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The influence of the sintering conditions on the electrochemical properties of the proton conducting electrolyte
BaCegg5Y 015035 (BCY15) and Ni - based BCY15 cermet anode for application in high temperature proton conducting
fuel cell are investigated by electrochemical impedance spectroscopy. The results show that at lower sintering
temperatures due to the formation of parasitic Y,O53 phase an increase of both the electrolyte and electrode resistances is
observed. This effect is strongly reduced by enhancement of the sintering temperature. The obtained BCY15
conductivity (o = 2.5x107 S/cm at 700°C) is comparable with that of the best proton conducting materials, while the
BCY15-Ni cermet (with ASR = 2.5 Qcm? at 700°C) needs further optimization. The results of impedance investigations
of BCY15 as proton conducting electrolyte and cermet anode have been applied in development of innovative high

temperature dual membrane fuel cell.
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INTRODUCTION

The registration of high temperature proton
conductivity in doped Sr and Ba cerates in the late
eighties of the last century [1, 2] opened a new
niche for optimization of SOFC towards reduction
of the operating temperature (500-800°C) due to
the higher mobility of protons. High temperature
proton conducting fuel cell (PCFC) design
eliminates the principal disadvantage of SOFC to
form water at the anode side, where it mixes with
the fuel, resulting in electromotive force losses.
However, PCFC needs the development of an
appropriate cathode material and interconnect
resistive to the highly corrosive oxygenized water,
as well as a counter-flow to sweep water out of the
catalytic sites. Acceptor doped perovskites with
general formula AB,,M,03, (A = Ba, Sr; B = Ce,
Zr; M = rare earth metal; x - less than the upper
limit of solid solution formation) are promising
proton conducting systems. Proton conduction
increases in the order BaCeQO; > SrCeQ; > SrZrO;,
while the chemical stability deteriorates in the
opposite order [3, 4].

Under humidified hydrogen atmosphere protonic
defects are formed by dissociative absorption of

* To whom all correspondence should be sent:
E-mail: graikova@bas.bg

water in the presence of oxygen vacancies. Water
vapor dissociates into a hydroxide ion which fills
an oxide-ion vacancy, and a proton that forms a
covalent bond with lattice oxygen, i.e. two proton
defects are created stoiciometrically [5], marked
according to Kroger-Vink notation as follows:

H,0, + V& + 0% — 20Hs (1)

Since the incorporation of water is exothermic [3,
6], the protonic transport is dominating at lower
temperatures (under 600°C).

The doping with aliovalent rare earth cations
brings to the formation of oxygen vacancies and
significantly improves the proton conductivity [3-
5, 7]. In the BaCeOj; system, which is considered
to be very promising because of the registered high
protonic conductivity (0.01 — 0.05 S/cm between
600-800°C [6, 8]), the reaction can be described as:

2Ce;, + M,0, + 05 — 2M, + V" +2Ce0, (2)

Proton conductivity in cerates depends on the
crystallographic structure, which is a function of
temperature and doping concentration. It decreases
when transformations to higher symmetry (from
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orthorhombic to cubic) which bring to equivalent
distribution of all oxygen positions and to evenly
distributed oxygen ion vacancies take place [3, 7,
9]. In addition to the temperature, gas atmosphere
and pressure, including water vapor, is detrimental
for proton conductivity.

The disadvantages of SOFC and PCFC connected
with the production of water at the electrodes can
be avoided in the innovative design of high
temperature dual membrane fuel cell, named
“IDEAL Cell” after the acronym of a running FP7
project [10]. The “IDEAL Cell” concept [11] is
based on a junction between a SOFC
cathode/electrolyte  part and a  PCFC
electrolyte/anode part through a mixed oxide ion
and proton conducting porous ceramic membrane.
Oxygen ions created at the cathode side progress
toward the central membrane where they meet the
protons created at the anode side, and produce
water [12] which is evacuated through the
interconnecting porous media. In this way oxygen,
hydrogen and water are located in 3 independent

chambers (Fig. 1).

PCFC SOFC
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anode Hzo cathode
Fig.1. Representation of the PCFC anode/electrolyte
couple, the SOFC electrolyte/cathode couple and the
IDEAL-Cell concept

This paper presents results for the BaCeggsY.1503.
(BCY15) and Ni-BCY15 cermet conductivities in
wet hydrogen. The influence of the different
sintering conditions on their electrochemical
properties is analyzed by electrochemical
impedance  spectroscopy  for  performance
optimization in the new dual membrane cell
configuration.

EXPERIMENTAL

The BCY15 powders, supplied by Marion
Technologies (MT), were fabricated by auto-
combustion process starting from metal nitrates
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and applying urea as reducing agent. Calcinations
of the precursor at 1100-1150°C in a carrier gas
(helium or argon) for complete CO, elimination
ensured the production of single phase powder
with chemical composition Baj0CengY0.1503.4,
determined by ion coupled plasma analysis with
dominating particle size round 200 nm and minor
degree of agglomeration.

The BCY15 electrolyte  support  pellets
(diameter/thickness = 20-25/1-1,3 mm) were
prepared by cold pressing and sintered in the
temperature range from 1100°C to 1450°C for 5
hours at heating rate 300°C h™.

BCY15/NiO (NOVAMET, HP green NiO-Type A)
slurry with composition 28.6 vol.% BCY15 and
71.4 vol.% NiO was deposited by tape-casting and
sintered in the temperature range 1100-1350 °C.
For impedance characterization of the BCY15
electrolyte supported Pt/BCY15/Pt symmetrical
half cells were prepared. Platinum (Metalor)
electrodes were painted and sintered in air
following a procedure recommended by the
producer.

In order to characterise the changes in the
microstructure of the materials, a series of
analytical techniques was used: X-Ray Diffraction
(XRD) with Energy-dispersive X-ray spectroscopy
(EDX), Scanning Electron Microscopy (JEOL JSM
6400F), and Transmission Electron Microscopy
(JEOL JEM-2100 TEM) in combination with
Ultrathin  windowed energy-dispersive  X-ray
spectrometer (EDS) and Scanning Transmission
Electron Microscopy - High Angle Annular Dark
Field (STEM - HAADF) on a TECNAL 20F ST
microscopy.

The impedance measurements were performed
with Solartron 1260 Frequency Response Analyser
in a temperature interval of 200 — 700°C at
frequency range from 10 MHz down to 0.1 Hz and
density of 5 points/decade. They were done in two
modes: potentiostatic and galvanostatic. The half
cell measurements were carried out at OCV in
working atmosphere wet (3% H,O) hydrogen.

The impedance data were analyzed by the
technique of the Differential Impedance Analysis
(DIA) [13, 14]. DIA works with no preliminary
working hypotheses, because the information about
the model structure is extracted directly from the
experimental data. It also identifies frequency
dependent behavior, which can be additionally
analyzed by the secondary analysis. More
information about the secondary DIA can be found
in [14, 15]. Before the analysis a calibration
procedure for post-experimental elimination of the
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parasitic components in the impedance diagrams
coming from the cell rig was performed [15, 16].

RESULTS AND DISCUSSION

The results from the impedance measurements of
dense BCY15 electrolyte (Fig. 2) are generalized
in the Arrhenius plots (Fig. 2c). They show that
different sintering conditions influence the BCY15
conductivity. The electrolyte sintered at 13000C
has higher resistivity and thus lower conductivity
than the electrolyte sintered at 14500C (Fig. 2).
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Fig. 2. Complex plane impedance diagrams (a),(b) at
600°C and corresponding Arrhenius plots (c) of
Pt/BCY15/Pt sintered at: (o) 1300°C and (m) 1450°C

The change in the conductivity for these samples
was explained with observed change in their
microstructure. The performed XRD analyses
show a presence of parasitic phase (Fig. 3),
registered as Y,0; which quantity decreases with
the increase of the sintering temperature and thus
improves the electrolyte conductivity.
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Fig. 3. X-ray diffraction patterns of BCY15 sintered at
different temperatures.

Table 1. EDX analysis of dense BCY 15 electrolyte

Ce/Ba Y/Ba
Theoretical ratio 0.85 0.15
BCY15 electrolyte 0.81 0.15
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Fig. 4. SEM micrograph of dense BCY15 electrolyte
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Fig. 5. Comparison of the BCY15 proton conductivity
with data from the literature [5]: BaCeggNd 103,
(BCNd); ScCe.95Ybo.0503.4 (SCYb); SrZrgg503.4 (SZY);
CaZrgolng 105, (CaZin)
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Fig. 6. Complex plane impedance diagrams (a), (b) at 500°C and corresponding Arrhenius plots (c) of the anode
polarization obtained from measurements of symmetrical half cell BCY15-Ni/BCY15/BCY15-Ni. The electrolyte
support is sintered at 1450°C/4 h; (e) — cermet sintered at 1100°C/2h; (m) — cermet sintered at 1350°C/2h; (A)

comparative measurement of Pt/BCY15/Pt
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Fig. 7. X-ray diffraction patterns of BCY-NiO cermet
layers sintered at 1100°C/5h (before reduction) and
1450°C/5h (after reduction)

The optimized in this way microstructure (grain
size 35-50 pum, Fig. 4) and its chemical analysis
(Table 1) makes BCY15 dense electrolyte
conductivity comparable with that of the best
proton conducting materials (Fig. 5).

Table 1. EDX analysis of dense BCY15 electrolyte

Ce/Ba Y/Ba
Theoretical ratio 0.85 0.15
BCY15 electrolyte 0.81 0.15
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Fig. 8. SEM image of BCY15/NiO cermet before
reduction
In order to fulfil its role, the anode composition
(BCY15/NiO) should lead to the best compromise
between a good mechanical compatibility with the
BCY15 electrolyte(already optimized) and a good
ionic and electronic conductivity, keeping a highly
open porous microstructure (for gas convection)
and avoiding eventual reactivity within the
composite. The first impedance measurements on
electrolyte supported BCY15-Ni/BCY15/BCY15-
Ni half cell showed a big increase of the anode
polarization and also of the electrolyte resistivity
with respect to the results obtained from metal
electrodes (Fig. 6). Absence of good lateral
electrode conductivity was also registered.
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Fig. 9. STEM-HAADF image of the anode-electrolyte interface (left side image); linear composition profile (in wt%)

across the interface in direction A—B (right side image)

wt.%

A Bl —Ce
—Ba
80+
60+ -0
40+
20+ V\‘“/\’\\Nh/ e
0 : |
0.00 0.05 0.10

position / um

Fig. 10. STEM-HAADF image of the BCY15/NiO interface with Y, inclusions (a); linear composition profile (in

wt %) across the interface in direction A—B (b)

The microstructural analysis on those anodes
(sintered at relatively low temperature -
1100°C for high porosity) indicates that cermet
material is not a single-phased system. The
appearance of additional peaks reveals the
presence of Y,03 and BaCeOs; (Fig. 7).a single-
phased system. The appearance of additional peaks
reveals the presence of Y203 and BaCeO3 (Fig.
7).

Thorough SEM/STEM analytical experiments of
the anode BCY15/NiO demonstrated an extensive
precipitation of Y,0; particles along the
NiO/BCY15 and the anode/BCY15 electrolyte
interface. It strongly decreases towards the depth
of the electrolyte (Figs. 8, 9, 10).

Thus an efficient electrical barrier between the
protonic (BCY) and the electronic (Ni) phases is
produced. This phenomenon may be initiated by
slight diffusion of Ba toward NiO. As it was
expected, the increase of the sintering temperature
decreases the quantity of parasitic phases and
improves the cermet conductivity (Fig. 6).

After sintering at 1350°C for 2 hours and a
reduction treatment at 700°C for 5 hours (in 5

vol.%  H2/95 vol. % Ar atmosphere) an
improvement of both the ASR and the
resistivity of the electrolyte was observed (Fig.
6). The obtained results for BCY15 electrolyte
are already in the range of the values from the
measurements of the standard Pt/BCY15/Pt
cell (Fig.6d). The performed X-ray diffraction
(XRD) shows that NiO is fully reduced to
metallic Ni, and the system is stabilized
towards segregation of Y203 and BaCeO3. In
addition small quantity of a new cerium
yttrium oxide phase is registered (Fig. 7). Its
influence on the electrochemical behavior of
the anode is not so strong; however the cermet
needs additional optimization.

CONCLUSIONS

The results obtained from the impedance
measurements of BCY15 for anode compartment
(anode/electrolyte) in a PCFC and in a dual
membrane fuel cell show that the sintering
conditions are an important optimization parameter
for both the electrolyte BCY15 and electrode
BCY15-Ni cermet. Although the fabricated anode-
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electrolyte assembly has acceptable performance
(G(BCYlS) =25x 102 S/cm and ASR(BCYlS-Ni) =25
Qcm® at 700°C) further improvement of the
cermet’s electrochemical behavior is required. It is
expected that appropriate combination of the
volume ratio BCY15/NiO and  sintering
temperature will ensure anodes with good mixed
conductivity, sufficient porosity and lack of
parasitic phases.
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HMIIEJJAHCHO W3CJIEBAHE HA CBOVMICTBATA HA BaCeggsY 015035 3A BOJIOPOJIEH
[IPOBOJIHMK B TOPUBHU KJIETKU

I. PaﬁKOBal*, M. KananCKal, n. FeHOBl, XK. Ka6oq2, JL. K0M6eMeJ12, A. Topena, A. IIeCHoa, . BHaJlI/IKOBal, 3.
Croitnos®

lP[Hcmumym no enekmpoxumus u enepeutinu cucmemu ,,Axao. E. Byoescku”, Bvaeapcka akademus na Haykume, i
,Axao. I'. Bonues™” 6a. 10, 1113 Coghus, bvreapus
2Hi-tcmumym Kapno, Bypeynocku Yuusepcumem, BP47870, 21078 Huocon, @Ppanyus
s Lenmwp no mamepuanosuanue, Munu-IlapuTex, BP 87, 91 003 Eepu, ®panyus

IToctpnuna Ha 10 aBrycr, 2012 r.; npuera Ha 2 okromBpH, 2010 1.
(Pesrome)

Upe3 enekTpoXuMHYHA HMITETaHCHA CIICKTPOCKOITHS € U3CJICIBAHO BIUSHUETO HA YCIOBHATA HA CHHTEPYBaHE BEPXY
ENIEKTPOXUMHYHHUTE CBOWCTBATA HAa MPOTOH- mpoBoasiius enekTposut BaCeggsY 150, 5 (BCY15), kakto u Ha Ni -
6azupan BCY15 kepMer ¢ mprmiiokeHHEe KaTO aHOJ BBB BHCOKO-TEMIIEpaTypHa MPOTOH MPOBOJSIIA TOPHBHA KIIETKA.
Pesynrarure mokasBar, 4e Ipu NO-HUCKH TEMIICpaTypH Ha CHHTEepYBaHe, 00pa3yBaHeTo Ha mapasutHa Y ,03 (daza Boau
IO yBENMYEBaHE KAKTO Ha CHIIPOTUBJICHUETO HA CIIEKTPOJINTA, TaAKa U HA TOBAa Ha eJeKkTpona. To3u eekT HamassBa ¢
TOBMIIABAHE TEMIIEPATypaTa Ha CHHTEpyBaHe. Iloyuenara cToiHOCT 3a nposogumoctTa Ha BCY15 (6 =2.5x1072 S/em
mpu 700°C) e cpaBHMMA ¢ Ta3W Ha Hal-TOOPUTE MPOTOH-MPOBEASIIIN MaTepuany, nokato kepmera BCY 15-Ni (c ASR =
2.5 Qcm? 700°C) ce HyxIae OT IONMBIHHTENHA ONTHMU3ALKS. 1IPOBEICHOTO MMIICIAHCHO HM3CICABAHE HA TPOTOH-
npoBozsmusg BCY 15 kaTo eNeKTposuT U KaTo KepMET 3a aHOJ € M3MOJ3BaHO B PealIM3aluiaTa Ha NMHOBAaTUBEH TU3aliH
Ha BHCOKO TeMIIepaTypHa JBOMHO-MEeMOpaHHA TOPHUBHA KIICTKA.
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