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formance of a solid oxide fuel cell (SOFC). In this study, ultrasonic spray pyrolysis has been investigated
to assess its capability in controlling the anode microstructure. Deposition of porous anode film of nickel
and Cep9Gdp 101,95 on a dense 8 mol.% yttria stabilized zirconia (YSZ) substrate was carried out. First, an
ultrasonic atomization model was utilized to predict the deposited particle size. The model accurately
estimated the deposited particle size based on the feed solution condition. Second, effects of various
Solid oxide fuel cell process pa.rgmeters, which included the precursor solution f_eed rate,.precu_rsor solution conge.ntration
Spray pyrolysis and deposition temperature, on the TPB formation and porosity were investigated. The deposition tem-
CcGO perature and precursor solution concentration were the most critical parameters that influenced the
Anode morphology, porosity and particle size of the anode electrode. Ultrasonic spray pyrolysis achieved homo-
geneous distribution of constitutive elements within the deposited particles and demonstrated capability
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to control the particle size and porosity in the range of 2-17 wm and 21-52%, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) are an electrochemical energy con-
version device that can directly convert chemical fuel to electrical
power with high efficiency and low emission of pollutants. One of
the research efforts has been focusing on improving the perfor-
mance of the SOFC electrodes [1-4]. The reactions in the electrodes
occur at triple phase boundary (TPB) sites, where the reactant gas
comes into contact with an electronic conductor and an ionic con-
ductor [5]. Therefore, a SOFC electrode with greater TPBs provides
more reaction sites, leading to an increase in electrical power out-
put and better electrochemical performance. In the meanwhile, a
highly porous electrode is required to efficiently supply fuel gas to
the TPB sites. Therefore, designing and controlling the porous struc-
ture of an electrode is critical in improving the cell performance
[6-8]. There have been efforts to improve the performance by intro-
ducing interface layers and making functionally graded electrodes.
Nanocrystalline electrolyte—electrode interfacial layer has shown
to increase the power output by more than 20% [9]. The functionally
graded electrodes also showed better electrochemical performance
than conventional SOFCs [10,11].

Various techniques have been investigated by scientists for the
fabrication of electrodes, such as tape casting [12], screen print-
ing [13], spin coating [14], tape calendaring [15], thermal plasma
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spraying [16], electrostatic spray deposition [17], and spray pyrol-
ysis [18]. These techniques have been summarized and compared
in Table 1 [19]. Spray pyrolysis is one of the most cost effective and
versatile deposition techniques. It only requires a simple appara-
tus to deposit thin films of various materials under atmospheric
condition. Compared with other techniques, spray pyrolysis has
the capability to control particle shape, particle size, composition,
and phase homogeneity of the deposited film. It has a great poten-
tial for producing functionally graded electrodes, which require
deposition of multiple layers with gradually changing particle size,
composition and/or porosity. Moreover, spray pyrolysis is compat-
ible with large scale industry manufacturing for deposition of thin
and porous films due to a wide selection of precursors and low
equipment cost for mass production.

Several types of spray pyrolysis have been investigated to fab-
ricate electrode layers in SOFCs. An electrostatic spray pyrolysis
was used to make NiO-Samaria-doped ceria (SDC), YSZ and lan-
thanum strontium manganite (LSM) [17,20-22]. Porous electrode
films of LaggSrg4Cog2Fepg03_g [23] and Ni/CGO [24] have been
fabricated by gas pressurized spray pyrolysis. An ultrasonic spray
pyrolysis, which uses ultrasonic vibration to atomize the precur-
sor solution, has been investigated to fabricate SOFC electrodes, as
well. Hamedani et al.[25] fabricated a gradient porous LSM cathode,
and Moe et al. [26] prepared Laj gAlp>03 anode using ultrasonic
spray pyrolysis. Chen et al. [18,27] deposited Ni-CGO anode by
electrostatic-assisted ultrasonic spray pyrolysis to reduce the loss
of aerosol stream to open air. However, none of the studies on
ultrasonic spray pyrolysis investigated porosity of the deposited
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Table 1
Comparison of SOFC fabrication techniques [19].
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Fabrication technique Grading capability Cost (time/complexity) Porosity Deposited film thickness
Tape casting Poor High 0-60 >7 pm
Screen printing Poor High 0-60 >8 wm
Spin coating Yes High 0-60 >1 pwm
Tape calendaring Poor Low N/A N/A
Thermal plasma spray Yes Low 5-20 >Particle size
Electrostatic spray deposition Yes High 0-60 >Particle size
Spray pyrolysis Yes Medium 0-55 >Particle size
U}tms?nic Syringe Table 3
Nebulizer Pump Precuror Values used to calculate deposition particle diameter (d,) by ultrasonic atomization.
" Solution Precursor solution density (gml-1) 0.88
Pressuried Gas P luti . 1
| — recursor solution surface tension (dynescm~-1) 20
I FECTTTT s }\ Ultrasonic frequency (kHz) 60
Y —— A w Powder. density, pp (kgm~3) . 775
i <— Chamber Powder molecular mass, M, (g mol~") 348.85
Precursor Stream 1_}| Precursor solution molecular mass, M (gmol~') 71
Solution %"—_ Substrate Calculated average droplet diameter, dg (m) 100
|~ Hot Plate

Carrier Gas

Fig. 1. Spray pyrolysis experiment setup.

electrode, which can influence the electrode performance [28].
Studies in applying spray pyrolysis for SOFC manufacturing are still
very limited and further experiments accompanied by modeling are
needed.

In this study, the ultrasonic spray pyrolysis was investigated
for deposition of SOFC anode electrode to assess its capability to
control the microstructure. A detailed experimental work was per-
formed to deposit nickel and Cep9Gdg 10195 On an yttria stabilized
zirconia (YSZ) substrate. First, an ultrasonic atomization model was
utilized to predict the deposited particle size (Section 3). Second,
the effects of various process parameters, which included deposi-
tion time (Section 4.1), precursor solution concentration (Section
4.2), deposition temperature (Section 4.3) and precursor solution
feed rate (Section 4.4), on the microstructure and the porosity of
deposited film were investigated. Among the parameters, precursor
solution concentration and deposition temperature had the most
significant effect on the microstructure.

Table 2
Experimental matrix used in the study.

2. Experimental procedures and materials
2.1. Experimental setup

The spray pyrolysis experimental setup is shown in Fig. 1. It con-
sists of a carrier gas delivery system, a syringe pump, an ultrasonic
nebulizer and a hot plate. The process can be divided into three
main steps: atomization of precursor solution, transportation of
the aerosol by the carrier gas, and deposition-decomposition of
the precursor solution on the heated substrate. The system was
designed to avoid deposition of large droplets formed by occasional
variation of the ultrasonic nebulizer. It can effectively reduce the
variation of atomized droplets, which will improve the uniformity
of the deposited microstructures in the film. The precursor solu-
tion was atomized by ultrasonic nebulizer (Sonics® VC) operating
at 60 kHz. The atomized aerosol was carried through a glass tube
by the nitrogen (N, ) carrier gas at a flow rate (Q) of 1.51min~!. The
substrate was placed at the center of the hot plate. The distance
between the tip of glass tube and substrate was fixed at 6 cm.

2.2. Materials and precursor solution preparation

In this study, 8 mol.% YSZ has been selected as the electrolyte
material due to its wide use and affordability [29-31]. YSZ but-
tons (FCM®) were 20 mm in diameter and 270 pm in thickness. For

# Precursor solution concentration (mol1-!) Deposition temperature (°C) Precursor solution feed rate (ml min~1!)
1 0.4 250 1.23
2 0.4 300 1.23
3 0.4 350 1.23
4 0.1 250 1.23
5 0.1 300 1.23
6 0.1 350 1.23
7 0.025 250 1.23
8 0.025 300 1.23
9 0.025 350 1.23

10 04 250 1.78

11 0.4 300 1.78

12 0.4 350 1.78

13 0.1 250 1.78

14 0.1 300 1.78

15 0.1 350 1.78

16 0.025 250 1.78

17 0.025 300 1.78

18 0.025 350 1.78
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Fig. 2. Comparison of deposited particle size calculated from Eq. (4) and measured
from experiments (L=1.23 mlmin~!, Q=1.51min"!, T=300°C).

the anode material, Ni/CGO was selected. Ni/CGO (Ceg9Gdg.101.95)
is considered one of the state-of-the-art anode materials due
to its high ionic conductivity, high electronic conductivity and
high thermal-chemical stability, particularly with YSZ electrolyte
[20,32-39].

The precursor solution was prepared using a similar
method proposed in [27]. Nickel(Il) nitrate hexahydrate (98%,

—
—

Glass Tube

\_/
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Vented Droplets

— Formed
Particle
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Fig. 3. The deposition mechanism of modified spray pyrolysis.

N,NiOg-6H,0; Alfa Aesar), cerium(lIl) nitrate hexahydrate (99.5%,
Ce(NO3)3-6H,0; Alfa Aesar) and gadolinium(IIl) nitrate hydrate
(99.9%, Gd(NOs3)3-xH,0, x~6; Alfa Aesar) were dissolved in
the solution of diethylene glycol mono-n-butyl ether (99%,
HOCH,CH,0CH;CH,0(CH; )3CH3; Alfa Aesar) and ethyl alcohol
(99.5%, CoH50H; Decon) at a volume ratio of 1:1. The molar ratio
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Fig. 4. EDS analysis of corresponding elements distribution. (a) SEM image of the analyzed area; (b) Ni; (c) Ce; (d) Gd.
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Table 4
EDS data showing element composition in the deposited anode film.

Element App conc. Intensity corrn. wt% wt% sigma at%

C 2.63 0.5533 4.75 0.41 14.38
(0] 31.82 1.2685 25.07 0.38 57.02
Ni 27.59 0.9434 29.22 037 18.11
Ce 33.39 0.9354 35.66 0.40 9.26
Gd 4.73 0.8923 5.30 033 1.23
Total 100.00

of Ni to CGO was chosen as 6:4 based on the research conducted
by Chen and Hwang [27], which resulted in the best performance
in their study. Precursor solutions were prepared so that the total
concentration of metal ions can be varied between 0.025 moll-!
and 0.4moll-1.

2.3. Anode film deposition and measurement

Three processing variables were investigated: precursor solu-
tion concentration (C), deposition temperature (T) and precursor
solution feed rate (L). The full experiment matrix is summarized
in Table 2. All the deposited samples were annealed at 800°C
for 2h to promote crystallization of the deposited films at the
heating and cooling rate of 5°C min~!. The morphology and com-
position 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). Images were
analyzed by commercial software, Image], to calculate the porosity
values.

18%km

3. Ultrasonic atomization model
3.1. Modeling of deposited particle size

Understanding the relation among the ultrasonic atomization
parameters can aid design and control of the deposited microstruc-
ture. However, only few studies have made efforts to model the
deposited particle size in a SOFC. In this study, we employed the
work by Jokanovic et al. [40,41]. The governing equation for ultra-
sonically atomized aerosol droplet in the ellipsoidal form is [42]:

¢ o | o 0

1 (sin 6%) 1 8¢
Po=F R %o Tar

sin 6 a0 sin ¢ 02

=0 (1)

where ¢ is the rate potential of excitation precursor; r is radius of
the aerosol droplet; and ¢ and 6 are angles corresponding to the
equation transformed into polar coordinates. The solution of Eq.
(1) can be obtained in the following form [42]:

pw2+;%[2—l(l+1)]:0 (2)

where w is the spherical frequency of ultrasonic wave oscillation.
The average diameter of an aerosol droplet (dy) is obtained by solv-
ing Eq. (2) [42],

2 7o\
dg=2-> <W> (3)

where o is the surface tension of the precursor solution, p is the
precursor solution density, and fis the frequency of the ultrasonic
nebulizer.

Fig. 5. Deposited substrate morphology at different deposition times (L=1.23mlmin', Q=1.51min"', C=0.1 moll-!, T=300°C). (a) After 15 min; (b) after 30 min; (c) after

45 min; (d) after 120 min.
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Fig. 6. Images of deposited anode film at different precursor solution concentrations (L=1.23mlmin~', Q=1.5Imin"!, T=300°C). (a) C=0.4mol1-'; (b) C=0.1 moll'; (¢)

C=0.025moll-1.

The diameter of discharged aerosol droplet from the nebulizer
decreases during the solidification and pyrolysis steps. The eventual
deposited particle diameter (d,) can be expressed by the following
formula [42]:

1/3
CcprM,
d,=d,| -P=—P 4
b d(PpMpr (4)

where ¢y is the precursor solution concentration, M, is the powder
molecular mass, o, is the powder density, and My, is the molecular
mass of the precursor solution.

3.2. Model validation

The surface tension of the precursor solution was calculated
based on the volume fraction of the ethyl alcohol and butyl ether
without considering the influence of other element concentrations
[43]. The surface tensions of ethyl alcohol and butyl ether are 22.32
and 17.06 dynes cm~!, respectively. Therefore, the surface tension
of the precursor solution was assumed to be 20.0 dynescm~! con-
sidering 1:1 volume mixing. Eqs. (3) and (4) were used to calculate
the average diameter of an aerosol droplet and deposited particle
diameters. Parameters used in the calculation are summarized in
Table 3. The calculated deposited particle size and experimentally
measured values have a good agreement as shown in Fig. 2. Chang-
ing the concentration of precursor solution does not influence the
aerosol droplet size, but the concentration of the precursor solu-
tion determines the eventual particle size deposited. Capability to
predict the deposited particle size will help to control and design
the anode microstructure.

4. Results and discussion

The ultrasonic spray pyrolysis setup used in this study has
the characteristics of conventional spray pyrolysis and chemical

vapor deposition (CVD). The deposition mechanism of the ultra-
sonic spray pyrolysis used in this study is schematically described
in Fig. 3. In conventional spray pyrolysis, the deposition solely
occurs from high-velocity particles that strike the surface. In this
approach, precursor aerosol is transported by a carrier gas that
enables deposition by evaporation-decomposition of precursor
solution droplets. Therefore, the anode film is formed and thick-
ened by the accumulation of droplets similar to that of liquid
delivery of CVD [25,44,45].

4.1. Analysis of the deposited anode film microstructure

In this section, the composition and microstructure evolution
of the deposited anode film are analyzed. The compositional anal-

55 | _m—250°C
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50 +350°/
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Fig. 7. Effect of temperature and precursor solution concentration on deposited
anode film porosity (L=1.23 mlmin~!, Q=1.51min"1).
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Fig. 8. Images of deposited anode film at various deposition temperatures (L=1.23 mlmin~', Q=1.51min~', C=0.025 mol1-'). (a) T=250°C bottom layer; (b) T=250°C top
layer; (c) T=300°C bottom layer; (d) T=300°C top layer; (e) T=350°C bottom layer; (f) T=350°C top layer.

ysis of a typical anode film by EDS is summarized in Table 4. The
measured composition ratio of Ni/Ce/Gd was 15:8:1 as presented
in Table 4. This is close to the theoretically calculated value of
15:9:1 based on the molar of ratio of Ni and CGO, which was 6:4.
The weight ratio of NiO and CGO is about 50:50 without consider-
ing carbon, which comes from the decomposition of the precursor
solution. In addition, the deposited anode film was analyzed by
EDS mapping technique to reveal the element distribution of Ni,
Ce and Gd. As evident in Fig. 4, the elements are homogenously
distributed in the deposited film and within each particle. The pro-
posed method is capable of fabricating anode composite film with
well-dispersed constitutive elements.

As the deposition time progresses, the deposited film morpholo-
gies evolve as shown in Fig. 5. After 15 min, highly crystallized,
dense deposition film was observed (see Fig. 5(a)). The porosity of
the deposition film also increased, which agreed with prior work
performed by Nguyen and Djurado [17]. The initial dense deposi-
tion layer can be classified as type Il morphology categorized by
Schoonman and co-workers [46]. Rapid spreading of the precursor

solution droplet may be the reason for the formation of a dense
layer [17]. Once the deposition time passed 30 min, the deposited
particles agglomerated and a columnar structure formed as shown
in Fig. 5(c). Due to evolving microstructures during the deposi-
tion process, the deposition rate increased from 0.10 ummin~! to
0.24 pmmin~! after 60 min of deposition time. When the deposi-
tion time reached 60 min, a porous top layer was formed on the
dense bottom layer in accordance with the type III morphology
[46].

4.2. Effect of precursor solution concentration

Effects of precursor solution concentration on deposited particle
size and porosity were analyzed. As shown in Fig. 6, higher precur-
sor solution concentration resulted in deposition of larger particles.
The particle size increased from 2 pm to 20 um when the precursor
solution concentration increased from 0.025 mol1-! to 0.4 mol1-1.
Therefore, by lowering the precursor solution concentration, par-
ticles with sub-micrometer size can be deposited. As the solution
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Fig. 9. Effect of temperature and precursor solution concentration on deposited
particle size (L=1.23 mlmin~!,Q=1.5Imin"1).

concentration increased, higher porosity was obtained due to the
formation of large particles with a high degree of agglomeration
(see Fig. 7). The porosity increased from 21% to 38% by changing the
precursor solution concentration from 0.025 molI-! to 0.4 mol1-!
when the deposition temperature was 250 °C. While the precursor
concentration should not exceed the solubility limit of the chemical
compounds, it should not be too low to achieve a reasonable depo-
sition rate. At low concentration, the particles will be blown away
from the substrate by the carrier gas, and therefore, the deposition
rate will be very low. The precipitated particle needs to be above a
minimum size in order to overcome the thermophoresis force.

4.3. Effect of deposition temperature

The deposition temperature also significantly influenced the
morphology and porosity of the microstructure. A relatively dense
layer is formed in the beginning of deposition near the YSZ inter-
face and is referred to as bottom layer. A porous film formed
and accumulated on top of the bottom layer. As shown in Fig. 8,
the bottom layer (YSZ interface) and the top layer (the free sur-
face) showed distinctly different structures at three temperatures.
Fewer cracks were found at higher temperature in the bottom
layer. The deposition temperature at least should be above the
boiling temperature of the precursor solution, which will guaran-
tee an effective evaporation of the solution during deposition of
the atomized droplet. Low deposition temperatures below 250°C
is not appropriate for anode film deposition because the droplets
cannot be easily vaporized due to the high boiling temperature of
diethylene glycol mono-n-butyl ether. Even at 250 °C, the excessive
amount of precursor solution remains on the substrate for too long
and results in surface cracks as shown in Fig. 8(a). Similar results
were reported by Wilhelm et al. [21].

The higher deposition temperature resulted in higher porosity
in the deposited film as shown in Fig. 7. The large amount of vapor
generated from the fast evaporating solvent during high deposition
temperature is assumed to be responsible for the high porosity of
the deposited film [47]. On the other hand, the diameter of atom-
ized droplet decreased as it decomposed into smaller particles at
higher deposition temperatures (see Fig. 9). However, tempera-
tures above 450°C should be avoided because the deposited film
can break and result in numerous cracks and serious delamina-
tion due to the high thermal stress, as shown in Fig. 10. Similar
phenomena were reported by Bohac and Gauckler [47]. Extremely
high deposition temperature causes complete evaporation of the

Fig.10. Severely cracked deposited anode film near the YSZ interface (bottom layer)
(L=1.23mlmin',Q=1.51min', C=0.1moll-!, T=450°C).

atomized droplet, and the precipitated particles are blown away
before they can reach the substrate. Consequently, the deposition
rate decreases significantly.

4.4. Effect of precursor solution feed rate

Precursor solution feed rate did not influence the deposited
anode film microstructure and morphology as significantly as the
precursor solution concentration or the deposition temperature.
The precursor solution feed rate determines the amount of atom-

Fig. 11. Images of deposited anode film near the YSZ interface (bottom layer) at
different precursor solution feed rate (Q=1.51min"', C=0.1moll-!, T=250°C). (a)
L=1.23mlmin'; (b) L=1.78 mImin~'.
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ized precursor solution reaching the substrate. At higher solution
feed rate, larger amount of droplets reach the substrate. Increase
of precursor solution on the substrate requires longer decomposi-
tion and drying time. This leads to denser layer and more severe
cracks. The deposited bottom layer morphologies are shown in
Fig. 11. When the precursor solution feed rate increased from
1.23mlmin! to 1.7mlmin~!, the porosity of the film and the
diameter of the deposited particle remained relatively constant at
37% and 7.5 pm, respectively. The precursor solution feed rate only
had minimal influence on the deposited anode film microstructure
and morphology.

5. Conclusion

An ultrasonic spray pyrolysis technique was investigated to
deposit Ni-CGO anode electrode of an SOFC to assess its capability
to control the deposited microstructure. The effects of processing
parameters, including deposition time, precursor solution concen-
tration, deposition temperature and precursor solution feed rate, on
the deposited anode film morphology and porosity were analyzed.
Following conclusions may be drawn from this study:

(i) The ultrasonic spray pyrolysis demonstrated its capability to
uniformly disperse the constitutive elements. The EDS analysis
showed that all the elements were homogenously distributed
on the substrate and within each particle.

(ii) The ultrasonic atomization model based on Jokanovic et
al. [40,41] was capable of accurately predicting the size of
deposited anode particle. The model can be a useful tool to
design and deposit optimal microstructure.

(iii) The precursor solution concentration and deposition temper-
ature were the most critical parameters that influenced the
morphology and porosity of the deposited microstructure.
The deposition temperature influenced the integrity of the
deposited layer and deposition rate.

(iv) The study finds that by controlling these parameters, deposi-
tion particle size in the range of 2-17 wm and porosity in the
range of 22-54% can be controlled by ultrasonic spray pyrolysis
for Ni-CGO anode.

The study demonstrated the potential of ultrasonic spray pyrol-
ysis for tailoring the microstructure of the anode electrode of
a SOFC. AC impedance and DC electrical conductivity tests are
planned in near future to understand the relationship between
the electrode microstructure and cell performance. Eventually, the
relation between the electrochemical and thermomechanical prop-
erties of the electrode film needs to be understood for optimal
electrode design.
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