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Optimization of the electrode microstructure in a solid oxide fuel cell (SOFC) is an important approach
to performance enhancement. In this study, the relationship between the microstructure and electro-
chemical performance of an anode electrode fabricated by ultrasonic spray pyrolysis was investigated.
Nickel–Ce0.9Gd0.1O1.95 (Ni–CGO) anodes were deposited on a dense yttria stabilized zirconia (YSZ) sub-
strate by ultrasonic spray pyrolysis, and the resulting microstructure was analyzed. Scanning electron
microscope (SEM) examinations revealed the impact of deposition temperature and precursor solution
concentration on anode morphology, particle size and porosity. The electrochemical performance of the
anode was measured by electrochemical impedance spectroscopy (EIS) using a Ni–CGO/YSZ/Ni–CGO
olid oxide fuel cell

pray pyrolysis
icrostructure

C impedance

symmetrical cell. The deposited anode had a particle size and porosity in ranging between 1.5–17 �m
and 21%–52%, respectively. The estimated volume-specific triple phase boundary (TPB) length increased
from 1.37 × 10−3 �m �m−3 to 1.77 × 10−1 �m �m−3as a result of decrease of the particle size and increase
of the porosity. The corresponding area specific charge transfer resistance decreased from 5.45 ohm cm2

to 0.61 ohm cm2 and the activation energy decreased from 1.06 eV to 0.86 eV as the TPB length increased.
. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical energy con-
ersion devices that directly convert a chemical fuel source into
lectrical power. Much attention has been focused on improv-
ng the performance of the SOFC electrodes [1–4]. One potential
mprovement is to increase the number of reaction sites on the elec-
rodes. The electrochemical reactions are known to occur at triple
hase boundary (TPB) sites, where the reactant gas phase comes

nto contact with the electronic conductor and ionic conductor [5].
ncreasing the extent of TPBs in the electrode thereby can be used to
ncrease the reaction sites and produce better electrochemical per-
ormance. Also, a highly porous electrode is required to efficiently
upply fuel gas to the TPB sites. Therefore, designing and control-
ing the microstructure of the electrode is critical in improving cell
erformance [6–8].

Various techniques have been used to fabricate SOFC elec-

rodes, including tape casting [9], screen printing [10], spin coating
11], tape calendaring [12], thermal plasma spraying [13], elec-
rostatic spray deposition [14] and spray pyrolysis [15]. These

ethod have been summarized and compared in our pervious
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paper [16]. Compared with other techniques, spray pyrolysis has
the most potential capability to control the deposition microstruc-
ture because of the flexibility in processing parameters and their
impact on film structure. Several types of spray pyrolysis methods
have been investigated to fabricate electrode in SOFCs, such as elec-
trostatic spray pyrolysis [14,17–19], gas pressurized spray pyrolysis
[20–22] and ultrasonic spray pyrolysis [15,23–25]. However, none
of the studies on ultrasonic spray pyrolysis investigated porosity
of the deposited electrode, which can significantly influence the
electrode performance [26]. It is generally considered that the elec-
trode performance highly depends on its microstructure. Despite a
wealth of electrochemical analysis and data on nickel–gadolinium-
doped-ceria (Ni–CGO) electrode on YSZ electrolyte, only a few
studies experimentally have demonstrated the enhancement of
electrochemical performance that can be achieved by manipulating
electrode microstructure, such as changing the deposited particle
size and electrode porosity [22,25]. Also, it remains unclear how
changing both the particle size and electrode porosity impacts elec-
trode performance.

Electrochemical impedance spectroscopy (EIS) has been widely

used for SOFC component performance evaluation and degradation
diagnostics [27–29]. EIS allows direct observation of electrochem-
ical cell properties and the ability to unambiguously separate
the role of electrolyte resistance from electrode performance.
In this study, ultrasonic spray pyrolysis was used to deposit

dx.doi.org/10.1016/j.jpowsour.2010.11.117
http://www.sciencedirect.com/science/journal/03787753
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Fig. 1. Schematic of ultrasonic spray pyrolysis system.

node electrodes with varying particle size and porosity. EIS was
hen employed to measure the charge transfer resistance of the
eposited anodes at various temperatures to quantitatively deduce
he role of electrode microstructure on electrochemical activity.

. Experimental procedure

The spray pyrolysis setup used in the electrode deposition is
hown in Fig. 1. The setup consists of a carrier gas delivery sys-
em, a syringe pump, an ultrasonic nebulizer and a hot plate. The
etailed description of the setup can be found in our earlier work
16]. In this study, 8 mol.% YSZ has been selected as the electrolyte

aterial due to its wide use and affordability [30–32]. YSZ button
ells (FCM®) were 20 mm in diameter and 270 �m in thickness with
pproximately 10% variation in thickness. Ni–CGO was selected as
node deposition material. Ni–CGO(Ce0.9Gd0.1O1.95) is considered
s one of the state-of-the-art anode materials due to its high ionic
onductivity, high electronic conductivity and high thermal and
hemical stability, particularly in the presence of the YSZ electrolyte
17,33–40]. The precursor solution was prepared using a method
imilar to that described in [16]. Nickel (II) nitrate hexahydrate
98%, N2NiO6·6H2O; Alfa Aesar), cerium (III) nitrate hexahydrate
99.5%, Ce(NO3)3·6H2O; Alfa Aesar) and gadolinium (III) nitrate
ydrate (99.9%, Gd(NO3)3·xH2O, x ≈ 6; Alfa Aesar) were dissolved

n the mixed organic solution of diethylene glycol mono-n-butyl
ther (99%, HOCH2CH2OCH2CH2O(CH2)3CH3; Alfa Aesar) and ethyl
lcohol (99.5%, C2H5OH; Decon) at a volume ratio of 1:1. Then, the
recursor solution was ultrasonically vibrated in a table top ultra-
onic cleaner (Fisher FS 60H) for 30 min to make sure that powders
ompletely dissolved into the solution. The molar ratio of Ni to

GO was chosen as 6:4 based on the research conducted by Chen
nd Hwang [25], which resulted in the best electrode performance
n their study. Precursor solutions were prepared with different
mounts of mixed organic solutions so that the total concentration
f metal ions could be varied between 0.025 mol l−1 and 0.4 mol l−1.

able 1
xperimental matrix used in the study.

Experiment # 1 2 3

Precursor solution concentration (mol l−1) 0.4 0.4 0.4
Deposition temperature (◦C) 250 300 350

recursor solution feed rate fixed as 1.23 ml min−1.

able 2
est sample preparation condition and sample microstructure information.

# Precursor solution
concentration C (mol l−1)

Deposition
temperature T (◦C)

1 0.4 250
2 0.025 250
3 0.025 350

recursor solution feed rate fixed as 1.23 ml min−1.
Fig. 2. Electrochemical impedance spectroscopy test configuration.

Two processing parameters were considered in this study: pre-
cursor solution concentration (C) and deposition temperature (T).
Prior work showed that the precursor solution feed rate (L) had only
a minor influence on the resulting film microstructure [16], and
therefore, it was fixed at 1.23 ml min−1. The full experiment matrix
is provided in Table 1. The deposited samples were all annealed at
800 ◦C for 2 h to promote crystallization of the deposited film sat
heat-up and cool-down rates of 5 ◦C min−1 under N2 atmosphere.
The morphology and composition of the deposited anode film were
examined by scanning electron microscope (JEOL JSM-606LV) and
energy dispersive X-ray spectrometer (INCA mics/x-stream/SEM
TVA3). SEM images were analyzed by software, ImageJ, to calculate
the deposition particle size and deposition film porosity. Siemens
D-500 X-ray diffraction system was used to obtain the X-ray diffrac-
tion (XRD) pattern of the deposited samples.

Electrochemical impedance spectroscopy was carried out using
a Ni–CGO/YSZ/Ni–CGO symmetrical cell (Fig. 2). The test samples
were prepared using the conditions summarized in Table 2. All
samples were reduced at 763 ◦C under H2 environment for 90 min
to fully facilitate the reduction of NiO before impedance testing.
All measurements were recorded by an electrochemical worksta-
tion (CHI760, CH Instruments, Austin, TX) over the frequency range
of 0.1Hz–100 kHz in a humidified H2 environment. The tempera-
ture was varied between 663 ◦C and763 ◦C to investigate the effect
of working electrode temperature on the anode performance for
the different electrode microstructures. The measurement voltage
amplitude was fixed at 10 mV. Silver wire (∅0.5 mm, 99%, Sigma
Aldrich) and silver current collecting mesh (Ag-M40-100, FCM®)
were pasted on the anode surface to serve as a current collector.
3. Results and discussion

The ultrasonic spray pyrolysis method used in this study pos-
sesses the characteristics of both conventional spray pyrolysis
and chemical vapor deposition (CVD). The deposition mecha-

4 5 6 7 8 9

0.1 0.1 0.1 0.025 0.025 0.025
250 300 350 250 300 350

Average deposition
particle size dp (�m)

Deposited film
porosity p (%)

Deposited film
thickness (�m)

17 36 37
2.5 22 23
1.5 34 18
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Fig. 3. Schematic of deposition mechanism of modified spray pyrolysis.

ism is schematically illustrated in Fig. 3. In conventional spray
yrolysis, the deposition occurs solely from high-velocity parti-
les that strike the surface. In this approach, precursor aerosol
s transported by a carrier gas, which enables deposition by
vaporation–decomposition of precursor solution droplets. There-
ore, the anode film is formed and thickened by the accumulation
f droplets similar to that of aerosol assisted CVD [23,41,42]. Com-
ared to conventional spray pyrolysis, the proposed method can

eposit a more uniform film with uniformly-sized particles. It also
ffectively solves the dilemma of spray mist waste in the deposi-
ion area that occurs in conventional spray pyrolysis, which then
equires spraying over a much larger area than the designed elec-
rode to deposit a uniform film.

Fig. 4. Microstructure of deposited anode film (L = 1.23 ml min−1, Q = 1.5 l
rces 196 (2011) 3026–3032

A typical microstructure of the deposited anode film is shown
in Fig. 4. Composition analysis of this film is provided in Table 3,
Figs. 5 and 6 Results indicate that Ni, Ce and Gd were present in the
sample at a ratio of 15:8:1 (Table 3), which matches closely to the
theoretically calculated value of 15:9:1 based on the molar ratio
6:4 of Ni and CGO. The weight ratio of NiO and CGO is about 50:50
without considering carbon, which comes from decomposition of
the precursor solution. In addition, the deposited anode was ana-
lyzed by EDS mapping to reveal the spatial distribution of Ni, Ce and
Gd in the sample. As shown in Figs. 5 and 6, the elements with cor-
responding diffraction pattern are homogenously distributed in the
deposited film and within each particle. Thus, the proposed method
is capable of fabricating anode composite film with well-dispersed
constitutive elements.

The microstructures of the deposited anode were examined
with SEM. Images of the microstructures obtained from the three
different synthesis conditions are shown in to Fig. 7. A distinctly dif-
ferent electrode microstructure was observed for each. For Sample
#1, perfectly spherical particles are observed, while larger necking
between the particles was observed for Samples #2 and #3 due to
sintering. Measured particle size and porosity are summarized in
Table 2. The trend in particle size and porosity of the three samples
is shown in Figs. 8 and 9, respectively. The particle size decreased
from 17 �m in Sample #1 to 1.5–2.5 �m in Samples #2 and #3
by lowering the precursor solution concentration from 0.4 mol l−1

to 0.025 mol l−1. Due to the effect of different deposition temper-
atures of Samples #2 and #3, the particle size slightly decreased
slightly from 2.5 �m to 1.5 �m (see Fig. 9), and the deposited anode
porosity increased from 22% to 34%. Discussion of the changes of
porosity and deposition particle size were described in earlier work
[16].

The electrochemical performance of the different anode struc-
tures was evaluated using EIS. Nyquist plots for the three samples

at three different test temperatures are shown in Fig. 10. The
impedance spectra were evaluated by fitting the impedance data
with the equivalent circuit shown in Fig. 11. The equivalent circuit
consists of an electrolyte resistance (Relectrolyte) in series with an

min−1, C = 0.1 mol l−1, T = 300 ◦C): (a) top view and (b) cross section.
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Table 3
EDS data showing element composition in the deposited anode film.

Element App conc. Intensity corrn. Weight% Weight% sigma Atomic%

C 2.63 0.5533 4.75 0.41 14.38
O 31.82 1.2685 25.07 0.38 57.02
Ni 27.59 0.9434 29.22 0.37 18.11

35.66 0.40 9.26
5.30 0.33 1.23

100.00

e
a
Z
l
e
t
f
t
s
N
c
i
s
t
c
r
t
t
d

Ce 33.39 0.9354
Gd 4.73 0.8923

Total

lectrode element consisting of a charge transfer resistance (Rct)
nd a constant phase element (CPE). The CPE has an impedance
CPE = 1/C(jω)ˆ˛, where ˛ = 1 reflects a perfect capacitance, while
ower values can be the result of roughness or non-ideality in the
lectrode geometry. ˛ values in the range of 0.53 ± 0.06 were used
o successfully reproduce all the experimental results. Fitted curves
or Sample #1 are provided in Fig. 10(a), which accurately captures
he depressed semi-circles. The detailed mechanism and analy-
is on depressed arc can be found in the literature [43,44]. In the
yquist plot, Z′ and Z′′ represent the real and imaginary values of the
ell resistance as a function of the frequency. The interception of the
mpedance with the real axis Z′ in the low frequency regime corre-
ponds to the total resistance, which includes the sum of the charge
ransfer and electrolyte resistances (Z′ = Relectrolyte + Rct). The inter-

ept of the impedance with the real axis at the high frequency range
eflects just the electrolyte resistance (Relectrolyte). Thus, the charge
ransfer resistance, which can be interpreted as being proportional
o the electrochemical reaction rate at the anode electrode, can be
etermined by subtracting the electrolyte resistance from the total

Fig. 6. XRD analysis of the deposited film.

Fig. 5. SEM and EDS analysis of anode film: (a) SEM image of analyzed area, (b) nickel (c) cerium, and (d) gadolinium.
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the three different electrode samples. A decrease in the activation
energy is observed when comparing Samples #1, #2 and #3.
ig. 7. SEM images of anode microstructures: (a) Sample #1 (dp = 17 �m, p = 36%),
b) Sample #2 (dp = 2.5 �m, p = 22%) and (c) Sample #3 (dp = 1.5 �m, p = 34%).

ell resistance, which is also equal to the diameter of the impedance
rc as measured at the intercept of the real axis.

The impedance results (Fig. 10) show a clear decrease in the
harge transfer resistance with increasing temperature, as well as
decrease in charge transfer resistance among Samples #1, #2

nd #3. Microstructural measurements show that Sample #3 has
n order of magnitude smaller particle size than Sample #1. Prior
esearch has shown that this decrease in particle size increases the
PBs and, thereby, improves the performance of deposited elec-
rode [45]. This improvement in electrode performance is clearly

een here, where the charge transfer resistance also decreased
y nearly an order of magnitude from 5.45 ohm cm2 for Sample
1 to 0.61 ohm cm2 for Sample #3 at 663 ◦C. Notably, these resis-

ance values are within the typical range reported in the literature
Fig. 8. Plot of film porosity versus temperature and precursor solution concentra-
tion (L = 1.23 ml min−1, Q = 1.5 l min−1).

[22,46,47]. Several factors may have contributed to the difference
in the impedance values of Sample #2 (0.835 ohm cm2) and Sample
#3 (0.61 ohm cm2). Slight differences in the particle size may be one
factor. In addition, the decrease in the porosity for Sample #2 may
have contributed to an increase in the charge transfer resistance
over Sample #3. In the work performed by Chen and Hwang [25],
impedance values were seen to increase with decreasing porosity of
deposited electrode. Having a low porosity is likely to lead to mass
transfer limitation. However, mass transfer limitation is expected
to be very small for porosities above 20% [48].

The temperature dependent charge transfer resistances that
were measures could be used to determine the activation energy
(Ea) of the different electrodes. Notably, polarization resistance is
closely associated with the amount of TPB, where the reactant gas
(H2) comes into contact with an electronic conductor (Ni) and an
ionic conductor (CGO) providing continuing path for electrons and
oxide ions. The activation energies (Ea) as determined from the
impedance test are provided in the Arrhenius plot in Fig. 12 for
Fig. 9. Plot of particle size versus deposition temperature.
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Fig. 10. Nyquist plots depicting EIS results for various samples at three test tem-
peratures: (a) Sample #1 (dp = 17 �m, p = 36%), (b) Sample #2 (dp = 2.5 �m, p = 22%)
and (c) Sample #3 (dp = 1.5 �m, p = 34%).

Fig. 11. Equivalent circuit of electrochemical test cell.
Fig. 12. Arrhenius plot of charge transfer resistances for three test samples.

The volume-specific TPB length was approximated by the fol-
lowing equation [49]:

LTPB = �dcNtnionel
ZioZel

Z
PioPel (1)

dc is the diameter of necking connection between electronic con-
ductor and ionic conductor. del is the diameter of electronic
conductor, and dio is the ionic conductor diameter. Nt (# �m−3) is
the number density of all particles. nel and nio are the number frac-
tions of electronic conductor and ionic conductor. Zio and Zel are the
coordination numbers for ionic and electronic conducting particles.
Z is the average coordination number for random packing systems
of spherical particles, which is 6 [49]. Pi is the probability of an i-
phase particle to belong to the percolated clusters of the same phase
[50,51]. The volume ratio of the electronic and ionic phases, which
is related to the molar ratio used in this study, is taken into the TPB
calculation through parameters nel, nio, Zel and Zio. The deposited
particle size was estimated from the SEM images using ImageJ. It
was assumed that the size of the ionic and electronic conduct-
ing particles was the same, and therefore, del = dio ≈ 0.794dp. The
neck size can be approximated as dc ≈ 0.26del [52–57]. The calcu-
lated minimal LTPB for Samples #1–#3 were 1.37 × 10−3 �m �m−3,
9.65 × 10−2 �m �m−3 and 1.77 × 10−1 �m �m−3, respectively. The
parameters used for calculation are summarized in Table 4. Highest
LTPB were found in Sample #3, which contained the smallest particle
size and largest porosity. As expected, microstructures with higher
the LTPB resulted in lower the area specific resistance (ARS). The acti-
vation energy was highest (Ea = 1.06 eV) in Sample #1 with largest
particle size, and lower for smaller particle size electrodes (Ea = 0.90
and 0.86 eV). The values agree well with those reported in the liter-
ature [22,46]. For the porosity ranges produced by spray pyrolysis
in this study (above 20%), particle size has a significant influence
on the electrochemical performance of the electrode. However, if
the particle size decreases to nanoscale, the effect of porosity may
become a critical factor.

It can be observed that microstructures deposited by various
processing conditions of spray pyrolysis result in different elec-
trochemical performances. An effectively manipulated electrode
microstructure can minimize activation and concentration polar-

izations [58]. Optimization of the electrode microstructure in a
SOFC may be an important approach to cost reduction and relia-
bility enhancement [27].
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Table 4
Triple phase boundary length calculation parameter values.

Sample dp (�m) p Nt (# �m−3) nel nio Pel Pio

#1 17 0.36 4.976e−4 0.384 0.256 0.7469 0.5174
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#2 2.5 0.22 1.907e−1
#3 1.5 0.34 7.471e−1

el = Zio = 6.

. Conclusions

In this paper, a detailed experimental study was performed
emonstrating an enhancement in electrode performance due to
anipulation of the electrode microstructure. EDS and XRD analy-

is showed that all the elements of nickel, cerium and gadolinium,
ith corresponding diffraction patterns, were homogenously dis-

ributed on the substrate. This demonstrates the capability of
ltrasonic spray pyrolysis to create highly dispersed films. The
recursor solution concentration (0.025–0.4 mol l−1) and depo-
ition temperature (250 ◦C–350 ◦C) significantly influenced the
eposited anode microstructure and resulted in changes of electro-
hemical performance. By manipulating these process parameters,
he deposited particle size and porosity could be controlled in
he range of 1.5–17 �m and 21–52%, respectively. The estimated
olume-specific TPB length increased from 1.37 × 10−3 �m �m−3

o 1.77 × 10−1 �m �m−3 as a result of the decrease of the parti-
le size and increase in porosity. Consistent with the estimated
PB length, the ASR of the anodes improved from 5.45 ohm cm2

o 0.61 ohm cm2, and the activation energy decreased from 1.06 eV
o 0.86 eV for the temperature range of 663 ◦C to 763 ◦C. Ultimately,
he influence of porosity on the electrode performance could not be
ndependently isolated since the porosity of these films was above
0%, which is higher than typical mass transfer limited conditions.

This study demonstrated the potential of tailoring the electrode
icrostructure of a cell to improve the electrochemical perfor-
ance of the SOFC using ultrasonic spray pyrolysis. In the future,

his versatile fabrication technique will be utilized to study and
esign electrodes with varying microstructure and chemical com-
osition to enhance the performance.
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