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Abstract
High performance in intermediate temperature solid oxide fuel cells requires
improvements especially in the microstructure of the cathode layer. New cobalt-
free cathode materials are used because cobalt-containing cathodes have higher
thermal expansion coefficients, poor long-term chemical stability, and lower
mechanical stability. Recently cobalt-free cathodes have been proposed to solve
these issues by using deposition methods other than electrospray deposition
(ESD). In this study, ESD method is used to develop a cobalt-free cathode
layer. The electrolyte layer is gadolinium-doped ceria that is deposited with
La0.3Sr0.7Fe0.7 Cr0.3O3−δ (LSFCr) prepared by 2-butoxyethanol and ethylene gly-
col solvents as opposed to conventional solvents. Experimental ESD parameters
are tested at different levels and combinations by applying statistical experi-
mental design methods to optimize the microstructure. Coating deposited as
such demonstrated higher electrochemical performance than similar electrodes
fabricated by other methods.
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1 INTRODUCTION

Solid oxide fuel cells (SOFCs) are highly efficient electro-
chemical devices that can convert chemical energy into
electricity with environmental advantages, including low
emission of NOx and SOx pollutants.1–3 Furthermore, their
other superior properties (i) fuel flexibility, (ii) modular-
ity, (iii) scaleability, (iv) silent operation, and (v) capability
of operating without precious metals as catalysts make
SOFCs attractive over other energy conversion devices.4–6
There is a great interest in the development of reversible
SOFCs (RSOFCs) that can be operated in two modes. The
first one is the electrolysis mode (SOEC) to obtain H2 from
H2O when excess energy is available (due to the inter-
mittent nature of wind and solar) from renewable energy

sources.7,8 The second mode is the fuel cell (SOFC) mode
that allows the use of stored hydrogen and oxygen when
electricity is needed. If the cell can be operated in both
the SOEC and the SOFC modes, excess energy can be
generated more efficiently.9,10
Typical RSOFC consists of yttria-stabilized-zirconia

(YSZ) electrolyte, Ni–YSZ composite as fuel electrode, and
lanthanum strontium manganite (LSM)—YSZ composites
as air electrodes that are quite similar to typical SOFC that
needs the high temperature for operation (800–1000◦C).
This high-temperature operation of SOFC is costly and
difficult to maintain that makes the commercialization of
SOFC technology sluggish.11 Therefore, the high operating
temperature needs to be lowered to increase the expected
lifetime, to reduce operating costs, to lower start-up time,
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and to enjoy the possibility of a wide selection of materi-
als such as metallic interconnect materials (Fe–Cr alloy)
instead of expensive ceramics materials.2,3 Besides, this
high temperature may lead to sulfur poisoning and cok-
ing at the Ni–YSZ side that dramatically compromises cell
performance.12,13 In addition to that, during the long-term
operation, Ni coarsening is another major issue as it leads
to diminished triple-phase boundary (TPB) length where
electrode, electrolyte, and gas phases meet and the redox
reactions take place.14,15 In addition to that, LSM elec-
trodes can be delaminated from the electrolyte layer during
oxygen evolution.14
For all these reasons, Ni–YSZ/YSZ/LSM–YSZ materi-

als need to be replaced with state of art materials. Using
an electrolyte with higher ionic conductivity than con-
ventional YSZ such as cerium gadolinium oxide (e.g.,
Ce0.9Gd0.1O1.9-GDC) at intermediate operating temper-
ature proved to be successful. Mixed ionic electronic
materials (MIEC) can be operated with high durability
and efficient performance in fuel and air electrodes at
intermediate temperature (500–700◦C).16 To date, themost
common cathode MIEC material in the past decade is
La1−xSrxCo1−yFeyO3−δ (LSCF) due to its excellent ionic
and electronic conductivity and catalytic activity toward
oxygen reduction.17
LSCF suffers from a coefficient of thermal expansion

(CTE) that is significantly higher than that of the GDC
electrolyte material meaning thermal stresses. Moreover,
chemical stability under operating conditions is unsat-
isfactory due to the presence of Co(IV)/Co(III) in the
structure.18–20 To increase mechanical and chemical sta-
bility, cobalt-free MIEC materials have been extensively
studied in the last decade. In addition to all the scientific
limitations, cobalt also suffers from its negative socioeco-
nomic impact during mining and processing as well as
scarcity.21–27
Chen et al.28 investigated La0.3Sr0.7Fe1−yCryO2−d for

(LSFCr) for the first time in the literature. This mate-
rial performed good catalytic activity during oxidation
of fuels and ensured high redox stability. Moreover, the
replacement of Cr instead of Co brings about a reduc-
tion in CTE from 23.0 × 10−6 to 20.9 × 10−6 K−1 at
700◦C, respectively, that is a closer value to CTE of GDC
(12.7 × 10−6 K−1 at 700◦C). A variety of fabrication tech-
niques have been used to prepare LSFCr for RSOFCs and
approval to use that on both sides.9,28–31 Attempts are being
made to enhance the performance of SOFC and ensure
stability. However, only limited production techniques are
performed,28,32–37 and there is still room for enhancement.
Celikbilek et al.38 showed that LSCF cathode layers fabri-
cated with ESD (electro spray deposition) performed the
lowest area-specific resistance (ASR) value among other
methods with the same stoichiometry at intermediate tem-

perature. However, the LSFCr electrode has not yet been
fabricated via ESD. Electrospray deposition is a facile and
efficient technique that does not require vacuum condi-
tions for the production of electrode layers. Moreover,
ESD allows controlling of the microstructure that helps
to improve the performance of SOFC. Djurado et al.39–46
studied the effects of electrospraying parameters on the
microstructures of LSCF cathode layers. Sındıraç et al.47
also studied the similar cathode layers but with differ-
ent carrier solvents. It has been reported that cathode
layers with a reticular structure can be coated on GDC
electrolytes by the use of the ESD method that involves
spraying a solution containing the properly formulated
ionic mixtures constituting the cathode composition. ESD
setup is shown in Figure 1. A high voltage maintained
between the needle and the target helps create a cone jet
composed of a large number of tiny droplets flying against
gravity to the heated GDC electrolyte pellet that is kept
above. So the flow runs against gravity and a coating can be
deposited onto the GDC pellet with the desired thickness
and structure. The reticular structure is desirable because
of the surface area it offers for oxygen reduction reaction
(ORR) and unhindered access of oxygen into TPB.
There is a great interest in development of symmetri-

cal SOFCs (SSOFCs) that bring about increasing lifetime,
reducing strains, and decreasing cost by using the same
redox stable materials at the anode and cathode side.28
Using identical anode and cathode compositions in SOFCs
leads to simplifying the fabrication cost by a single step fir-
ing process via enhancement of the ease of co-sintering.
These SSOFCs can be operated as RSOFCs. LSFCr that
is used as the electrode material in this study is used as
SSOFCs. Cathode layers in SOFC play a critical role in the
electrochemical performance of the cells.
This study focuses on the improvement of the cathodic

performance of symmetrical cells that is clearly controlled
by the cathodemicrostructure developed during ESD coat-

F IGURE 1 Schematic of the electrospray deposition (ESD)
setup used in this study
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AKKURT et al. 3

F IGURE 2 X-ray diffraction pattern for (A) LSFCr coating on
gadolinium-doped ceria (GDC) pellet, (B) as-received GDC powder,
and (C) LSFCr coating that is scraped off and separately heated at
700◦C, 2 h. Cu Kα radiation was used in analysis.

ing. It is also well known that the latter is controlled
by ESD coating parameters, such as voltage, substrate
temperature, working distance (WD), flow rate, and so
on. Electrochemical cell performance depends on cath-
ode microstructure that in turn depends on ESD coating
parameters. Although a thorough electrochemical charac-
terization of the coated samples is beyond the scope of this
study, some measurements are reported here.
The novelty of this manuscript lies both in the devel-

opment of a cobalt-free cathode layer by ESD and in the
use of design of experiments (DOE) to reduce the num-
ber of experimental runs to identify the best experimental
conditions for achieving a cathode layer with desirable
microstructure. The ultimate purpose is to understand
how ESD factors affect the cathode layer structure.

2 EXPERIMENTAL SETUP AND
CHARACTERIZATION

Ceramic electrolyte pellets were prepared by using GDC
powder (GDC, Ce0.9Gd0.1O3−δ, Fuelcellmaterials, FCM,
>99%). The powder was analyzed by X-ray diffraction
(XRD) as shown in Figure 2. These substrates were formed
by uniaxial pressing (Carver Hydraulic Press, Wabash,
IN, USA) at 180 MPa pressure into a cylindrical stain-
less steel die with 15 mm inner diameter. Pellet heights
were about 1 mm. These compacted pellets were fired in
an electrically heated laboratory kiln (Nabertherm LHT
02/17, Germany) at 1400◦C for 8 h soaking time at a heat-
ing/cooling rate of 3◦C/min. The densities of the pellets
after firing were higher than 95% as measured by the
Archimedes Method.48

Precursor salts solution was prepared by dissolving
suitable amounts of lanthanum(III) nitrate hexahydrate
(ALFA-AESAR >99.99%), strontium chloride hexahy-
drate (ALFA-AESAR >99%), iron(III) nitrate nonahy-
drate (ALFA-AESAR >99.99%), and chromium(II) nitrate
nonahydrate (ALFA-AESAR >98.5%) salts in a suffi-
cient quantity of deionized water to obtain the desired
La0.3Sr0.7Fe0.7Cr0.3O3−δ (LSFCr) stoichiometry. In the sec-
ond step, this solution was gradually heated and stirred
on a hot plate up to 80◦C. Ethylene glycol (C2H6O2,
Merck >99.0%) was then slowly added into this solution
until all polymerization and evaporation processes were
completed. Finally, the precursor solution was diluted
with ethylene glycol monobutyl ether (C6H14O2, Merck
>99%) (1:1 weight ratio) to reduce the surface tension and
also to enhance the wetting properties of the polymeric
precursor.49–51 This last reagent was added to the solution
to reach the desired final salt concentration of ions (i.e.,
.004 and .01 M).
ESD method was used for deposition experiments that

were planned by employing Plackett–Burman screening
experimental design methodology.52
GDC pellets that were coated with the cathode layers

in the ESD setup were analyzed both for the microstruc-
tures and for the electrochemical properties as these
samples were expected to function in an SOFC cell. In
order to find out the ability of the ESD method, both
microstructural and compositional analyses were per-
formed by scanning electron microscopy (SEM, Philips
XL-30S FEG) utilizing secondary electron imaging on cross
sections of the samples. Energy-dispersive X-ray spec-
troscopy was used for elemental analysis. Crystal struc-
tures were examined by XRD (PANalytical X’Pert Pro).
Cu Kα radiation was selected as the X-ray source. Electro-
chemical performances of the fabricated electrodes were
evaluated by electrochemical impedance spectroscopy
(EIS) analyses performed on symmetrical half-cells in
the LSFCr/GDC/LSFCr configuration. For effective cur-
rent collection, an in-house Ag paste was applied onto
electrode surfaces. Ag wires were attached onto the Ag
paste surface by applying high-temperature ceramic adhe-
sive Ceramabond. Measurements were carried out using
a BioLogic SP-150 potentiostat/galvanostat/EIS analyzer,
at 500–700◦C, in stagnant air. The scanned frequency
range was 10−1–104 Hz, whereas the excitation voltage was
±10 mV.

2.1 Electrospray deposition (ESD)

The ESD setup used in this study is shown in Figure 1. The
vertical design is made to prevent gravity-induced forces
and conditions. High voltage is applied between the needle
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4 AKKURT et al.

TABLE 1 The factors and their levels selected for Plackett–Burman screening design Ref. [52]

Factor no. Factor effects k Low level High level
1 Flow rate A .01 ml/h .2 ml/h
2 Voltage B 7 kV 20 kV
3 Concentration C .004 M .01 M
4 Working Distance D 27 mm 50 mm
5 Temperature E 300◦C 350◦C
6 Duration F 20 min 40 min

and the electrolyte (GDC substrate). The solution that is
supplied from the syringe pump feeder is sprayed upward
onto the substrate from a needle tip. The GDC electrolyte
substrate sits upside down on an aluminum plate with a
10 mm diameter hole. The atomized solution is deposited
on the substrate by the effect of electrical field. Tip of
the needle is monitored by a camera connected to a com-
puter to observe the coating process. Coatings deposited by
ESD usually appear with porous morphology owing to the
nature of the process that proceeds by the flight of an ion
bearing droplet of the solution onto the heated target. As
the size of this droplet is very small its evaporation occurs
instantly and the coating grows layer by layer. This results
in a porous morphology that provides unhindered access
of oxygen for ORR.

2.2 Statistical experimental design

ESD technique involves controlling several parameters
(see Table 1) that are known to affect the coating
microstructure. As the number of factors to be studied
is large, a thorough study (e.g., full factorial design) to
cover every single combination of factor effects on coating
microstructure would be cost-wise prohibitive. Although
some efforts have been made in the literature45,50 to
study these effects, a statistically designed experimen-
tal approach has not yet been proposed. Hence, here
we propose to employ the DOE methods52 to minimize
the number of experiments required to identify the more
important factor effects.
DOE approach can help save resources by helping us

avoid running a large number of experiments just to draw
statistically valid conclusions.52 Among the different pos-
sibilities like full factorial design, Box–Behnken response
surface design, a Plackett–Burman screening experimen-
tal design was planned to separate the more important
factor effects. The purpose was to determine that factors
outweighed others. Usually screening designs are applied
in the early stages of projects.53 With this approach, a
large number of experimental factors can be evaluated by
the experimenter after running only a few experiments.

Hence, the experimenter avoids the need to replicate exper-
iments to reach statistically valid conclusions.52,54 The cost
of the reduction of experimental runs is the inability to
identify higher order interactions among the factors.52
In this study, there were six continuous variables high

and low levels of which are shown in Table 1. These
are the ranges in which the factor effects were covered.
The designed set of experiments (Plackett–Burman design)
with 16 runs is shown in Table 2.

3 RESULTS AND DISCUSSION

3.1 Results of ESD experiments

The results obtained from the 16 experiments listed in
Table 2 are shown inTable 3. The response variable showed
the degree of success of the reticular structure with a
maximum surface area for cathodic reaction (ORR). The
variable was categorical that ranged from 1 to 5, 1 meaning
poor reticular structure, and 5 meaning a well-developed
reticular structure. A coating with a score of 5 is also
expected to deliver a successful electrochemical perfor-
mance. Examples of coating structures for each of these
scores are listed in Figure 3.
In order to calculate the main factor effects, statistical

calculations were done manually and are listed in Table 4
following the method described in Harris and Lauten-
berger’s notes.52 This procedure was also employed by
Leigh et al.54 and Kavalci et al.55 To decide whether a fac-
tor is significant or not is determined based on the critical
minimumdifference (MIN) value that can be calculated by

𝑆FE =

√
1∕𝑞(UFE

2
1+UFE

2
2+⋯+UFE

2
𝑞) (1)

[MIN]= 𝑡𝑆FE (2)

where the numbers of unassigned factor effects are labeled
with q = n − p − 1, n = number of runs (n = 16 for
16 run Plackett–Burman design), p is the number of fac-
tors (p = 6, so six factors were examined), UFE is the
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TABLE 2 Experimental design layout for Plackett–Burman approach Ref. [52]

No

Factor effects UFE (Unassigned factor effects)
A B C D E F G H J K L M N O P

1 − − − + + + − + + + − − − + −

2 + − − − − + + + − − − − + + +

3 − + − − + − + + − + + − + − −

4 + + − + − − − + + − + − − − +

5 − − + + − − + + + − − + + − −

6 + − + − + − − + − + − + − − +

7 − + + − − + − + − − + + − + −

8 + + + + + + + + + + + + + + +

9 + + + − − − + − + + − − − + −

10 − + + + + − − − − − − − + + +

11 + − + + − + − − − + − − + − −

12 − − + − + + + − + − + − − − +

13 + + − − + + − − + − − + + − −

14 − + − + − + + − − + − + − − +

15 + − − + + − + − − − + + − + −

16 − − − − − − − − + + + + + + +

TABLE 3 Experiments designed via Plackett–Burman
approach Ref. [52]

Exp
no A B C D E F

Response
(output)

1 .01 7 .0 27 350 40 2
2 .20 7 .004 27 300 40 5
3 .01 20 .004 27 350 20 5
4 .20 20 .010 27 300 20 2
5 .01 7 .010 50 300 20 4
6 .20 7 .004 50 350 20 3
7 .01 20 .004 50 300 40 5
8 .20 20 .010 50 350 40 1
9 .20 20 .004 50 300 20 2
10 .01 20 .010 50 350 20 5
11 .20 7 .010 50 300 40 3
12 .01 7 .004 50 350 40 1
13 .20 20 .004 27 350 40 2
14 .01 20 .010 27 300 40 3
15 .20 7 .010 27 350 20 1
16 .01 7 .004 27 300 20 5a

aThe best coating structure as determined by qualitative assessment.

unassigned factor effects, and t = tdof,α (degrees of free-
dom [dof] = 9 because there were nine unassigned factor
effects, 1 − α = confidence coefficient). UFE are a mix-
ture of two factor interactions, a list of which is available
in Ref. 52.

Critical minimum differences [MIN] were computed by
multiplying the different t-values for different confidence
levels (95%, 90%, and 80%) at 9 dof with the calculated SFE
value. The factor effects on the response are significant
if they have a greater absolute value than the calculated
MIN value that is the critical limit used as a measure
of significance. For example, flow rate (A) was signifi-
cant at the 90% confidence level together with some UFE
terms (see Table 4). At the 80% confidence level, flow
rate (A) and also temperature (E) were significant fac-
tors. To sum up, the flow rate was evidently effective in
controlling the structure of the coating. There were some
interaction among some of the factors but this finding
was confounded. Therefore, the next sets of experiments
were planned to further investigate the effects of different
flow rates on the coating structure via ladder experiments.
In addition, a qualitative assessment of all coating struc-
tures revealed that sample number 16 had the best reticular
structure. Hence this experimentwas chosen to be the con-
trol run for the next ladder design set (A = .01, B = 7,
C= .004,D= 27,E= 300, andF= 20) as shown in Figure 4.
The specimen number 16 was analyzed by XRD to

identify the coating structure (Figure 2). Due to the
nature of the measurement geometry, XRD signal from
the electrolyte was dominant in the coated sample and
peaks from the coating layer were relatively overshadowed
(Figure 2A). However, SrNO3 salt was still detected in
the coating layer. Because the spray coating process was
done at 300◦C, this salt was expected.56 Hence the coating
was scraped off from the electrolyte surface and heated at
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F IGURE 3 Grading of the reticular structures (1–5) for the response variable. Top left figure represents a dense and glassy coating with a
score of 1, top right figure has more porosity with a score of 2, middle row left figure shows a relatively more porous structure with a score of 3,
middle row right figure has further higher reticular structure with a score of 4 and the bottom third row figure has the best reticular structure
with a score of 5

700◦C for 2 h in an electric kiln to mimic operation con-
ditions and to avoid strong signals from the GDC layer.
New mixed oxides like LaCrO3 and SrCrO4 were found to
have formed in the coating layer (Figure 2C). Considering
the long operation times of the SOFC cell at temperatures
around 700◦C, these new mixed oxides are expected to
eventually form.

3.2 The effect of the flow rate

Having successfully identified the best coating test con-
dition to be the sample 16, we performed three more
experiments by varying the flow rate as listed in Figure 4
where the effect of elevating the flow rate on increasing
coating thickness can be clearly seen.
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8 AKKURT et al.

F IGURE 4 Ladder design experiments to investigate the effect of flow rate on the coating structure.Top row left (.005ml/h), top row
right (.010ml/h), bottom row left (.015ml/h), bottom row right (.020ml/h)

3.3 Microstructural analyses (SEM)

It is known that the deposition parameters affect the result-
ing coating microstructures as listed in Table 3. Samples
coded 3 and 16 provided the best reticular structures with
coating thicknesses between 2 and 3 μm (Figure 5A,B).
Sample 16 was further analyzed by SEM–EDS to check
and verify the resulting compositions to yield correct
stoichiometry as shown in Figure 6.
The coating is deposited in three stages: flight of a small

droplet, its impact on the GDC surface and evaporation of
volatile constituents with the eventual formation of mixed
ion oxide in a reticulated form due to the violent fluid
flow.45 The distance between the tip of the needle and the
substrate is called the WD. If WD is small or voltage is
high then there is little time for solvent evaporation and
hence larger droplets form. The substrate temperature was
kept higher than the boiling point of the precursor solu-
tion, which may have contributed to changes in initial
droplet size during coating.45 Increasing the temperature
leads to accelerated evaporation rate which ends up form-
ing smaller droplets. All parameters are probably related to
each other, and a highly porous microstructure is formed
with large surface area as observed in cross-sectional views
of the deposited electrolyte in SEM (Figure 5). Increas-

ing the reticular structure can offer more surface area
for ORR.
As the reticular structure is desirable, all samples listed

in Table 3were observed in SEM to be graded for the degree
of reticular structure formation. But not all of these SEM
images are given here for the sake of brevity. XRD analysis
of sample 16 revealed the presence of strong peaks for GDC
as well as smaller peaks for Sr(NO3)2. The latter was a sur-
prise as the precursor solution was prepared by dissolving
SrCl2, not Sr(NO3)2.57

3.4 Electrochemical impedance
spectroscopy (EIS)

Symmetrical half-cells were constructed in the elec-
trode/GDC electrolyte/electrode configuration for electro-
chemical performance analysis. Sample 16 was employed
as symmetrical half-cell electrodes, simply due to its
optimized fabrication conditions. Figure 7A provides the
impedance response of the symmetrical half-cells with
sample 16 electrodes in the form of Nyquist (main graph)
and Bode (inset) plots. An equivalent circuit consisting
of two resistors, each connected in parallel to a con-
stant phase element (ASR2CPE2 and ASR3CPE3) and a
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AKKURT et al. 9

F IGURE 5 Scanning electron microscopy (SEM) images of the
cross sectional views of a La0.3Sr0.7Fe0.7Cr0.3O3−δ (LSFCr) coating
deposited on gadolinium-doped ceria (GDC) electrolyte. Samples 3
and 16 were coated by using applied voltage and substrate
temperatures of (A) 20 kV and 350◦C, (B) 7 kV and 300◦C,
respectively. X-ray diffraction (XRD) pattern for the specimen
shown in (B) is available in Figure 2.

serial resistor (ASR1) was used to fit the impedance data.
Here, ASR1 referred to resistance to oxygen transport
through the GDC electrolyte and any additional current
collection resistances, whereas ASR2 and ASR3 referred
to resistances associated with electrochemical processes
that occurred at high and low frequencies, respectively.
The sum of ASR2 and ASR3 (ASRtotal) corresponded to
the polarization resistances of the two electrodes of the
symmetrical half-cell, which meant that, to determine the
polarization resistance of a single electrode (ASRelectrode),
ASRtotal had to be divided by two.
Table 5 shows the results of the equivalent cir-

cuit fittings performed on impedance data collected at
550–700◦C. At 700◦C, an ASRelectrode value of .26 Ω cm2

was obtained. In the literature, Molero-Sanchez et al.
fabricated La0.3Ca0.7Fe0.7Cr0.3O3−δ (LCFCr) electrodes by
depositing a paste containing the combustion-derived
powders onto GDC electrolytes and sintering them at
1000◦C.46 The electrode yielded an ASRelectrode value
of .73 Ω cm2 at 700◦C, which roughly corresponds to T
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10 AKKURT et al.

F IGURE 6 Elemental compositions of electro-sprayed gadolinium-doped ceria (GDC) pellet sample coded #16: (A) cathode layer and
(B) electrolyte layer as analyzed by EDS

three times the ASRelectrode value obtained here from
ESD-derived LSFCr electrodes. In another study, Molero-
Sanchez et al. fabricated LCFCr electrodes by amicrowave-
based methods, which yielded an ASRelectrode value of
.25 Ω cm2, but at 800◦C.58 Utilizing the optimized ESD
method to fabricate a comparable LSFCr electrode evi-
dently reduced the operating temperature by 100◦C, with-
out any loss in electrochemical performance.
In order to understand what electrochemical processes

ASR2 and ASR3 correspond to and determine what
the rate limiting mechanisms of the overall ORR over
the ESD-derived LSFCr electrodes are (i) summit fre-
quencies of the ASR-CPE couples and (ii) temperature
dependencies of (i.e., activation energies) of the respective
resistances (Figure 7) were examined. The high-frequency
process, defined byASR2-CPE2was associatedwith capac-
itances around 10−4 F/cm2 over the temperature range
of 550–700◦C (Table 5). These low capacitances, along
with the relatively high “n” values that are indicative of
semicircular shapes59,60 suggest that the high-frequency
process is oxygen transfer at the LSFCr electrode/GDC
electrolyte interface. The rate of oxygen transfer at the elec-
trode/electrolyte interface should be determined by the
oxygen ion conductivity of GDC. Therefore, the similar
activation energies of ASR1 (oxygen transport through the
GDC electrolyte) and of ASR2 (Figure 7B) further sup-
ports our hypothesis that ASR2 indicated the rate of oxygen
transfer at the electrode/electrolyte interface.

ASR3 is associated with capacitances of ca. 10−3 F/cm2

in the 550–700◦C temperature range (Table 5) and a rel-
atively high activation energy of 1.50 eV (Figure 7B). In
other MIEC electrodes that have been studied more fre-
quently thanLCFCr, such as; (La, Sr)CoO3 and (La, Sr) (Co,
Fe)O3 films, the reported capacitance values associated
with the low-frequency rate-limiting step varied depending
on the microstructure.19,41,61–67 For example, MIEC elec-
trodes that had dense microstructures were reported to
exhibit a low-frequency rate limiting processeswith associ-
ated capacitances of 10−2–10◦ F/cm2.19,41,61–63 On the other
hand, EISmeasurements performed on porousMIEC cath-
odes yielded rate limiting low-frequency responses with
capacitances of 10−4–10−3 F/cm2, which is in the range of
what has been observed in the present case.63–67 Regardless
the capacitance value, all the rate limiting low-frequency
values were ascribed to oxygen exchange at the electrode
surface.19,41,61–67
A possible explanation to the apparent discrepancy is

related to the extent of lattice involvement, induced by
differences in microstructure. For example, porous elec-
trodes have surfaces available for oxygen adsorption that
are distributed throughout the electrode, and thus, oxygen
adsorption can take place over large surface areas, some
of which are close to the electrolyte. In this case, adsorbed
oxygenmay be transported to the electrolyte via the surface
of the electrode as well as its bulk. On the other hand, in
the case of dense electrodes, oxygen adsorption is mainly
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AKKURT et al. 11

F IGURE 7 (A) Impedance response of the symmetrical
half-cells with sample 16 electrodes, collected at 700◦C, in stagnant
air. Equivalent circuit used to fit the impedance data is also provided
above the Nyquist and Bode plots. (B) Temperature dependence of
the area-specific resistance components of the overall impedance
response, namely, ASR1, ASR 2, and ASR 3, respectively

limited to the top surface of the electrode, forcing the take
the bulk path to reach the electrolyte. Consequently, oxy-
gen reduction involves the lattice to a greater extent in
denseMIEC electrodes, compared to porous ones, yielding
a larger chemical capacitance in dense electrodes.68,69 The
relatively low capacitances of ca. 10−3 F/cm2 obtained in
the rate limiting low-frequency process detected by the EIS
measurements of the ESD-derived LCFCr cathodes, in the
present case, is therefore likely caused by the large surface
area enabled by the porous microstructure (Figure 6).

Another aspect of the surface oxygen adsorption-related
chemical capacitance is that its magnitude depends on
the amount of B-site transition metal cations that may
be oxidized in response to the oxygen ion replacement
by the oxygen vacancy.17 This, in turn, corresponds to a
dependence of the capacitance on the total volume of the
electrode. In this context, the lower frequency capacitance
value obtained in the present case of ESD-derived porous
LSFCr in comparison to porous LCFCr fabricated by sinter-
ing screen-printed powders is connected to the difference
in thicknesses. The thinner coatings obtained here (thick-
ness of ca. 6 μm) contain smaller amounts of transition
metal cations to be oxidized upon oxygen adsorption onto
the electrode surface in comparison to those present in
the 25 μm-thick electrode in the work by Molero-Sanchez
et al.,70 yielding smaller capacitances.

4 CONCLUSION

LSFCr cathode layers were successfully coated on GDC
electrolyte by ESDmethod. Statistical experimental design
methodology was employed to plan the experimental con-
ditions in the search for optimal coating microstructure.
Plackett–Burman design method helped minimize the
number of experimental runs necessary to identify the best
conditions for the ideal coating microstucture. The best
reticular structure was possible with sample 16 that was
coated using a flow rate of .01 ml/h, a voltage of 7 kV, a
concentration of .004 M, a WD of 27 mm, a temperature
of 300◦C, and a coating duration of 20 min. The coating
stoichiometry was confirmed to have the correct composi-
tion of the LSFCr (3773). Ladder design experiments were
also performed to investigate the effect of flow rate on
coating thickness and quality. EIS measurements showed
favorable ASR values of .22 Ω cm2 at 700◦C.
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