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a b s t r a c t

Electrochemical measurements of fuel cells based on proton conductor electrolyte Ba2(In0.8Ti0.2)2

O5.2−n(OH)2n and prepared through a tape casting process and a co-pressing of anode-composite powder
and electrolyte tape were performed at 500 ◦C under wet H2. The varying parameter between the pre-
ccepted 13 February 2010
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eywords:
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pared cells was the thickness of the electrolyte that can be controlled during the tape casting process.
The maximum power density was obtained for the cell with the thinnest electrolyte (35 �m) and was
about 22 mW cm−2 with an ohmic resistance about 2 � cm2 at 500 ◦C.

© 2010 Elsevier B.V. All rights reserved.
roton conductivity
OFC

. Introduction

For the last couple of years, the development of solid oxide
uel cells based on proton-conducting electrolyte has exploded
xponentially [1–46]. The main interest of proton vs. oxygen con-
uction in fuel cells is the lower operating temperature impacting
he life time of the components, the cost of the components
equired for the operation of the cells (interconnectors, etc.) and
he formation of water on the cathode side, which avoids fuel
ilution and recycling and reduces risk of destructive anode oxi-
ation even at high current densities. Proton-conducting oxide
lectrolytes are generally doped perovskites such as doped bar-
um cerate compounds which have drawn the main attention up to
ow [1–22,25–38,40,42–46]. But these types of materials tend to
xhibit high basicity leading to a poor chemical and mechanical sta-
ility. In the search of more stable proton-conducting materials for
n equivalent proton conductivity level, we investigated materials
ased on doped barium indate oxide [47–51]. We demonstrated

n a recent publication that Ba2(In1−xTix)2O5+x�1−x (0 ≤ x ≤ 0.7),
he so-called BITx phases, incorporate protons by contact with
ater vapour to form Ba2(In1−xTix)2O5+x−n�1−x−n(OH)2n phases
52]. The best compromise between high proton conductivity level
nd stability under a wet atmosphere was obtained for x = 0.2.
he proton conductivity level for this composition was above
× 10−3 S cm−1 between 400 and 500 ◦C. In the present article,

∗ Corresponding author. Tel.: +33 2 40 37 39 13; fax: +33 2 40 37 39 95.
E-mail address: Eric.Quarez@cnrs-imn.fr (E. Quarez).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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a fuel cell based on this material was built and tested. Various
methods have been utilized to prepare complete solid oxide fuel
cells. The most common process starts with the preparation of
the half cell with anode and electrolyte components, the cathode
being generally deposited afterwards on the electrolyte side as a
thin layer. Since the electrolyte thickness has a direct influence on
the ohmic resistance of the cell and therefore on its performance,
the electrolyte supported technology [4,6–8,19–20,24,41,42] is less
and less utilized to the profit of the anode-supported technol-
ogy [1–3,5,9–18,21–23,25–40,43–46]. Many techniques to prepare
anode-supported cells have been reported in the literature [53–55
and references therein]. Among them, two techniques relatively
simple to implement and cost-effective, involving a co-pressing
of anode and electrolyte materials have attracted our attention. In
one technique, anode and electrolyte were in the form of powder
[1–3,12,15–18,21,25,27,30,35,40,45,46] and in another technique,
both components were prepared by tape casting to produce two
different tapes [56]. After co-pressing both constituents in their
respective form, the half-cells were co-sintered at high tempera-
ture. In the present article, the advantages of both techniques were
combined to develop an innovative and new technique based on
the co-pressing of an electrolyte tape associated with anode pow-
der. It has the advantage of the tape casting process that permits
to control the thickness of the electrolyte and to prepare repro-

ducible uniform surface with large area. It has the advantage of
the use of anode powder without organic parts: on account of
the presence in large proportion of the anode component in an
anode-supported fuel cell, a large amount of polymeric binders and
plasticizers will have to be removed during the sintering process,

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Eric.Quarez@cnrs-imn.fr
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hich may affect, if not controlled, the good contraction process
f the sample. In this article, we explain in detail the fabrication
f a complete fuel cell and show the results of the electrochemical
ests performed on cells functioning at 500 ◦C under wet hydro-
en. Two cells with different electrolyte thicknesses namely 35 and
5 �m have been tested resulting in improved performances and
significant lower ohmic resistance for the cell with the thinnest

lectrolyte. Only a few proton compounds not based on barium
erate have been studied as electrolyte in SOFC; the work concern-
ng these phases is still in its early stages [23,24,39,41]. The article
resents the first investigations concerning the testing of proton-
onducting solid oxide fuel cells based on an innovative electrolyte
IT02. The preliminary results obtained show the sustainability
f such systems and open the way for further improvements and
ptimizations.

. Experimental

.1. Synthesis

Ba2(In1−xTix)2O5+x�1−x (x = 0.2) material was prepared by solid
tate reaction in air from BaCO3, In2O3 and TiO2 as described earlier
n [49]. Stoichiometric mixtures of the reactants, according to the
ation stoichiometry of the BITx compound, were ground in mortar
nd heated at 1200 ◦C for 24 h. The products were then compacted
n pellets and heated at 1350 ◦C for 24 h. Part of the products was

anually ground in mortar and passed through a 100 �m sieve
n order to prepare the cermet anode [48] and to carry out the
GA study. To prepare the electrolyte thin film by tape casting, fur-
her grinding using a FRITSCH P7 planetary micro-mill during 4 h at
00 rpm was carried out. The particle size distribution of the ball-
illed electrolyte powder was measured with a COULTER LS230

nstrument.

.2. Thermogravimetric analyses

Thermal gravimetric analyses of BIT02/NiO composite were per-
ormed using a SETARAM microbalance mtb 10-8 under wet Ar/H2
(%). Wet air was obtained by passing the gas through a glass tube
ontaining distilled water at 20 ◦C (pH2O = 0.023 atm).

.3. X-ray diffraction study

Room temperature XRD data of the TGA residue were obtained
sing a Brüker “D8 Advance” powder diffractometer operated in
ragg-Brentano reflection geometry with a Cu anode X-ray source,
focusing Ge(1 1 1) primary monochromator (selecting the Cu

alpha1 radiation) and a 1-D position-sensitive detector (“Vantec”
etector).

.4. SEM characterization

Microstructural features (composition and layers thickness) of
he samples were examined by scanning electron microscopy using
EOL JSM 5800 LV recorded with secondary or backscattered elec-
ron detector.

.5. Fuel cells preparation

Three main techniques to assemble anode and electrolyte
omponents have been mostly utilized: the first one deals

ith the in situ reaction of electrolyte on anode pre-pressed
owder [9,10,13,23,29,31–34,38,39,43,44], the second one is
ased on the co-pressing of anode and electrolyte powders
1–3,12,15–18,21,25,27,30,35,40,45,46], the third one is the elec-
rolyte slurry sprayed onto anode substrate [5,11,14,26,28]. We
Fig. 1. Particle size distribution of the BIT02 electrolyte powder after micro-milling
for 4 h.

investigate here a new method of preparation which brings into
play the tape casting process and the co-pressing of anode powder
and electrolyte tape.

The composite powder for anode substrates was prepared by
mixing NiO (grain size 0.5–1 �m) and BIT02 powder in weight
ratio of 50:50 by manual grinding. In order to maintain inter-
connected porosity within the sintered sample to facilitate gas
diffusion, 7 wt.% sugar powder was added to the composite as pore
former.

The particle size distribution analysis shows that the ball-milled
BIT02 powder is mainly comprised of particles with size between
0.4 and 12 �m (99%) (Fig. 1). The BIT02 electrolyte film was pre-
pared by tape casting process. The BIT02 powder was first prepared
into a colloidal suspension by dispersing it into a mixed solution of
ethanol, polyethylene glycol (PEG) and polyvinyl butyral (PVB) by
high energy ball milling using ZrO2 balls in Turbula equipment for
4 h. The slurry is then cast on a glass support treated beforehand
with a mixture of glycerol and ethanol.

The fabrication of the anode-supported half cell began with
the preparation of bi-layers of BIT02 electrolyte film on a porous
anode substrate by dry co-pressing. The composite powder was first
loaded in 13 mm diameter die and pre-formed. The 13 mm diame-
ter electrolyte film, cut into the BIT02 tape, was then loaded in the
die on the anode substrate. The bi-layers were co-pressed under a
pressure of 90 MPa. The co-pressed pellets were then sintered at
1350 ◦C for 30 h, resulting in anode-supported configuration. Two
cells with different electrolyte thicknesses have been prepared.

The cathode materials Ba0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF) were syn-
thesized by a glycine nitrate process [57,58]. Required amounts
of analytic reagents of Ba(NO3)2, Sr(NO3)2, Co(NO3)2·6H2O,
Fe(NO3)3·9H2O and C2H5NO2, according to the cation stoichiome-
try of the composite oxide BSCF, were mixed in deionized water to
obtain transparent solution. Under stirring and heating at 250 ◦C, a
viscous gel was obtained. When all the water was evaporated, the
product was swelled and ignited resulting in porous, foamy and
fragile materials. The as-prepared materials were fired at 1000 ◦C
for 16 h in air to obtain pure, well crystallized powder. The cell
parameter of the obtained phase (a = 3.9894(4) Å, Pm3̄m space
group) refined from XRPD pattern is close to the one reported in
the literature (a = 3.9830(3) Å) [59].

The cathode layer was obtained by slurry coating on the elec-
trolyte layer, followed by a sintering at 1200 ◦C for 10 h. The cathode
slurry was prepared according to a method already described in

[50].

Current collectors were made from discs (3 mm in diameter) of
gold grid (wire diameter 60 �m, grid opening 250 �m) sewed with
50 �m thick gold wired and pasted on both the electrodes using
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Fig. 2. Front and back images of a complete cell.

old ink. The cells were then placed in the oven at 140 ◦C for one
ight to obtain good electrical and physical contacts (Fig. 2).

.6. Fuel cells testing

The current–voltage (I–V) characteristics were measured with
he use of a laboratory-made testing system which is schematically
epresented in Fig. 3. The button cells were pasted using Aremco
ealing material (mixture of # 571 L and 571 P) on the top of an
lumina sample tube (OD 10 mm, ID 6 mm) thus separating the
tmospheres between the inside and outside the tube. The fuel-gas
upply tube is located inside the sample tube. The system was kept
ertically in a tubular furnace.
Current and voltage measurements were done by digital mul-
imeters Voltcraft MXD-4660A. Current drawn in the circuit was
aried using a rheostat. Effective area of the cells in this study was
.07 cm2. Cell resistances were determined by swapping the multi-

Fig. 3. Schematic view of the cell-testing apparatus.
Fig. 4. SEM backscattered electron image of a cross-section on a BIT02/NiO com-
posite and BIT02 tape after sintering showing an electrolyte thickness about 35 �m.
The inset shows the SEM secondary electron image for the cell with an electrolyte
thickness about 65 �m.

meters with a 1250 Frequency Response Analyzer of M/s Solartron
(Schlumberger, UK). Measurements were performed at open circuit
voltage by using 50 mV of AC perturbation from 63 kHz to 0.1 Hz at
500 ◦C under wet H2 flux (pH2O = 0.023 atm).

3. Results and discussion

3.1. Electrochemical tests of fuel cells

Fig. 4 shows the SEM micrograph obtained in backscattered elec-
tron mode of a transverse section of NiO/BIT02 composite (50 wt.%
NiO) and a BIT02 tape after the sintering process. The thickness of
the electrolyte is about 35 �m. Both constituents are easily iden-
tified. The inset shows the SEM micrograph of the other sintered
prepared half cell with a thicker electrolyte and observed with the
secondary electron mode. It can be seen that the electrolyte mem-
brane is about 65 �m in thickness and quite dense. The composite
was then heated under H 5% in Ar flow to determine the reduction
2
temperature of nickel oxide into Ni metal. The reduction is com-
plete after 3 h of treatment at 500 ◦C (Fig. 5), temperature at which
fuel cells with two different electrolyte thicknesses namely 35 and
65 �m were evaluated (denoted afterwards as cell 35 and cell 65).

Fig. 5. TGA analysis under H2 5% in Ar for composite BaIn0.8Ti0.2O2.6�0.4/NiO show-
ing a complete reduction of NiO → Ni after 3 h of treatment at 500 ◦C. The inset
shows the XRD diffraction pattern performed on the TGA residue exhibiting pure
BIT02 compound and Ni metal.



4926 E. Quarez et al. / Journal of Power So

F
f
3

F
c
v
t
(
s
t
w
c
i
a
p
i
f
t
2
s
B
[

c
e
a
3
c
f
a
(
c
t
a
o
i

F
5

[

[

ig. 6. I–V and I–P curves recorded at 500 ◦C under wet H2 gas (pH2O = 0.023 atm)
or both cells: triangles correspond to the cell with an electrolyte thickness about
5 �m and circles for the one with 65 �m electrolyte thickness.

I–V and I–P curves of the anode-supported cells are shown in
ig. 6. Measurements recorded in flowing hydrogen gas under wet
onditions (pH2O = 0.023 atm) at 500 ◦C show that the open circuit
oltages (OCV) were 0.95 and 1.08 V for the cells 35 and 65, respec-
ively, indicating possibility of small leakage between gas chambers
theoretical value ∼1.16 V at 500 ◦C). The maximum power den-
ity reached was, respectively 22 and 15 mW cm−2. The value of
he total resistance for the cell 35 calculated from the slope of the
hole curve by linear fitting is about 10.7 � cm2 at 500 ◦C. For the

ell 65, two slopes were derived from the curve: the first one start-
ng at the OCV down to the potential 0.85 V gives a total resistance
bout 17.8 � cm2 and the second one starting from the previous
oint to 0.30 V gives a total resistance about 23.8 � cm2. The max-

mum power density at 500 ◦C is still far from the ones obtained
or the anode-supported SOFC based on substituted-BaCeO3 elec-
rolyte (at 500 ◦C power densities in mW cm−2 are 56 [3], 55 [15],
25 [17], 140 [21], 80 [22], 120 [27], 29 [44], 112 [45]) and is in the
ame order of magnitude as the one obtained in a recent study using
a3Ca1.18Nb1.82O9−ı as electrolyte (Pmax ∼ 20 mW cm−2 at 500 ◦C)
23].

Fig. 7 shows impedance spectra measured at 500 ◦C. The inter-
ept with the real axis at high frequency represents the overall
lectrolyte resistance, including the resistance of the electrolyte
nd wires. Obtained values are about 2 and 4 � cm2 for the cell
5 and cell 65, respectively. Assuming the cell resistance mostly
omes from the electrolyte, the conductivity of BIT02 membrane
or the cell 35 is 1.75 × 10−3 S cm−1 at 500 ◦C that is quite in
greement with the measured conductivity at this temperature
2 × 10−3 S cm−1) [52]. The total interfacial polarization resistance

an be determined by subtracting the electrolyte resistance to the
otal resistance and reached values quite high superior to 8 � cm2

t 500 ◦C for both cells indicating that the choice of the right cath-
de materials still remains a challenge for BIT02-based SOFCs. It
s noticeable that for the most studied electrolyte proton conduc-

ig. 7. Impedance spectra of the cells performed under open circuit conditions at
00 ◦C: electrolyte thickness of 35 �m (triangles) and 65 �m (circles).
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tor BaCe1−x(ZrY)xO3−ı, Pmax showed by fuel cells based on this
material can vary from 120 to 450 mW cm−2 independently of the
electrolyte thickness showing that the nature, the microstructure
of the cathode material and its assembly within the fuel cell play
an important role in the performances [3,11,13–16,21,29,30,35,45].
The optimization of these parameters in the BIT02 electrolyte-
based fuel cell is under progress.

4. Conclusion

The present study evaluates the Ba2(In0.8Ti0.2)2O5.2 material as a
potential electrolyte material for proton-conducting SOFC. A simple
method for fabricating a half cell based on co-pressing of electrolyte
tape placed onto anode powder is presented. The electrochemical
tests of fuel cells based on BIT02 give at 500 ◦C under wet H2 gas
for the cell with a 35 �m electrolyte thickness a maximum power
density of 22 mW cm−2 with an ohmic resistance about 2 � cm2.
The contribution of the electrode processes to the total cell resis-
tance is considerable and should be taken into account for further
cell improvements: nature of the cathode material, microstructure
of the electrodes and assembly of the fuel cells are different param-
eters to explore. The reduction of the thickness of the electrolyte
tape by a factor 2 is another parameter under progress to improve
the cell performances.
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