schematic representation of this dual protonic
ceramic-solid oxide fuel cell (PCFC-SOFC) is illustrated
in Fig. 1 [18]. From this figure it follows that the device
generates electrical energy by simultaneously conducting
protons through the anode compartment and oxide ions
through the cathode compartment. These ionic species
meet in the CM, recombine and form water vapour, which
is then evacuated through open porosity.

IDEAL Cell

© ®

H,— 2H* + 2 g’;oz +2e— 0%

[ —_—

SOFC cathode
compartment

PCFC anode /H20

compartment
Porous central

membrane

Fig. 1. Schematic representation of a dual PCFC-
SOFC [18, 19].

Barium cerate doped with 15 at.% Y3* (BCY15) was
chosen as the protonic ceramic fuel cell electrolyte in
the system, because previous research suggested that
this amount of doping ensures optimal proton conduc-
tivity among BCY compounds [20]. On the other hand,
CeO4y doped with 15 at.% Y203 (YDC15) was selected
as the solid oxide fuel cell electrolyte due to its compat-
ibility with BCY15 [19], as the former is a decomposi-
tion product of the latter. After prolonged exposure to
significantly high temperatures (e.g. sintering temper-
atures > 1450°C), BCY15 decomposes into YDC15, as
expressed by Eq. (5):

BaCe.85Y0.1503-5

Balfmceov&thO_lg,Og,I,g —+ xBaO (5)
However, the key component of the PCFCs-SOFCs is the
central membrane, which must exhibit significant ionic
conductivity for both species (HT and O?7), allow the
two species to meet and recombine, and have a sufficient
amount of open porosity for easy HoO evacuation [18, 21].
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Research carried out within the framework of the IDEAL-
Cell project has confirmed that water vapour can form
inside and be evacuated from a composite material con-
sisting of BCY15 and YDC15. The goal of this paper
is to determine the electrical conductivity of BCY15-
YDC15 composites in hydrogen and oxygen-containing
atmospheres and compare the results with those obtained
for non-composite BCY15 and YDC15 samples.

2. Experimental procedure

Precursors of BCY15 and YDCI15 were synthesized
via co-precipitation using the following substances as re-
ceived from suppliers:

e barium nitrate Ba(NOj3)s (99.9%), Quality Chem-
icals, Barcelona, Spain,

e cerium nitrate Ce(NO3z)y (> 99.5%), ALTICHEM,
Cergy-Pontoise, France,

e yttrium nitrate Y(NO3)s (99.99%), ALTICHEM,
Cergy-Pontoise, France,

e ammonium carbonate (NH4)2CO3 (99.5%), AL-
TICHEM, Cergy-Pontoise, France.

After the nitrates along with the ammonium carbon-
ate precipitating agent were mixed together in the ap-
propriate ratios, the obtained BCY15 and YDC15 pre-
cursors were dried and grinded. The BCY15 precur-
sor then underwent heat treatment at 1000°C for 6 h
(heating/cooling rate: 100°C/h), whereas the YDC15
precursor received 1 h heat treatment at 900°C (heat-
ing/cooling rate: 300°C/h). The nominal compositions
of the obtained BCY15 and YDC15 compounds were,
according to investigations carried out in the frame-
work of the IDEAL-Cell project, BaCeg.g5Y0.1502.925
and Ceg.g5Y0.1502.925, respectively. In both cases, the
prepared oxides underwent wet deagglomeration, drying
and then sieving. Finally, the compounds were ther-
mally treated at 600 °C, resulting in the finished products
(BCY15 and YDC15 powders).

The obtained non-composite powders were then mixed
together for 24 h in the ratios presented in Table I via
milling using zirconia (ZrOz) balls and 20 ml of iso-
propanol in polyethylene terephthalate (PET) bottles.
Afterwards, the mixtures in the appropriate bottles were
frozen in liquid nitrogen and, finally, separated from the
ZrQg balls via sieving through a 53 pm mesh. Each com-
posite powder was then mixed together with polyvinyl
alcohol (PVA) in the amount of 1 wt% via the previously
described 24 h ball milling process in order to improve
mechanical properties of pellets obtained from pressing
the above-mentioned powders.

The obtained powders were pressed at 50 bar in order
to form pellets. After isostatic pressing at 250 MPa, the
pellets were annealed at 500°C and sintered at 1500 °C
for 2 h in the case of BCY15, BO0Y10 and B70Y30 and for
4 1 in the case of the remaining samples (heating/cooling
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TABLE I

Designation of the studied composite powders and volume
fractions of the initial BCY15 and YDC15 powders used to
obtain the materials.

Symbol Composition [vol.%]

BI0Y10 90%BaCe0,g5Yo,1503,5 —+ 10%060,85\(0_150275
B7OY30 70%Baceo,s5Y0,1503_5 + 30%060,85Y0,1502_5
Y70B30 30%BaCeo,35Y0,15O3—5 + 7O%Ceo,85Yo.1502_5
Y80B20 | 20%BaCeo.85Y0.1503-5 + 80%Ceo.85Y0.1502—s
Y90B10 | 10%BaCeo.s5Y0.1503-5 + 90%Ceo.85Y0.1502_5

rate: 3°C/min). It was assumed that the partial BCY15
decomposition, presented in Eq. (5), would be less signif-
icant during the sintering of the composite samples with
larger amounts of YDC15 than BCY15. The morphology
of the obtained bulk samples were studied by scanning
electron microscopy (SEM), whereas the phase compo-
sition of the samples was determined via X-ray diffrac-
tion (XRD). Additionally, grain size distribution stud-
ies were carried out via image analysis of the obtained
SEM microphotographs using the computer programme
Aphelion™ Lab.

Before electrochemical analysis the surfaces of the sam-
ples were polished by sandpaper of 200, 250, and 800
gradation. Afterwards, platinum paste was deposited on
the both sides of the samples using the screen-printing
method. After drying the paste on each side for around
2 h at 100 °C, the platinum was fired at 900 °C for 10 min
(heating rate: 2°C/min; cooling rate: 5°C/min). The
obtained Pt/sample/Pt cells were then inserted into a
furnace containing an element connected to an AutoLab
PGSTAT302N frequency response analyzer. This sys-
tem enabled performing electrochemical impedance spec-
troscopy (EIS) measurements at different temperatures.
These measurements were carried out for each sample
in the frequency range 1 MHz—1 mHz between 200 and
500 °C with the temperature increasing in steps of 50°C
in both Ar-5%H, and air atmospheres.

After measuring the resistance in the above-mentioned
conditions, the total electrical conductivity values can be
calculated using Pouillet’s law

R=pl/S, (6)
where R — resistance of the material [Q2] (determined in
this case as the sum of grain interior and grain bound-
ary resistance R = Rg; + Rgp,), p — electrical resistivity
of the solid [Q cm], I — length carrying a uniform cur-
rent [cm| (in this case: thickness of the studied sample),
S — bounded area in which the current is carried [cm?
(in this case: surface area of the platinum electrode). By
definition electrical conductivity is the inverse of resistiv-
ity (0 =1/p [S/cm]) and can thus be determined as

o= (l/S)R. (7)
In order to determine the activation energies (E, [eV])
for electrical conductivity of the samples, linear regres-
sion of the total conduction values, obtained at differ-
ent temperatures, was performed. Then, the electrical
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conduction activation energies of each sample in both at-
mospheres were calculated using the following Arrhenius
correlation [22]:

oT = Aexp(E,/kT), (8)
where A — material constant containing the carrier con-
centration term [S em™! K], k — the Boltzmann con-
stant [eV /K|, T — absolute temperature at which the
impedance measurements were carried out [K].

3. Results and discussion

A comparison of the morphologies of BCY15, B70Y 30,
Y70B30, and Y90B10 determined by SEM analysis is
presented in Fig. 2a, Fig. 2b, Fig. 2c, and Fig. 2d, re-
spectively. In these microphotographs the lowest amount
of visible porosity and largest grain sizes were observed
in the case of BCY15. This is also confirmed by the
image analysis pertaining to grain size distribution, the
results of which are presented in Table II. As for the
B70Y30 sample, Fig. 2b indicates that sintering for 2 h
at 1500°C is insufficient for significant grain growth and
porosity elimination in a BCY15-YDC15 composite ma-
terial. The remaining samples sintered for 4 h at 1500 °C
(Fig. 2c and Fig. 2d) still exhibit a larger amount of open
porosity and smaller grains than non-composite BCY15
sample, yet seem to have achieved greater density than
the B70Y30 material. However, it must be taken into ac-
count that some amounts of open porosity are necessary
for water vapour evacuation from the central membrane
in a dual PCFC-SOFC fuel cell.

TABLE II

Grain size [pm]| distribution obtained by image analysis
of the samples sintered at 1500 °C.

Material Smallest Largest Median (dso)
BCY15 0.437 9.600 2.378
B70Y30 0.236 2.476 0.322
Y70B30 0.266 4.180 1.547
YDC15 0.747 5.162 1.002

10 ym

Fig. 2. SEM microphotographs of (a) BCY15, (b)
B70Y30, (c) Y70B30 and (d) Y90B10 bulk samples ob-
tained from sintering at 1500 °C.
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Fig. 3. XRD diffraction patterns of the (a) BCY15 and

(b) Y70B30 samples obtained at 1500 °C.
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Fig. 4. Impedance spectra obtained from EIS analysis
of (a) B70Y30 at 300 °C in air and (b) Y90B10 at 250 °C
in Ar-5%H2 atmosphere.

The XRD studies of selected samples shown in Fig. 3a
and Fig. 3b indicate that sintered samples were obtained
without significant amounts of impurities. One BaCeOg3-
based phase was detected in the case of BCY15 (Fig. 3a),
whereas both BaCeO3 and CeOs-based phases were de-
termined in the Y70B30 composite sample.

Impedance spectra obtained from EIS analysis of
B70Y30 at 300°C and Y90B10 at 250°C are illustrated
in Fig. 4a and Fig. 4b, respectively. In both cases, three
different arcs, i.e. a high frequency (HF), intermediate
frequency (IF) and low frequency (LF) arc, were deter-
mined. An appropriate equivalent circuit, consisting of
three parallel resistor/constant phase elements connected
in series, was then used to fit theoretical values to the ex-
perimentally obtained data. The capacitance values were
used to differentiate the conduction mechanisms in the
materials. Capacitance values of the HF arcs, received
at different temperatures in both air and Ar-5%H, at-
mospheres, were determined between 10~ and 1078 F,
whereas values in the range of 107°-107% F were ob-
tained for the IF arcs. The ratios between the capac-
itance values (Cp/C3) were then calculated. According
to the brick layer model, if the Cy/Csy ratios are com-
parable to the ratios between grain boundary thickness
and grain size (d/D), then it can be assumed that the
HF and IF arcs correspond to grain interior and grain
boundary conduction, respectively. The high frequency
(HF) to intermediate frequency (IF) capacitance ratio
(C1/C3), obtained at different temperatures in both Ar—
5%Hs, and air atmosphere for the studied samples, range
from the order of 1072 to 10> (a significant correction
factor should also be taken into account due to the large
grain size distributions indicated by the results shown
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in Table II). This is characteristic for grain interior and
grain boundary conductivity, seeing as grain sizes of the
materials studied in this dissertation are in the pm range
(see Table II) and grain boundary thickness of ceramic
materials is usually in the 1-10 nm range [23-26]. The
capacitance values obtained in this paper contradict the
results obtained in [27] for a BaCeO3-CeOz-based com-
posite material. In that work, the IF capacitance val-
ues were more similar to those obtained for the HF arc,
which suggests that the IF arc does not pertain to grain
boundary conduction. However, the results in this paper
seem to indicate that an additional conduction mecha-
nism does not take place inside the BCY15-YDC15 com-
posites. Instead, it appears that the arcs obtained in this
work can be interpreted using the Bauerle circuit equiv-
alent for ceramic electrolytes 28], where the HF, IF and
LF arcs correspond to grain interior, grain boundary, and
electrode/electrolyte interface conductivity, respectively.

T[°C]
2 500 400 300 200
T T T T
® B90Y10: Ar-5% H,
0 ® B90Y10: Air
i 0 Y80B20: Ar-5% H,
< Ll O Y80B20: Air
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b 6 E ,=0654:0013eVv
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Fig. 5. Temperature dependence of total conductivity

obtained in Ar-5%H> and air atmospheres for B90Y10
in the temperature range 200450 °C and Y80B20 in the
temperature range 200-500 °C.

A comparison of the Arrhenius correlations of two se-
lected samples between total electrical conductivity val-
ues, determined from the EIS measurements performed in
this work, and temperature is presented in Fig. 5. From
this figure it follows that in the case of both samples
the electrical conduction values obtained in the Ar-5%Hs,
gas mixture are higher than those determined in air in
the temperature range 200-500°C. However, the val-
ues become gradually more similar as the temperature
increases. This is because the activation energy (E,)
for electrical conductivity of a given composite sample
is lower in the Hs-containing atmosphere than in air.
The difference between the activation energies of con-
duction in different atmospheres is greater in the case
of the B90Y10 sample (0.056 €V) compared to Y80B20
(0.006 V). The activation energy values of conduction
in the Y80B20 material are also larger than those deter-
mined for the B90Y10 sample.
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Fig. 6. Correlation between total activation energy of

electrical conductivity through a given material in Ar—
5%H2 and air atmosphere and volume fractions of the
initial BCY15 and YDC15 powders used to obtain the
samples.

A comparison of the electrical conduction activation
energies obtained for the samples in both air and Ar—
5%Hsy gas mixture is presented in Fig. 6. From this fig-
ure it follows that the activation energy values in both
atmospheres increase along with the amount of YDC15 in
the BCY15-YDC15 composite electrolytes. Furthermore,
the activation energy values of electrical conduction in
Ar-5%H; atmosphere become gradually more similar to
those pertaining to conduction in air as the percentage of
YDC15 increases. It is also interesting to notice that the
correlations between the BCY15/YDC15 content and the
activation energy values are almost linear in both cases.

4. Conclusions

From the results of the electrical conductivity analysis
it can be concluded that each of the two phases present in
the composites (based on BaCeO3 and CeQOs) influences
the conduction of both ionic species (HT and O?7) in-
side the materials. Consequently, the activation energies
of electrical conductivity determined for all the compos-
ites in Ho and Os-containing gas mixtures are between
those obtained for the non-composite BaCeq g5Y0.1503_5
(BCY15) and Cep.g5Y0.1502-5 (YDC15) samples (E, =
0.590 + 0.017 ¢V and E, = 1.132 + 0.008 €V in air, re-
spectively). The results also indicate that the Y70B30,
Y80B20, and Y90B10 composite bulk samples, received
after sintering for 4 h, are capable of electrical conduction
greater than 1072 S/cm at temperatures above 500 °C in
both Hy and Os-containing atmospheres. The analysis
also suggest that these samples exhibit better conduc-
tion in the intermediate temperature range (500-800°C)
than the B90Y10 and B70Y30 composite samples ob-
tained after sintering for 2 h, despite having higher acti-
vation energies. This can be attributed to the influence
of grain sizes in the polycrystalline materials on the elec-
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trical conductivity of the samples. It is probable that
the porosity of the sintered samples also affects the con-
ductivity values. However, it is difficult to determine the
exact correlation between porosity of the studied samples
and their electrical conductivity, because closed pores in-
side the materials also affect the electrical properties of
semiconductors. Further studies should be carried out to
determine the sintering conditions that ensure the grain
size and amount of open porosity that enables each of
the investigated materials to exhibit optimal electrical
conduction, as well as allow for good water vapour evac-
uation. The combined results obtained in this work sug-
gest that such composite materials would show promise
for future use as central membranes in commercial dual

PCFCs-SOFCs.
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