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electrodes are prepared by a low-cost and simple procedure based aon spray-pyrolysis deposition on a porous CeygGdg ;019

(CGO) layer. A homogenous coating layer of electrode catalyst nanacparticles is formed on the CGO backbone surface in a
single deposition-firing step. SrpssFeosTio0s-5 (SFTo,) exhibits high efficiency operating as both cathode and anode with
polarization resistance values of 0.1 Qcm? in air and 0.07 Qcm? in humidified H, at 700 °C. An electrolyte supported cell
with 300 um thick LagoSro1GaosMgn 2035 electrolyte and SFT,, symmetric electrodes shows maximum power densities of
700 and 140 mWem™ at 800 and 600 °C, respectively.

Introduction

Solid Oxide Fuel Cells (SOFCs) are considered as one of the most
efficient and cleanest technologies for power generation.1
However, the high operating temperature and manufacturing cost
have limited their large-scale commercialization. A typical single
SOFC is composed of three ceramic components; a dense
electrolyte sandwiched between a porous cathode and anode made
of different materials, which are exposed to the oxidant and fuel
gases respectively.2 This traditional configuration might be replaced
by a new approach, where the same electrode materials are used as
both cathode and anode to obtain a symmetrical solid oxide fuel
cell (SSOFC).B’4 SSOFCs have attracted great attention in last few
years because they exhibit several advantages compared to
traditional SOFCs.>® For example, the mechanical and chemical
compatibility between the electrolyte and electrodes is improved,
since the number of different cell components and interfaces are
reduced. The production of SSOFC is easier, because of the
electrolyte and electrodes may be assembled in just one thermal
process, reducing fabrication time and costs. However, the most
important advantage of SSOFC is the possibility to eliminate sulphur
and carbon deposits in the anode by simply reversing the gas flow
to oxidize these species and recover the initial performance.

The electrode materials for SSOFC were initially limited to those
structurally stable under both reducing and oxidizing conditions,
such as Lag.755r0.25Cro.sMng 503.5, Lag 7Cap3CrOs.5,
Lap.gSro.2S€0.2Mnog035,  LapeSroaFepsSco10s.s  SraFe;sMogsOs.s,
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La,SrgTiy;_Fe,0s5_s, Lag 5Sro5Tins0as and SrCol,,(MoO}s.}17
Materials, which undergo a phase transformation on reduction,
have also been investigated, such as BagsSrosFeqgCugqTip 105 s,
Lag gSrg 4Cop sFeg 2035 and LazNiOA.m'22 Although, strictly, these
compounds should not be considered as symmetric electrodes
because the phase composition under oxidizing and reducing
atmospheres is different. These materials are usually mixed
compounds when operate as anode, containing metal particles that
improve the performance. Nevertheless, the stability of these
electrodes after successive oxidizing/reducing cycles of operation is
questionable, especially at moderate temperatures where the
reversibility of the phase transformation was not studied.

Among the redox stable materials, SrFeO;.s may be doped with
different transition metals, possessing better redox stability than
iron, such as Ti*", Si*', zr*, Mo® and W%, leading to the
stabilization of the cubic polymorph in a wide range of
temperatures and oxygen partial pressures.u'27 These dopants also
suppress the phase transition to the brownmillerite structure with
ordered oxygen vacancies and lower mixed ionic-electronic
conductivity. Ti-doped SrFeOs;s is among the most promising
materials, with polarization resistance values of 0.5 Qcm? in 5% H,-
Ar and 0.1 Qcm? in air at 800 °C.2*

On the other hand, the performance of SSOFCs is usually lower

compared to the traditional SOFCs due to the lower efficiency of
the symmetric electrodes, especially operating as anode. The
optimization of the electrode microstructure is a possibility to
improve the electrode properties. In this context, the preparation
of nanostructured electrodes by infiltration into a porous
electrolyte scaffold is an effective strategy to increase the triple-
phase-boundary (TPB) sites and the electrode performance.zs'31
However, this method is tedious and requires multiple
impregnation-calcination steps to achieve sufficient conductivity
and stability of the electrodes.
Spray-pyrolysis deposition is another simple and cost-effective
technique to obtain nanocrystalline electrodes for SOFCs. This
method has been widely used to obtain different electrodes:
|-"=10485|’0.2'V|nos—es:a}34 Lat)‘ssr044C01—xFex03—5:35739 Smo.ssro.503—8:4o
LazNi3050.5, ** and Ni-CGO." ™
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In a previous study, LaggSrg,Mn0;5.5 cathode was deposited by
spray-pyrolysis on a porous electrolyte scaffold to extend the triple-
phase boundary, resulting in a substantial improve of the
performance.44 This procedure is easily adaptable to industrial
scale, allowing the deposition of different electrodes in a short and
single thermal process and with better reproducibility compared to
the classical wet-infiltration process.

In this work, this alternative method is used to prepare Ti-
doped SrFe03 5 symmetric electrodes. The structure, microstructure
and electrochemical properties of these nanostructured electrodes
are investigated and compared with submicrometric electrodes
obtained by freeze-drying method and deposited at high
temperatures on the electrolyte.

2. Experimental Section
2.1. Materials preparation.

The electrolyte used in this study, LagqSrg1GagsMgp,0s.s
(LSGM), was prepared from freeze-dried precursor powders as
described elsewhere.* The powders were pressed into pellets of 13
and 1 mm of diameter and thickness, respectively and then sintered
at 1400 °C for 4 h. Porous Cey3Gdy,0;4 (CGO, Rhodia) backbones
were deposited symmetrically on both faces of the LSGM
electrolyte. For this purpose, the powders were mixed with a binder
material Decoflux™ (WB41, Zschimmer and Schwarz). The resulting
ink was screen-printed onto both faces of the LSGM pellets and
sintered at 1100 °C for 1 h to ensure adequate adherence. After
that SrgegFe . TiyO3.5 (x=0-0.8) electrodes (SFT,) were deposited on
CGO backbone by spray-pyrolysis (SP). The deposition temperature
was low enough to allow the incorporation of the catalyst electrode
solution inside the porous CGO backbone.

The undoped compound, SrFeOs;5, was firstly prepared from
different precursor solutions to study the phase formation: i) an
aqueous solution based on metal nitrates, where Sr(NOs), (Aldrich,
98%) and Fe(NOs);-9H,0 (Aldrich, 99.99%) were dissolved in water
with a concentration of 0.025 M; ii) an aqueous solution of
acetates, where Sr(CH;CO,), and Fe(CH3CO,); (Alfa-Aesar, +99%)
were dissolved in water with concentration of 0.025 M; and iii) an
aqueous nitrate solution containing ethylenediamine-tetraacetic
acid (EDTA) as a complexing agent in a 1:0.5 ligand:metal molar
ratio.

The titanium solution was prepared separately from
Ti[OCH(CHs),]4 (Aldrich, 97%), which was weighed on absolute
ethanol and then EDTA solution was added as complexing agent.
This solution was heated with continuous stirring to remove the
ethanol. Finally, the different cation solutions were mixed in
stoichiometric quantities.

The resulting solutions were sprayed onto amorphous quartz
substrates and symmetrically on both faces of the CGO backbone to
study the structure of the deposited electrodes and the electrical
properties, respectively. The spraying process was made through a
circular shadow mask by using a homemade spray-pyrolysis setup
equipped with a syringe pump, motion and temperature
controllers. The substrates were heated on an aluminium plate at
250 °C and moved continuously at a constant speed under the
spray-nozzle to obtain homogeneous electrode deposition. The
solutions were atomized by using compressed air as carrier gas at a
pressure of 2 atm. The deposition time, solution flow rate, and
nozzle to substrate distance were 60 min, 20 mL/h and 25 cm,
respectively.44
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The films were thermally treated in a furnace between 650 and
800 °C in air for 2 h in order to crystallize the electrodes and to
study the phase evolution with the temperature. Only those
samples prepared with EDTA were single-phase materials as
discussed in the next section. For this reason, Ti-containing samples
were prepared from (iii) nitrate salts and EDTA.

Submicrometric powders of SrFeygTip,05.5 were also prepared
by the freeze-drying method (FD) as detailed in the previous work.?
A composite of 50 wt% SFT,,-CGO was prepared by mixing the
powders in a planetary ball-milling, followed by screen-printing on
LSGM pellets, and finally sintered at 1100 °C for 1 h.

2.2. Materials characterization.

The structure of the electrodes was investigated by X-ray
powder diffraction (XRD) with a PANalytical X Pert diffractometer
using CuK,; radiation. The phase identification and analysis were
performed with X Pert HighScore and GSAS suite software.*®*

The morphology of the electrodes was observed by Field
Emission SEM (FEl, Helios Nanolab 650) combined with energy
dispersive X-ray spectroscopy (EDX).

Polarization resistance of the electrodes in symmetrical cells
was determined by impedance spectroscopy (Solartron 1260) in the
frequency range 0.01-10° Hz, with an ac voltage of 25 mV. Pt paste
and meshes were used as current collectors. Impedance spectra
were acquired by flowing three different gases: air, humidified 5%
H,-Ar and pure H, (3% H,0). Measurements were taken on cooling
between 750 and 300 °C with a dwell time of 30 min at each
temperature. Data was also acquired as a function of the oxygen
partial pressure (pO,) to determine the different rate limiting steps
on the cathode polarization by using an electrochemical cell
equipped with an YSZ oxygen pump and sensor. The data were
fitted to equivalent circuit models with ZView software.*®

Single fuel cells were fabricated using a 300 um thick LSGM
electrolyte with SrgggFesTip,03.5 symmetric electrodes; deposited
by spray-pyrolysis on the CGO backbone, following the procedure
described above. The cell was sealed to the electrochemical setup
using a ceramic-based material (Ceramabond 668, Aremco).
Impedance spectra and current-voltage curves were collected with
a VSP multichannel potentiostat/galvanostat/FRA (Bio-Logic)
between 600 and 800 °C using humidified H, (3% H,0) as fuel and
static air as oxidant. The measurements were performed after
reducing the anode material for 1 h in 5% H,-Ar at 750 °C.

3. Results and Discussion

3.1. Structure and microstructure of the electrodes.

SrgosFe1,Ti,035 (x = 0, 0.2, 0.4 and 0.8) series was prepared by
spray-pyrolysis on amorphous quartz substrates to test the purity of
the samples. The materials were slightly Sr-deficient to avoid Sr
segregation, which have a detrimental impact on the properties and
stability of the electrodes as previously reported. 9

XRD patterns for the parent compound, SrFeOs;_s, obtained from

different cation solutions and calcined at 650 °C, are given as
supplementary information in Fig. S1. The film prepared from a
nitrate based solution (without EDTA) shows the presence of
SrFe0;.5 as main crystalline phase, besides of impurities of SrCO;
and other unidentified phases. The film prepared from the acetate
solution is a mixture of phases containing SrFeO;s and SrFe;,04
(ICSD 16158). In contrast, the solution with nitrates and EDTA leads
to a single SrFeOs-related phase.

This journal is © The Royal Society of Chemistry 20xx
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These films were also annealed at 800 2C and compositional
changes were not observed.

x=0.4

20 30 40 50 60 70

20/°

Fig. 1. XRD patterns for SrpgsFe14Ti O35 films deposited by spray-pyrolysis on
amorphous quartz substrates after calcining at 650 °C for 2 h.

10 80

It has to be mentioned that SrFeO;;s exhibits different
polymorphs; brownmillerite and perovskite-type with
cubic/orthorhombic symmetric, possessing the cubic symmetry the
best electrical properties for SOFC applications.so‘51 The stabilization
of these polymorphs at room temperature is directly related to the
oxygen content, oxygen vacancy distribution and iron oxidation
state in the lattice. Thus, the different polymorphs may be obtained
by varying the synthesis procedure, temperature, oxygen partial
pressure and doping strategy. In this work, the parent compound
SroogFe0s.5, crystallizes with a cubic symmetry because peak
splitting is not observed in the XRD patterns (Fig. 1). In contrast, the
same composition prepared by freeze-drying shows peak splitting,
suggesting the stabilization of the orthorhombic perovskite
structure.?* The different behavior is attributed to the synthesis
method used, temperature and crystallite size, i.e. 20 nm for SP
films at 650 °C and 100 nm for FD powders at 800 °C. The cubic
symmetry is also stabilized at high temperatures and low oxygen
partial pressures through Ti-doping, because Ti*" is not as prone to
be reduced as Fe". This can be clearly observed in Figure 1, where
all Ti-doped samples crystallize with cubic symmetry. Note also that
previous studies reported that Ti-doped SrFeO;.5 exhibit sufficient
redox stability to be used as SOFC anode up to 800 °C.”**>

The cell volume for films prepared by spray-pyrolysis and
powders from freeze-drying was determined by the Rietveld
method (Fig. S2, supplementary information). The cell volume
increases with Ti-content from 57.90 A® for x=0, to 59.94 A * for
x=0.8 due to larger ionic radius of Ti* (0.605 A) compared to that of
Fe™ (0.585 A), in an octahedral environment. Moreover, the films
present somewhat larger cell volume than the FD powders, likely
due to differences in the oxygen and Fe* content, both related to
the synthesis method used.

Electrode materials were deposited symmetrically on the CGO
backbone to increase the TPB sites and consequently the
performance, following the spray-pyrolysis procedure
aforementioned. Only the results for SrgggFeqsTip203.5 (SFTy,) are
presented herein, because this composition exhibits the best

This journal is © The Royal Society of Chemistry 20xx
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properties to be used as symmetrical electrode. Samples with Ti-
content (x>0.4) exhibit very low ellectronic conductivity in air to be
used efficiently as electrode materials.***

Fig. S3 shows a representative Rietveld plot of the XRD pattern
for SFTy, treated in air. Two different cubic phases, assigned to the
perovskite SFT,, electrode (s.g. Pm-3m) and the fluorite CGO
backbone (s.g. Fm-3m), are observed. The fit is very good and no
impurity phases are detected in the studied temperature range (RT-
800 2C). It is worth noting that the chemical compatibility between
SFTy, and both CGO and LSGM electrolytes was confirmed in a
previous work up to 1100 °C.”°, This sample was also annealed in
humidified 5% H,-Ar for 12 h at 750 2C and no evidence of phase
degradation was observed (Fig. S4).

Figures 2a and 2b display the SEM micrographs at the LSGM/CGO
interface before the spray-pyrolysis deposition of the electrodes.
The CGO layer with a thickness of 20 um exhibits good contact with
the electrolyte. This layer is porous and is comprised of connected
particles of 200 nm of diameter. Figure 2c shows the LSGM/CGO
interface after the deposition of SFT,, by spray-pyrolysis. As can be
observed the electrode is incorporated inside the porous CGO layer,
reducing drastically its porosity. In fact, some regions of the
electrode present low porosity due to the large amount of
deposited electrode inside the €GO backbone. The amount of
deposited electrode was estimated by the weigh difference before
and after spray-pyrolysis deposition, resulting in a weight ratio
CGO:SFTy, = 0.7:0.3. SEM images at higher magnification reveal
that the surface of CGO grains is completely covered with catalyst
particles, ensuring a good electrical conductivity and extended TPB
sites for the electrochemical reactions in the whole layer (Fig. 2d).
The average grain size of SFT,, coating is around 50 nm after
annealing at 800 °C. It should be commented that the use of pore
formers to increase the porosity of CGO layer would result in
electrodes with higher porosity and possibly better performance.

For the sake of comparison, the electrode morphology for
powders, prepared by freeze-drying and deposited by screen-
printing method, is displayed in Fig. S5. The grain size ~500 nm of
diameter is one order of magnitude larger than that obtained by
spray-pyrolysis due to the higher deposition temperature, 1100 °C
for 1 h.

Lsem) 7
Fig. 2. SEM image nterface (a, b) before and (c, d) after
the spray-pyrolysis deposition of SrpgsF € sTip2035.

| “
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3.2. Electrochemical characterization of the electrodes

Impedance spectra for SFT,,-CGO/LSGM/SFT,,-CGO symmetrical
cell under air and hydrogen containing atmospheres are shown in
Fig. 3. As it can be observed, the electrode polarization resistance
for samples prepared by spray-pyrolysis (SP) is reduced by a factor
of 5 in air and by a factor of 3 in diluted hydrogen with respect to
the same sample prepared by freeze-drying (FD) method. The
electrode response shows similar features for both samples and
atmospheres, consisting in two overlapped contributions, which are
denoted as high frequency (HF) and low frequency (LF). The data
were fitted to an equivalent circuit formed by (RQ) elements in
series to study separately the different contributions to the
electrode polarization.”’

0.3
& FD (air)
a) ® SP (air)
o~
£ 02t
[+
]
N
0.8
b) . & FD (5% H,A)
® SP(5%H_-A)
06 o o
& ® SP(100% H,)
[&]
]
N
@
Anpde 001 Hz =<
0.8 1.0 1.2 14

Z | acm’
Fig. 3. Impedance spectra for SrggsFeosTio,03.5 prepared by spray-pyrolysis
(SP) and freeze-drying (FD) in (a) air and (b) H,-containting atmospheres at
700 °C.

In 5% H,-Ar atmosphere, the LF response is the main
contribution to the overall polarization resistance (Fig. 3b). This
process appears between 0.3 and 1.5 Hz in the temperature range
of 600-800 °C and has a large capacitance value of 0.08-0.16 chz,
suggesting that this contribution is possibly associated with gas
diffusion limitations due to the use of diluted hydrogen. In fact, this
process decreases drastically in pure H,, further confirming this
hypothesis (inset Fig. 3b). A similar behavior was observed
previously for SrTi,Fe,03.5-CGO composite anodes, where the LF
response increased strongly with decreasing hydrogen partial
pressure.39 In contrast, the HF response is less affected by the fuel
concentration and appears between 100 and 300 Hz and it contains
processes like charge transfer and hydrogen oxidation reaction
steps.

The resistance associated with each response under oxidizing
atmospheres was studied at various oxygen partial pressures (pO,)
to obtain further insights on the rate-limiting-steps involved in the
oxygen reduction reactions (Fig. 4a). These resistances are usually
dependent on the oxygen partial pressure: g o (poz)’”’, where the

exponent m provides information on the type of processes involved
in the cathode polarization.54
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The LF response is the main contribution to the cathode
polarization and is attributed to oxygen dissociation with m~0.5
(Fig. 4b). In contrast, the HF response is pO, independent,
suggesting that molecular or atomic oxygen are not involved in this
process. Thus, the HF contribution is assigned to charge transfer.

0.10
a) ® 0.010 atm
“‘E 1oH O 0.017 atm
5 r ‘ A 0.023atm
c < 0.037 atm
~ 0.05} m  (0.067 atm
N 100 Hz 0.170 atm
N 1 Hz
0.01 Hz
000 i 1 1 1 "
0.00 0.05 0.10 0.15 0.20 0.25
N
e
[&)
G
~
o
1 n n n n n PR |

0.01 0.1
pO, / atm
Fig. 4. a) Impedance spectra of SrygsFeqsTip2035 at 800 2C and b) resistance

of HF and LF contributions as a function of the oxygen partial pressure.

Overall polarization resistance R, values are plotted in Figure 5.
All the samples present a quite lineal dependence with the inverse
of the temperature. The electrodes prepared by SP exhibit a R, of
0.1 Qcm? at 700 °C in air, which is significantly lower than that
obtained for FD powder samples, 0.65 Qcm? (Fig. 5a). The R, values
also improve in 5% H,-Ar, i.e. 0.35 Qcm? for SP and 1.6 Qcm? for FD
samples at 700 °C (Fig. 5b). Moreover, a significant decrease is
observed in pure H,, e.g. 0.07 Qcm? at 700 °C for SP sample. It
should be highlighted that these are among the best R, values
reported for a symmetric electrode as summarized in Table S1.

The better performance of the nanostructured electrodes is
clearly attributed to extended active sites for electrochemical
reactions. On the other hand, the high ionic conductivity of CGO
improves the oxygen incorporation into the lattice and the
migration of the ions to the electrolyte. It should also be noted that
the electronic conductivity of SFT,, decreases drastically under
reducing atmosphere from 40 Scm™ in air to 0.5 Sem™ in 5% Hy-Ar
at 600 °C due to the partial reduction Fe**—Fe®* with the
consequent decrease of electronic charge carriers.”* %
Nevertheless, CGO is a mixed electronic-ionic conductor under
reducing atmosphere and improves the conductivity of the anode.

The impedance spectra were acquired after consecutive
oxidizing/reducing cycles between 500 and 750 °C, obtaining
reproducible results, and confirming the high stability of these
materials as symmetric electrodes.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Overall polarization resistances R, for SrossFeqsTio203.5 prepared by
spray-pyrolysis (SP) and freeze-drying (FD) in (a) air and (b) H,-containting
atmospheres.

3.3. Fuel cell test.

An electrolyte-supported cell with the following configuration
SFTo,-CGO/LSGM/SFTig,-CGO was fabricated. A cross-section
micrograph of the cell after the electrochemical tests is shown in
Fig. S6. The electrolyte with a thickness of 300 um is completely
dense and the symmetrical electrodes are well adhered to the
electrolyte without the presence of delaminations or cracks. In
addition, the nanometric particle size of SFT0.2 coating is retained
after  oxidation/reduction cycles, confirming the good
microstructural stability of these electrodes at temperatures below
800 °C.

Current-voltage and power density curves, using static air as
oxidant and humidified H, as fuel, are shown in Figure 6a. The open
circuit voltage is close to the Nernst potential (OCV=1.1 V). The
maximum power densities are 700 and 140 mWem at 800 and 600
°C, respectively. These values are relatively high compared to the
state-of-the-art materials (Table S1). For instance, the symmetric
electrodes Lag755rp25CrosMngsOss and SryFe; sMogsOg.5 showed
power density values of 550 mWcem? at 950 2C and 500 mWcm™? at
800 C, respectively.*’

The ohmic losses, R, about 0.32, 0.41 and 0.56 Qcm? at 800,
750 and 700 °C, respectively, are in good agreement with those
estimated for a 300 um thick LSGM electrolyte (Fig. 6b). In addition,
the values of polarization resistance, 0.09, 0.15 and 0.28 Qcm? at
800, 750 and 700 °C, respectively are lower than the corresponding
ohmic losses, indicating that the fuel cell efficiency is mainly limited
by the thick electrolyte. Thus, the fuel cell performance might be
improved by reducing the electrolyte thickness.

Finally, the fuel cell stability was studied for 48 h at 750 °C and
no evidence of degradation was observed, confirming that these
nanostructured electrodes are stable at intermediate temperatures.

4. CONCLUSIONS

Srg.osFe1,Ti,03.5 films were prepared by a simple method based
on spray-pyrolysis deposition of an aqueous cation solution of
metal nitrates and EDTA. Single crystalline phases with cubic
perovskite structure were obtained in the compositional range
0<x<0.8. These materials were also deposited on porous CGO layers
at sufficiently low temperature to allow their incorporation inside
the backbone. As a result an electrode coating layer was formed in
the whole surface of CGO grains, providing a higher catalytic area
for the electrochemical reactions. These electrodes were prepared
in only one deposition-thermal step, simplifying the electrode
fabrication with respect to the classical wet-infiltration.

This journal is © The Royal Society of Chemistry 20xx
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Sro.osFegTip 2035 nanostructured electrode was found to be
stable under oxidizing and reducing conditions up to 800 °C and
showed polarization resistance values at 750 °C of 0.04 and 0.18
Qcm? in air and 5% H,-Ar, respectively, compared to 0.32 and 1.15
Qem? for submicrometric powders obtained from freeze-dried
precursors.

Power densities of 700 and 140 mWcm™ at 800 and 600 °C were
obtained for a 300 um thick LSGM electrolyte-supported cell with
Sro.osFeosTio203.5 symmetric electrodes, using static air as oxidant
and humidified hydrogen as fuel. The values of power density were
limited by the thick LSGM electrolyte with ohmic and polarization
losses of 0.41 and 0.15 Qcmz, respectively, at 750 °C.

Sro.osFegsTio2035 showed high performance at relatively low
temperature with LSGM electrolyte, in comparison to most of the
symmetrical electrodes previously reported; and is expected to
operate efficiently with other electrolytes, such as those based on
doped ceria at intermediate temperatures.

1.2
1.0 2
08

0.6

Potential / V

0.4

b) —-800°C
—@—750°C
R —A—700°C

0.3 0.4 0.5 016 0.7 0.8 0.9

Z | oem’®
Fig. 6. (a) I-V and power density curves for a symmetric cell with LSGM
electrolyte and SrpgsFeosTio2035 symmetric electrodes, (b) impedance

spectra of the cells at various temperatures.
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exhibit high efficiency as both cathode and anode in SOFCs.




