
M
o

S
a

b

a

A
R
R
A
A

K
B
L
P
S
C
I

1

a
p
e
c
o
w
t
s
t
b
r
o
p
t
m
o
t
[

0
d

Journal of Power Sources 209 (2012) 172– 179

Contents lists available at SciVerse ScienceDirect

Journal  of  Power  Sources

jou rna l h omepa g e: www.elsev ier .com/ locate / jpowsour

icrostructure  and  performance  of  La0.58Sr0.4Co0.2Fe0.8O3−ı cathodes  deposited
n  BaCe0.2Zr0.7Y0.1O3−ı by  infiltration  and  spray  pyrolysis

andrine  Ricotea,∗, Nikolaos  Bonanosa,  Per  Martin  Rørvikb, Camilla  Haavikb

Department of Energy Conversion and Storage, Technical University of Denmark, Frederiksborgvej 399, DK-4000 Roskilde, Denmark
SINTEF Materials and Chemistry, P.O. Box 124 Blindern, Oslo NO-0314, Norway

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 9 November 2011
eceived in revised form 9 February 2012
ccepted 10 February 2012
vailable online 3 March 2012

eywords:
CZY

a  b  s  t  r  a  c  t

La0.58Sr0.4Co0.2Fe0.8O3−� (LSCF)  cathodes  have  been  deposited  on  proton-conducting  BaCe0.2Zr0.7Y0.1O3−�

(BCZY27)  electrolyte  and  studied  in  symmetric  cells  to  investigate  the cathode  microstructure  and  elec-
trochemical  performance.  Three  different  types  of  cathodes  have  been  prepared:  two  prepared  from  a
solution,  infiltrated  into  a screen-printed  BZCY27  porous  backbone  (4 and  12  infiltrations),  and  one  pre-
pared by  spray  pyrolysis  onto  a polished  electrolyte.  In  all three  cases,  LSCF  is  obtained  after  annealing  at
700 ◦C  for  2  h.  Analysis  of  the  electrochemical  impedance  spectra  between  450 ◦C  and  600 ◦C  in air,  with
varying  p(H2O),  reveals  that  the  charge  transfer  contribution  is  the  lowest  for  the  backbone-infiltrated
SCF
CFC
pray pyrolysis
athode material

nfiltration

cathode  while  the  oxygen  dissociation/adsorption  contribution  is  the  lowest  for the  spray-pyrolyzed  cath-
ode. The  area  specific  resistances  increase  with  the  water  vapor  pressure.  The  area  specific  resistances
obtained  are  0.61  � cm2 and  0.89  �  cm2 at 600 ◦C for the  spray-pyrolyzed  LSCF  cell in dry  and  humidified
air,  respectively;  the  corresponding  resistances  are  0.63  �  cm2 and  0.98  � cm2 for  the  12  times  infiltrated
LSCF  cell.  These  resistances  are  the  lowest  reported  for  LSCF  cathodes  on  Ba(Ce,Zr)O3-based  electrolytes
and show  the  promise  of low-temperature  fabrication  methods  for these  systems.
. Introduction

Protonic ceramic fuel cells (PCFCs) have received increased
ttention in recent years. PCFC have two main advantages com-
ared to solid oxide fuel cells (SOFCs) with oxygen ion-conducting
lectrolytes: firstly, protons are smaller than oxygen ions and
an migrate more easily through the electrolyte at intermediate
perating temperatures (400–600 ◦C); secondly, under operation
ater vapor is formed at the cathode, allowing a better utiliza-

ion of the fuel and removal of the product. Several reviews have
ummarized the work made on high temperature proton conduc-
ors (HTPCs) [1–3]. For PCFCs, the anode materials are cermets
ased on the HTPC electrolyte material and nickel oxide [3].  More
ecently, many groups have been working on the development
f cathode materials, as the cathode appears to be the main
erformance-limiting component when the operating tempera-
ure is lowered into the intermediate range. The most studied
aterials are mixed oxide ion and electron conductors with per-
vskite [4–16] or layered oxide structure [6,12,17–22], some of
hem being commonly used also for SOFCs: Ba1−xSrxCo1−yFeyO3−ı

4–6,12,20] and La1−xSrxCo1−yFeyO3−ı [6–8,12]. Since, in the PCFC,
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the water is formed at the cathode, the reaction sites are restricted
to the electrolyte/cathode interface, if the cathode material is a
mixed oxide ion and electron conductor without any considerable
proton conductivity. To increase the active area where protons,
electrons and oxygen gas can react, a mixed proton and elec-
tron conductor would be preferable, since the whole cathode
surface would be active. However, no material has been found
to have both high electronic and protonic conduction in wet
oxidizing atmosphere (cathode atmosphere) [3].  Another option
to increase the active area is to increase the number of triple
phase boundaries, for instance by using a composite material
made of a proton conductor and a mixed oxide ion and elec-
tron conductor. High power densities have been obtained with
composite cathodes such as Sm0.5Sr0.5CoO3−ı/BaZr0.1Ce0.7Y0.2O3−ı

[19] or Ba0.5Sr0.5Co0.8Fe0.2O3−ı/BaZr0.1Ce0.7Y0.2O3−ı [20]. Another
advantage of using a composite cathode is to reduce thermal
expansion coefficient mismatch with the electrolyte. However,
Ba2+ inter-diffusion between the BaCe0.9Y0.1O3−ı electrolyte and
the Ba0.5Sr0.5Co0.8Fe0.2O3−ı cathode was found for temperature
above 1000 ◦C [5].  This range of temperature is generally used
to prepare composite cathodes. To avoid cation inter-diffusion
during the preparation of the cell, we have investigated the infil-

tration of a standard mixed oxide ion and electron conductor
(La0.58Sr0.4Co0.2Fe0.8O3−ı, referred to as LSCF) into a porous back-
bone of a proton conductor (BaCe0.2Zr0.7Y0.1O3−ı, referred to as
BCZY27).

dx.doi.org/10.1016/j.jpowsour.2012.02.090
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sari@dtu.dk
dx.doi.org/10.1016/j.jpowsour.2012.02.090
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Infiltration has seen a recent interest in the field of SOFC for
he preparation of composite electrodes, both anodes and ca-
hodes. A solution containing the required cations is dropped onto
r sucked into a porous backbone. The advantage of the technique is
hat the homogeneous mixing of the cations in the solution enables
elatively low calcination temperatures, thus minimizing possible
eactions and cation inter-diffusion. Furthermore, nano-sized par-
icles are obtained, which have a large surface area and can improve
urface–catalytic behavior. LSCF has been successfully infiltrated
n porous Gd-doped ceria (GDC) [23]: 25 �m thick GDC porous
ackbones were infiltrated using a water-based nitrate solution
ollowed by firing at 800 ◦C for 2 h. The authors demonstrated the
mportance of the firing temperature of the backbones (a too low
emperature will lead to poor contacts between the electrolyte and
he backbone while a too high temperature will reduce the poro-
ity of the backbone) and of the infiltrates (loss of the nano-size
f the temperature is too high). LSCF has also been infiltrated in
orous yttria-stabilized zirconia (YSZ) using water-based nitrate
olutions [24,25],  with firing temperatures down to 700 ◦C. To get

 uniform distribution of the infiltrate, the wetting properties are
lso important. Ethanol was found to be an effective additive to
he water-based nitrate solution to lower its surface tension on the
ackbone [26]. In another study, the contact angle between GDC
itrate solution and zirconia- or ceria-based porous backbones was
easured using different solvents, without any surfactant, and it
as found that the droplet was fully spread when using ethanol as

 solvent [27].
Other chemical solution deposition methods can also be used for

athode fabrication. Spray pyrolysis is a simple and cost-effective
echnique for film deposition onto a flat sample in reasonable time.

 solution is fed to a nozzle where it is atomized by air pressure,
ltrasonic waves, or a high electric field [28]. The spray is directed
owards a heated substrate where the film is deposited. Usually
he film will be amorphous and subsequent annealing is neces-
ary for crystallization. LSCF cathode films have been successfully
eposited onto GDC electrolytes by both air blast [29] and electro-
tatic spray pyrolysis [30], with maximum processing temperatures
s low as 650 ◦C [29]. Here we have used air blast spray pyrolysis to
eposit highly porous LSCF films with a large surface area onto po-

ished BZCY27 to compare with the backbone-infiltrated cathodes.
lthough the number of triple phase boundaries is lower for the
pray-pyrolyzed cathode, due to the lack of backbone, the high sur-
ace area can reduce the polarization resistance related to oxygen
issociation and adsorption.

This study presents the comparison of the electrochemical prop-
rties of the two cathode types, obtained from impedance spectra of
ymmetric cells (cathode|proton-conducting electrolyte|cathode),
nd discusses the influence of the cathode microstructure on the
erformance.

. Experimental

.1. Preparation of the substrate

Dense BCZY27 electrolyte substrates were prepared by solid
tate reactive sintering. After drying, the precursors were weighed
n stoichiometric proportions: BaCO3 (Alfa Aesar, 99.95% (metal
asis)), ZrO2 (Tosoh TZ-0), CeO2 (Aldrich, 99.9%, trace of metal basis,
5 �m)  and Y2O3 (Reacton, 99.99%). NiO (Alfa Aesar, 99% (metal
asis)) was added as a sintering additive as 1 w% of synthesized
ompound. The first step in the preparation was a 24 h wet blend-

ng of the reactant powders in acetone containing PeOx binder
poly(2-ethyl-2-oxazoline), molar weight 5000 g mol−1) and Kellox
ispersant (fish oil) for obtaining a uniform homogeneous start-

ng powder. After blending, the solutions were pan dried and the
 Sources 209 (2012) 172– 179 173

powders were screened to a 40 mesh screen and then to an 80 mesh
screen. Bars (8 mm  × 8 mm × 35 mm)  or pellets (12 mm diame-
ter) were made by uniaxial pressing and were sintered in air with
the following heating schedule: heating to 450 ◦C with a ramp of
60 ◦C h−1, heating to 1500 ◦C with a rate of 120 ◦C h−1, dwell of 4 h
and cooling with a ramp of 120 ◦C h−1. The resulting black-colored
bars or pellets were cut in 700 �m thick slices. The surface of these
substrates was polished by hand with a 500 SiC paper.

2.2. Preparation of the cathodes

The LSCF solution for both spray pyrolysis and infiltration was
made by dissolving La(NO3)3·6H2O (Merck, p.a., >96%), SrCl2·6H2O
(Fluka, >99%), Co(NO3)2·6H2O (Fluka, >98%) and Fe(NO3)3·9H2O
(Merck, >99%) in molar ratio La:Sr:Co:Fe = 0.58:0.4:0.2:0.8 in a 1:1
volume mixture of absolute ethanol (Arcus) and diethylene glycol
butyl ether (Aldrich, >99.2%) to give a 0.04 M total salt concentra-
tion.

LSCF thin films were deposited onto polished BCZY27 substrates
by air blast spray pyrolysis. The solution was pumped (Merck
Hitachi L-7110 isocratic pump, 0.5 mL  min–1) to an airbrush (Badger
no. 150) where it was  atomized by 1 bar air pressure and sprayed
onto a heated substrate with surface temperature 240 ± 5 ◦C for
120 min. The distance between the airbrush nozzle and the sub-
strate was 20.0 cm.  For symmetric cells, the substrate was  turned
and the deposition was  repeated after stabilization of the surface
temperature. The samples were finally calcined at 700 ◦C for 2 h in
air (100 ◦C h–1) to crystallize and sinter the LSCF. These cells are
henceforth referred to as ‘spray-pyrolyzed LSCF cell’.

The BCZY27 powder for the porous backbone was prepared by
conventional solid state reaction of the same precursors as for the
substrate, at 1400 ◦C for 30 h, followed by ball milling for 8 h. A
slurry was  prepared using the BCZY27 powder, Solsperse 20 wt%
in Terpineol, dibutylphthalate as plasticizer and 5 wt% ethylcel-
lulose in Terpineol as binder. The mixture was  shaked for 24 h
with zirconia balls. A layer was  screen-printed on each side of the
dense BCZY27 substrate with a Polyester 92 mesh with a speed
of the blade of 60 mm s−1. The samples were dried at 90 ◦C in a
rolling furnace and were then fired at 1300 ◦C for 2 h (60 ◦C h−1

to 450 ◦C and then 120 ◦C h−1). The resulting BCZY27 porous back-
bone is beige/light brown. These cells are later on referred to as
BCZY27|BCZY27|BCZY27.

Infiltration of the porous backbones was done by depositing a
3 mg  drop on one side of the sample, followed by drying at 70 ◦C
on a heating plate. The same procedure was used on the second
side. Between each infiltration, the samples were calcined at 350 ◦C
for 30 min. After the last infiltration, the calcination at 350 ◦C was
extended to 2 h. The samples were infiltrated either 4 times or 12
times and were finally heated to 700 ◦C for 2 h (100 ◦C h−1). The
infiltrated backbone became dark grey and black for the 4 times
and 12 times infiltrated samples, respectively. These cells are later
on referred to as ‘4LSCF cell’ and ‘12LSCF cell’.

2.3. Characterization

Crystallographic phases were determined by X-ray diffraction
(XRD) at room temperature with a Bruker D8 Discover X-ray diffrac-
tometer in grazing incidence (� = 1◦) for spray-pyrolyzed cells, and
with a Stoe �/2� X-ray diffractometer for the infiltrated cells.

The surface and cross-section morphologies of the cells were
studied by field emission gun scanning electron microscopy
(FEGSEM, FEI Quanta 200 or Zeiss Supra 35). Both unpolished and

polished cross-sections were studied. All the micrographs pre-
sented are from secondary electron images. Deposition of a thin
carbon layer was  necessary because of the insulating properties of
the samples. The porosity of the cathodes was determined from
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Fig. 2. FEGSEM micrographs of a polished cross section of a spray-pyrolyzed LSCF
b)  X-ray diffractograms of the BCZY27|BCZY27|BCZY27 cell, the 4LSCF cell, and the
2LSCF cell.

he polished cross section micrographs by determining the per-
entage of pores from the contrast of the micrographs on the basis
f their intensity. The uncertainty of this determination is linked
o the difficulty of fixing the intensity threshold. As a result, higher
ncertainties are obtained for samples with nanoscale pores than

n the case of samples with microscale pores.
For AC electrical measurements, gold current collectors (ESL

urope, type 8884G) were painted on the samples on the whole
urface and heated to 700 ◦C in air for 1 h (100 ◦C h−1). After po-
ishing of the edges, the samples were set in the testing rig, which
llowed four samples to be tested at a time. Impedance spectra
ere recorded from 600 ◦C to 450 ◦C, with 50 ◦C steps (cooling

ate 1 ◦C min−1 and 2 h dwell before measurement) in three differ-
nt steam conditions: (1) dry air directly from the compressed air
ine (p(H2O) < 0.001 atm), (2) air bubbled through a water bottle at
3 ◦C (p(H2O) = 0.015 atm) and (3) air bubbled through a water bot-
le at 25 ◦C (p(H2O) = 0.030 atm). The spectra were recorded with

 Solartron 1260 impedance analyzer in the frequency range of
.006 Hz to 1 MHz, with an amplitude of 100 mV.  The spectra, after
orrection for the inductance of the rig, were analyzed with Zsimp-
in software using the circuits shown in the insert of Figs. 5 and 7.
he area specific resistances were divided by two to take into
ccount the geometry of the cells (two ‘identical’ cathodes). Two
ells of each type were tested and the presented data are the aver-
ge of these.

. Results and discussion

The grazing incidence X-ray diffractogram of the spray-
yrolyzed LSCF cell demonstrates formation of single-phase LSCF
fter calcination at 700 ◦C (see Fig. 1a). No secondary phases are
bserved, except the small peak at 2� ∼29.5◦ which corresponds to
he most intense peak (1 1 0) of the BCZY27 electrolyte.

Fig. 1b shows the X-ray diffractrograms of a
CZY27|BCZY27|BCZY27 cell (no infiltration), a 4LSCF cell and

 12LSCF cell. One can note that the peaks of the BCZY27 phase
* symbol) are quite wide, due to the small size of the backbone
rystallites, and a small lattice parameter difference between the
ense BCZY27 prepared by solid state reactive sintering and the

orous BCZY27 backbone prepared by conventional solid state
eaction [31,32].  The peak intensity of the LSCF phase increases
ith the number of infiltrations, as expected.
cell: (a) dense BCZY27 electrolyte with spray-pyrolyzed LSCF on top and (b) spray-
pyrolyzed LSCF layer.

The surface of the spray-pyrolyzed LSCF cell was covered
with 1–2 �m thick ridges protruding from the substrate, with
cauliflower-like structures in between (Supporting Fig. 1). Such
ridges typically form during spray pyrolysis when uneven sub-
strate surfaces, long deposition times and low air pressure are used
[33]. Because of the ridges, the thickness of the spray-pyrolyzed
LSCF film is not homogeneous, but varies between 2 �m and 6 �m
(Fig. 2a). The micrograph also reveals a good adhesion between the
BCZY27 electrolyte and the LSCF layer. The porosity of the spray-
pyrolyzed LSCF, determined from a high magnification micrograph
(Fig. 2b), is (37 ± 5)%. The relatively high uncertainty is due to the
nanoscale size of the pores. In Fig. 2b it can be seen that a layered
pore structure is formed as a result of the fabrication method and
that the size of the individual pores is ∼20 nm.

The grain size of the BCZY27 backbone after firing at 1300 ◦C for
2 h is between 200 and 500 nm.  Some small cracks at the surface
of the BCZY27 backbone are noticeable on the low magnification
micrograph (Supporting Fig. 2). The polished cross sections of the
4LSCF and 12LSCF cells are similar, with a thickness of 35–40 �m
(Fig. 3). Micrographs with a magnification of 5000× (Fig. 3b) were
used for the determination of the porosity for both the 4LSCF and
the 12LSCF cells: (35 ± 2)%. No difference in the porosity between
the infiltrated cells and the non-infiltrated backbone could be
noticed, nor was  it possible to see the infiltrated LSCF from these
polished cross sections. Non-polished cross sections of the 4LSCF
and 12LSCF cells are shown in Fig. 4. The brighter areas (50 nm)
correspond to the LSCF, which was  found to be present in the full
thickness of the cathode. However, one can note that the infiltrated
LSCF does not form a network (no percolation), meaning that only
the LSCF in contact with the current collector (i.e. at the surface)
functions as cathode material during the electrochemical charac-
terization. The mass loading of LSCF was estimated to 2–2.5% and
∼7% (compared to the mass of the porous BCZY27 backbone) for
4LSCF and 12LSCF, respectively.

Fig. 5a presents the spectra recorded on the spray-pyrolyzed
LSCF cell with gold current collectors at 550 ◦C in air with diffe-
rent water vapor pressures. All the spectra were fitted with the
equivalent circuit (R1Q1)(R2Q2)(R3Q3)(R4Q4). If the two middle
(RQ) circuits were replaced by a Gerischer element (G) or a finite
length Warburg element (O) the quality of fit decreased. The
different impedance arcs were allocated to the correspon-

ding processes using the pseudo capacitance (C) related
to each arc. As a result, R1 corresponds to the electrolyte
(C1∼4 × 10−11 F cm−2) and R2, R3 and R4 to the cathode
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Fig. 3. FEGSEM micrographs of a polished cross section of 12LSCF: (a) dense BCZY27 electrolyte with porous BCZY27 backbone infiltrated with LSCF, and (b) BCZY27 backbone
infiltrated with LSCF.
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Fig. 4. FEGSEM micrographs of non-polished cross sections of BCZY27

C2∼6 × 10−6 F cm−2, C3∼2 × 10−5 F cm−2 and C4∼6 × 10−2 F cm−2).
n example of fit for the spectrum recorded at 550 ◦C in air

ith p(H2O) = 0.03 atm is shown in Fig. 5b. According to Dailly

t al. [12], semi-circles with pseudo capacitance in the range
 × 10−3–10−5 F cm−2 can be assigned to the charge transfer

ig. 5. (a) AC spectra of the spray-pyrolyzed LSCF cell at 550 ◦C in air with different
ater vapor pressures, (b) fit of the AC spectrum recorded on the spray-pyrolyzed

SCF cell at 550 ◦C in air with p(H2O) = 0.03 atm. The solid lines correspond to the
t  and the dots to the experimental data. The equivalent circuit used for fitting is
hown in (b).
s backbone infiltrated with LSCF (a) a 4LSCF cell, and (b) a 12LSCF cell.

reaction (transfer of the protons from the electrolyte
to the electrode) and the lower frequency semi-circle
(C = 3 × 10−3–10−2 F cm−2) to the electrode reaction process
(oxygen dissociation/adsorption steps overlapping with the diffu-
sion process). By analogy, (R4Q4) can be appointed to the oxygen
dissociation/adsorption due to the high capacitance. (R2Q2) and
(R3Q3), due to their capacitance values, can be assigned to charge
transfer. One can also note from Fig. 5a that the resistance of the
electrolyte decreases with increasing water vapor pressure, as
expected for a proton conductor, while the polarization resistance
(cathode contribution) increases. The area specific resistances
for the charge transfer (sum of R2 and R3) and for the oxygen
dissociation/adsorption (R4) are shown as a function of the inverse
temperature in Fig. 6a and b, respectively. Both area specific resis-
tances are thermally activated. The increase of the polarization
resistance with increasing water vapor pressure was  not antici-
pated, as it does not correspond to any of the eight steps proposed
by He et al. [34] for the cathode mechanism, rather it was  expected
that the polarization resistance would decrease with increasing
water vapor pressure due to increased proton incorporation into
the electrolyte. However, this phenomenon was also observed for
LSCF cathodes by Grimaud [35]. Long-term degradation studies of
LSCF at 700–750 ◦C in presence of water vapor have demonstrated
Sr enrichment at the surface [36,37],  which could decrease the
oxygen exchange due to strontium hydroxide formation. But
we do not believe Sr enrichment is the cause of the increased

resistance. Firstly, compared to the long-term degradation exper-
iments [36,37] the temperature was  lower and the time shorter
in our impedance measurements. Secondly, no degradation of
the cathode material was observed over the testing period (about
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Fig. 6. Area specific resistances (ASR) corresponding to the cathode processes for the spray-pyrolyzed LSCF cell in air with different water vapor pressures: (a) charge transfer
(
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b)  oxygen dissociation/adsorption.

 weeks). A final spectrum was recorded with temperature and
tmosphere conditions similar to those of the first spectrum and
o changes were observed. Thirdly, the A-site deficiency of LSCF
La0.58Sr0.4Co0.2Fe0.8O3−ı) was chosen to limit/avoid Sr enrichment
t the surface [38] with possible hydroxide or carbonate formation
n wet or CO2-containing atmosphere, respectively. Grimaud [35]
ompared the performances of several cathode materials: LSCF,
a0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF), Pr2NiO4+ı and PrBaCo2O5+ı. He
bserved that LSCF was the only material which did not exhibit
roton conduction and whose polarization resistance increased
ith increasing water vapor pressure. For the other compounds,
hich showed proton conduction (even though rather limited),

he polarization resistance decreased with increasing water vapor
ressure (in agreement with the steps proposed by He et al. [34]).
hus, the main difference between LSCF and the other cathode
aterials is the localization of the active sites for the cathode reac-

ion: they are limited to the to the triple phase boundaries (TPB)
t the interface cathode/electrolyte in the case of LSCF, whereas
ll the surface of the cathode material is active (in addition to
he TPBs at the interface cathode/electrolyte) in the case of BSCF,
r2NiO4+ı and PrBaCo2O5+ı. As a result, we can conclude that
he increase of the polarization resistance with increasing water
apor pressure for LSCF has its origin at the TPBs. However, to be
ble to understand what really takes place at the TPBs, additional
xperiments such as cone electrode measurements [39,40] will
ave to be done.

The spectra of the infiltrated 4LSCF and 12LSCF cells were fit-
ed with the equivalent circuit (RaQa)(RbQb)(RcQc). As previously,
he different semi-circles were attributed to the correspond-
ng processes using the pseudo capacitance related to each
onstant phase element. Ra corresponds to the BCZY27 elec-
rolyte/backbone (Ca∼4 × 10−11 F cm−2), Rb (Cb∼1.6 × 10−6 F cm−2)
o the charge transfer and Rc to the oxygen dissociation/adsorption

Cc∼3.2 × 10−2 F cm−2). An example is shown in Fig. 7 in the case
f 12LSCF at 550 ◦C in air with p(H2O) = 0.03 atm. Only one (RQ) cir-
uit was necessary for fitting the charge transfer contribution, in
omparison to two, in the case of the spray-pyrolyzed LSCF cells.
The total conductivity of the BCZY27 electrolyte/backbone (cal-
culated from Ra) is plotted in Fig. 8a in the case of 12LSCF, with
similar results obtained for 4LSCF. There is a clear increase of
the conductivity of BCZY27 with increasing water vapor pressure,
as expected for a proton conductor based on hydration. Further-
more, these conductivity values for BCZY27 electrolyte/backbone
are lower than those of the spray-pyrolyzed cell, due to the dif-
ference of the cell geometry: the presence of a porous backbone
reduces significantly the total conductivity of the BCZY27. This
can be attributed to the increased dominance of grain bounda-
ries in the backbone, as the grain boundary conduction is much
lower than the bulk conduction in these materials [41]. The area
specific resistances for the charge transfer and the oxygen dissoci-
ation/adsorption of the 12LSCF and 4LSCF cells are shown in Fig. 8b
and c. Both of these area specific resistances increase with increa-
sing water vapor pressure as for the spray-pyrolyzed LSCF cell. As
expected, they are lower for the 12LSFC cell than for the 4LSCF cell
due to the larger amount of cathode material and, therefore, larger
area where the water vapor can be formed. As shown in Fig. 4, and
mentioned above, the infiltrated LSCF does not percolate (for both
4LSCF and 12LSCF), meaning that only the LSCF in contact with the
current collector is active.

Table 1 summarizes the area specific resistances of the cathode
for the three kinds of symmetric cell (spray-pyrolyzed LSCF cell,
4LSCF, 12LSCF) at 500 ◦C and 600 ◦C in air, at different water vapor
pressures. In the case of the spray-pyrolyzed LSCF, the area specific
resistance corresponds to the sum of R2, R3 and R4 while for the
infiltrated cells it corresponds to the sum of Rb and Rc.

By using the same cathode material (LSCF) but changing the
geometry of the cell by using different fabrication methods (spray
pyrolysis or infiltration into a porous backbone), the importance of
the area where protons/oxygen/electrons are present to form water
can be highlighted. This area, being higher for 12LSCF compared to

the one of 4LSCF due to more cathode material, results in a lower
area specific resistance. The performance difference between the
spray-pyrolyzed LSCF cell and the 12LSCF cell is small, especially
at 600 ◦C (Table 1). However, the different microstructure of the
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Table 1
Cathode area specific resistances (in � cm2) for the three types of symmetric cells in air.

Spray-pyrolyzed LSCF 4LSCF 12LSCF
Dry p(H2O) = 0.015 atm p(H2O) = 0.03 atm Dry p(H2O) = 0.015 atm p(H2O) = 0.03 atm Dry p(H2O) = 0.015 atm p(H2O) = 0.03 atm

500 ◦C 6.52 6.68 10.8 36 52.4 55.7 4.6 5.4 6.1
600 ◦C 0.61 0.77 0.89 4.3 6.2 6.5 0.63 0.86 0.98

Fig. 7. AC spectrum recorded of the 12LSCF cell at 550 ◦C in air with p(H2O) = 0.03 atm. The solid lines correspond to the fit using the shown equivalent circuit, and the dots
to  the experimental data.
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ig. 8. (a) Conductivity of the BCZY27 electrolyte/backbone for the 12LSCF cell in 

ransfer and (c) the oxygen dissociation/adsorption.

wo cells has a clear influence when the area specific resistance
s divided into charge transfer and oxygen dissociation/adsorption
ontributions (Figs. 6 and 8). The charge transfer resistance is the
owest for the 12LSCF cell, due to the high number of triple phase
oundaries between the BZCY27 backbone and infiltrated LSCF. But
he resistance attributed to oxygen dissociation/adsorption pro-
esses is the lowest for the spray-pyrolyzed LSCF cell, probably due
o the larger total surface area available for oxygen molecules to
dsorb and split into oxygen ions, and maybe also due to better
ontact with the current collector so that a larger part of the cath-
de can be active. Thus, the importance of maximizing both triple
hase boundaries and active cathode surface area is demonstrated.

The cathode area specific resistance values (Rp), at 600 ◦C
n air, obtained in this work are compared to literature va-
ues obtained with symmetric cells in Table 2. Our Rp values
re clearly among the lowest reported and are a decade lower
han previously reported for La0.6Sr0.4Co0.2Fe0.8O3−�. Compared to

he La0.6Sr0.4Co0.2Fe0.8O3−� cathodes studied by Dailly et al. [12],
he lower Rp values are mainly due to a lower contribution for
he oxygen dissociation/adsorption. But also the A-site deficiency
n our LSCF cathodes can be of importance as there are more
h different water vapor pressures. And area specific resistances for (b) the charge

oxygen vacancies which increase the oxygen ion diffusion. As all
the other cathodes in Table 2 were made by powder methods,
the low-temperature fabrication methods described here are very
promising for obtaining high-performance cathodes for proton-
conducting electrolytes.

In addition to the measurements cited in Table 2 several
groups have studied cathode performance using single cells
(anode|electrolyte|cathode) [7,11,14–17,20,21].  But as a result of
the single cell geometry, the measured polarization resistance
corresponds to the combined contribution of the anode and the
cathode and cannot therefore be compared to the data of this work.

The activation energy values for the polarization resistances
were calculated from the Arrhenius plots for the two cathode con-
tributions and are listed in Table 3, for the spray-pyrolyzed LSCF
and 12LSCF. Most of the papers in the literature provide the activa-
tion energy value related to the total polarization resistance of the
cathode [26,42].  However, we prefer to split it for each semi-circle

as it gives a better insight of the processes. The activation energy for
the low frequency contribution (oxygen dissociation/adsorption) is
in the same range for both compounds: between 1.01 and 1.21 eV,
which is sensible as the oxygen dissociation/adsorption takes place
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Table 2
Comparison of cathode area specific resistances obtained with symmetric cells (cathode|electrolyte|cathode) containing proton-conducting electrolyte, in air at 600 ◦C.

Cathode compound Electrolyte Cathode fabrication method Rp (� cm2) Ref.

Ba0.5Sr0.5Co0.8Fe0.2O3−ı BaCe0.9Y0.1O3−ı Screen printing ∼1.5 [12]
Spray-deposition of slurry ∼0.5 [5]

La0.6Sr0.4Co0.2Fe0.8O3−ı BaCe0.9Y0.1O3−ı Screen printing ∼6 [12]
BaCe0.9Y0.1O3−ı Painting of slurry ∼7.9 [8]

La0.58Sr0.4Co0.2Fe0.8O3−ı (LSCF) BZCY27 Spray pyrolysis 0.61 This work
Infiltration into porous backbone 0.63 This work

Pr2NiO4+d BaCe0.9Y0.1O3−ı Screen printing ∼1.5 [12]

PrBaCo2O5+ı BaZr0.1Ce0.7Y0.2O3−ı Spray deposition of slurry 0.73 [21]

Y0.5Pr0.5BaCo2O5+ı BaZr0.1Ce0.7Y0.2O3−ı Spray deposition of slurry 0.59 [21]

Ca3Co4O9+ı BaCe0.9Y0.1O3−ı Painting of slurry 2.2 [22]

La0.6Sr0.4Co0.2Fe0.8O3−ı/BaCe0.9Yb0.1O3−ı composite (1:1 by weight) BaCe0.8Y0.2O3−ı Painting of slurry ∼1.1 [8]

Pr0.58Sr0.4Fe0.8Co0.2O3−ı/BaCe0.9Yb0.1O3−ı composite (60:40 by volume) BaCe0.9Y0.1O3−ı Screen printing ∼1.2 [13]

Table 3
Activation energy (eV) of the cathode polarization. Rct and Rox correspond to the polarization resistance of the charge transfer and of the oxygen dissociation/adsorption
respectively.

Spray-pyrolyzed LSCF 12LSCF
Dry p(H2O) = 0.015 atm p(H2O) = 0.03 atm Dry p(H2O) = 0.015 atm p(H2O)  = 0.03 atm

Ea Rct 1.2 1.2 1.21 0.76 0.62 0.56
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Ea  Rox 1.06 1.19 1.21 

n the LSCF and is therefore independent on the sample geometry.
 similar value was reported by He et al. [34] (1.17 eV) in the case
f composite cathode (Sm0.5Sr0.5CoO3−ı (SSC)–BaCe0.8Sm0.2O3−ı

BCS)) and was assigned to the surface dissociative adsorption and
iffusion of oxygen. One can also see that the activation energy
f this contribution increases with the water vapor pressure. In
ontrast, the activation energy for the middle range frequency
ontribution (charge transfer) depends on the geometry of the
ample. The value for the 12LSCF (0.56–0.76 eV) is close to that
f proton conduction [31,34,43] whereas the value of ∼1.2 eV for
he spray-pyrolyzed LSCF is similar to that of the oxygen dis-
ociation/adsorption contribution. He et al. [34] and Wu et al.
44] reported activation energy values for the charge transfer of
0.60 eV and between 0.65 eV and 0.75 eV, respectively, corres-
onding to the transfer of protons from the electrolyte to the triple
hase boundaries. This is in agreement with the value for 12LSCF.
he higher value determined in this study for the spray-pyrolyzed
SCF is characteristic of oxygen transfer [34]. Even though it is
ot possible to explain fully the mechanism of the cathode pro-
esses from this set of data, we can underline the difference of
harge transfer between a mixed oxide ion and electron conducting
athode when it is deposited on a proton-conducting electrolyte
spray-pyrolyzed LSCF) and when it is infiltrated into a proton-
onducting electrolyte (12LSCF).

While the LSCF cathodes reported here are promising, there
s still room for improvement. The results show that both a high
mount of triple phase boundaries and a large cathode surface area
educe the cathode area specific resistance. The decrease of the
esistance by a factor of 7 between the 4LSCF cell and the 12LSCF
ell is encouraging. If the infiltrated LSCF can be made to percolate
hrough the whole thickness of the porous backbone, a much better
athode performance can be obtained. A better percolation could
e achieved by increasing the concentration of the solution used

or the infiltration or by increasing the number of infiltrations. For
pray-pyrolyzed cells, deposition onto a rougher electrolyte surface
non-polished) could increase the contact area between electrolyte
nd cathode and thereby reduce the charge transfer resistance. The
1.01 1.06 1.21

solution routes that are described here can be used for a variety of
cathode materials simply by changing the precursors in the solu-
tion. These routes are also promising for metal-supported fuel cells
which require much lower processing temperatures than tradi-
tional ceramic-supported SOFCs/PCFCs.

4. Conclusions

Two  solution routes for fabrication of LSCF cathodes for PCFC
were compared: spray pyrolysis and infiltration. Symmetric cells
(cathode|electrolyte|cathode) based on a proton-conducting oxide
(BCZY27) were prepared with spray-pyrolyzed LSCF or with infil-
trated LSCF in a porous BZCY27 backbone, the latter being screen
printed on the dense electrolyte. Calcination for 2 h at 700 ◦C was
sufficient for LSCF formation. The spray-pyrolyzed LSCF cathode
was  between 2 and 6 �m thick with presence of ridges. Much
thicker cathodes (35–40 �m)  were obtained with the infiltration
of LSCF in the BCZY27 porous backbone. However, as the infiltrated
LSCF did not percolate through the thickness of the porous back-
bone, only the LSCF in contact with the current collector acted
as cathode. Impedance spectra were recorded on the symmet-
ric cells between 450 ◦C and 600 ◦C in air with different water
vapor pressures and showed two  contributions for the cathode:
charge transfer and dissociation/adsorption of oxygen. For all the
cells, the cathode resistances were found to increase with increa-
sing water vapor pressure. Area specific resistances of 0.61 � cm2

and 0.89 � cm2 were obtained at 600 ◦C for the spray-pyrolyzed
LSCF cell in dry air and in air with p(H2O) = 0.03 atm, respectively.
Slightly higher values (0.63 � cm2 and 0.98 � cm2 in dry air and
in air with p(H2O) = 0.03 atm, respectively) were obtained for the
porous backbone infiltrated 12 times with LSCF (which are much
lower than that obtained on a cell infiltrated only 4 times with LSCF
(4.3 � cm2 and 6.5 � cm2)). The obtained values are among the low-

est reported for cathodes for PCFC, especially for LSCF cathodes. The
activation energies calculated for the polarization resistance of both
cathode contributions revealed an interesting feature: whereas
similar values were obtained for the dissociation/adsorption of
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here is a difference for the charge transfer contribution: with an
ctivation energy characteristic of proton conduction for 12LSCF
0.56–0–76 eV) and of oxide ion conduction for spray-pyrolyzed
SCF (about 1.2 eV). To determine the rate-limiting step for each
ontribution of the cathode polarization resistance, both oxygen
nd water vapor dependences are needed [34,43].

Spray pyrolysis and infiltration are promising fabrication me-
hods for PCFC cathodes; the lower processing temperature main-
ains the small size of cathode and backbone particles which are
ssential for having a large amount of triple phase boundaries and
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