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In this study, dense electrolyte ceramic Smg;Cepg0,_s (SDC) thin films are successfully deposited on
NiO-SDC anode substrate by aerosol deposition (AD) with oxygen as the carrier gas at the substrate
temperature ranging from room temperature to 300 °C. To remove the effect of humidity on the starting
powders, this study found that, in depositing SDC films, having the starting powders preheat-treated
at 200°C helped generate a smooth and dense layer, though a lower deposition rate was achieved. At
a deposition time of 22 min, SDC films with a uniform thickness of 1.5 wm and grain sizes of ~67 nm

Iégﬁ‘évzzjize fuel cell are obtained. SOFC single cells are then built by screen printing a LSCF cathode on the anode-supported
Ceria substrates with SDC electrolyte. The cross-sectional SEM micrographs exhibit highly dense, granular, and
Aerosol deposition crack-free microstructures. The open circuit voltages (OCV) of the single cells decrease with the rise in
Electrolyte temperature, dropping from 0.81V at 500 °C to 0.59 V at 700 °C. Maximum power densities (MPD) decline

with decreasing operating temperature from 0.34 to 0.01 W cm~2 due to the increase of the Ry and Rp of
the single cells. The electrochemical results testify to the fine quality of SDC films as well as illustrate the
electrolyte thickness effect and the effect of mixed ionic and electronic conduction of the SDC electrolyte
in the reducing atmosphere.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cell (SOFC) system is considered to have superior
potential for commercialization thanks to its high energy conver-
sion efficiency, self-reforming ability, compatibility with common
hydrocarbon fuels, use of solid state materials, and no need of noble
metals as catalysts [1]. SOFC can be used in large-size stationary
power facilities or applied to heat and power generation for homes
and businesses as well as auxiliary power units for electrical sys-
tems in transportation vehicles. Planar-type SOFCs are superior to
those with tubular designs because of their simple manufacturing
process and promise of a high power density [2].

A conventional electrolyte-supported SOFC requires a minimum
thickness of ~150 wm for its electrolyte, and the thick electrolyte
in turn demands an operating temperature around 900-1000°C
to minimize high-ohmic loss [3]. Such a high operating tem-
perature implies poor long-term stability and places a stringent
constraint on material selection; cost of materials, especially that
of interconnect materials, can thus be fairly steep. In recent years,
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enormous research efforts have been invested on the development
of intermediate temperature SOFCs (IT-SOFCs) capable of operat-
ing at temperatures between 500 and 700°C [4]. However, the
performance of IT-SOFCs depends to a substantial extent on the
ionic conductivity of the electrolyte and the polarization resis-
tance (Rp) of the electrodes [5]. The former problem can be solved
by using alternative electrolytes with higher ionic conductivity at
low temperatures, such as LaggSrg1GaggMgp203_s (LSGM) and
Smg;Cepg0,_s (SDC) or by using a thin yttria-stabilized zirconia
(YSZ) electrolyte film [6].

Several film-deposition methods have been used to reduce the
thicknesses of electrolyte layers. These methods can be grouped
into three categories: (a) physical approaches, including sputter-
ing[7] and pulsed laser deposition (PLD)[8]; (b) chemical processes
like sol-gel [9], spray pyrolysis [10], atomic layer deposition (ALD)
[11], electrochemical vapor deposition (EVD) [12], metalorganic
chemical vapor deposition (MOCVD) [13], flame assisted vapor
deposition [14], and electrostatic assisted vapor deposition [15];
and (c) ceramic powder processes, such as screen printing [16],
tape casting [17], suspension spray coating [ 18], slurry spin-coating
[19], inject printing [20], electrophoretic deposition [21], and dry
pressing [22]. However, these processes are often marked with
restrictions that limit their applications, such as a high substrate
temperature (typically around 700-900°C), sophisticated deposi-
tion and doping parameters, expensive precursors and processes,
inhomogeneity in thickness, large induced strain, reliance on mul-
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tiple coatings, complex sintering procedures, and difficulty in
stoichiometry control.

Recently, aerosol deposition (AD) method [23], a new deposi-
tion technique based on the collision of fine particles for fabrication
and micropatterning of thick ceramic layers, has been developed.
Successfully adopted to fabricate Pb(Zr,Ti)O3, a-Al;03, Y»03, YSZ,
AIN, MgB,, and Ni-Cu-Zn ferrite ceramic thick films [23-30], AD
method is effective for preparing ceramic films with a thicknesses
over 1 wm due to its high deposition rate at temperatures below
100°C; it enables us to achieve high density and easy control
of stoichiometry and crystallinity. In this study, the feasibility of
deposition of Smg,Cepg0,_s (SDC) films on NiO-SDC anode sub-
strates by AD method from SDC powders was investigated. The
crystal structure and microstructural evolution of the films were
examined by X-ray diffraction (XRD) analysis and scanning elec-
tron microscopy (SEM). SOFC single cells were then built by screen
printing a LSCF cathode on the anode-supported substrates with
SDC electrolyte. Microstructural and electrochemical performance
of the SOFCs were then characterized and discussed.

2. Experimental procedure

Commercially available raw materials for SOFC, including
Smg;Cepg0,_5 (SDC; Fuel Cell Materials, USA; ds5p=0.53 um
and BET surface area=6.2m2g '), LaggSro4Cog2FeqgOs ;s
(LSCF: Fuel Cell Materials, USA; d50=0.99 wm and BET surface
area=5.4m? g-1), and NiO (anode functional layer: Fuel Cell Mate-
rials, USA, dso=0.8 wm and BET surface area=3.4m? g~!; current
collector layer: SHOWA, Japan, dso=10.1 wum and BET surface
area=0.06 m2 g~1), were used in this study. The anode substrates
built were composed of a current collector layer (outer layer) of
pure NiO and two functional layers of NiO-SDC composites with
ratios of 60 wt%/40wt% and 50 wt%/50 wt% respectively. Ceramic
raw powders were mixed with 19.7 wt% of organic binder (B74001;
Ferro), 25.6 wt% of solvent (60 wt% toluene/40 wt% ethanol) and
0.7 wt% of dispersant (M1201; Ferro) to form colloidal ceramic
suspensions. The anode substrates were then built via tape casting
process, and the dried and laminated tapes drilled into discs.
25mm in diameter, the discs were co-fired at 1400°C for 2h at a
heating rate of 2°Cmin~1.

A Smg;Ceg0,_s thick film was deposited on the anode sub-
strates by AD method using Smg;CeggO,_s powder. The AD
apparatus is schematically shown in Fig. 1. Smg 5 Cey gO,_s powders
were heat treated at 1300°C for 4h, ball milled in methyl alco-
hol solution using polyethylene jars with zirconia balls for 6 h, and
subsequently oven dried at 80°C for 30 h. The scanning electron
microscopy (SEM; Hitachi S4700) image shown in Fig. 2 reveals a
granular morphology of the powder particles. The powders report
an average particle size of 1.08 wm, as measured by light scatter-
ing analyzer (Zeta 1000). The Smg,Ceyg0,_s fine powders were
placed in a flask (aerosol chamber), into which carrier gas of O,
was introduced at the bottom of the powder bed to form an aerosol
(suspension of fine ceramic particles in a carrier gas). The aerosol
chamber was continuously vibrated so as to ensure thorough mix-
ing of the ceramic particles with the accelerating gas. Aerosol flow
from the aerosol chamber was subsequently transferred to the
deposition chamber. Acceleration of the Smg,Ceg0O,_s particles
was driven by the pressure difference between the aerosol chamber
and the deposition chamber. The high-speed moving particles then
impinged upon, and were thus deposited onto, the Pt/Ti-buffered Si
substrates placed 10 cm underneath the nozzle. The typical param-
eters adopted are listed in Table 1. To obtain uniform thickness
across a large area, the substrates were placed on an X-Y stage and
scanned over a 12mm x 12 mm area at the speeds of 1.5mms™!
in the X direction and 1.5 mms~! in the Y direction back and forth
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Fig. 1. Schematic of AD apparatus.

Fig. 2. SEM micrograph of the initial Smg;Ces0,_s powder.

in the manner of meandering lines. During the process of deposi-
tion, the substrate holder was controlled at temperatures ranging
from room temperature to 300 °C. X-ray diffraction (XRD) analysis,
scanning electron microscopy (SEM), and energy dispersive spec-
troscopy (EDS) were used to confirm the formation of phases and
to characterize the microstructures of films.

The anode-supported substrates with a SDC electrolyte layer
deposited by AD method and a three-layer anode built via tape cast-
ing process were then screen printed to form a LSCF cathode. The
LSCF cathode was prepared by screen-printing a LSCF material on
the anode-supported SDC substrate (Fig. 3). Cathode powders were
mixed with a proper amount of terpineol (solvent) and ethyl cellu-
lose (binder) to form a paste. The cathode was then fired at 1000°C

Table 1

Typical process conditions of the adopted aerosol deposition.
Deposition pressure (torr) 2-20
Aerosol chamber pressure (torr) 350-700
Nozzle orifice (mm) 1.1
Carrier gas 0,
Flow rate of carrier gas (Lmin~') 5
Substrate temperature 300°C
Deposition area (mm?) 22 %22
Scan speed (mms~) 1.0
Nozzle/substrate distance (mm) 10
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Fig. 3. Schematic drawing of the anode-supported single cell structure of SOFC with a Smg,Ce30,_s electrolyte layer deposited by AD method.

for 2 h. Table 2 shows the dimensions of the single cell prepared in
this study.

The electrochemical performance of the single cell was mea-
sured at the set-up of a commercially available ProboStat (NorECs,
Norway). The cell was heated up to 1000 °C under nitrogen atmo-
sphere (0.0338 Pam3s~1) on both sides of the cell for a gas-tight
seal. The temperature was then reduced to 500°C for anode
reduction under hydrogen atmosphere before electrochemical
measurements. During testing, the flow rates of hydrogen (3% H,0)
and air were kept respectively at 0.0676 and 0.2704Pam3s~! by
electronic mass flow controllers. The current density as a func-
tion of cell voltage (I-V curves) was evaluated under different
applied loads across the cell, and measurements were carried out at
500-700°Cataninterval of 50 °C. Electrochemical impedance spec-
tra (EIS) were measured after holding the cells under OCV for 15 min
at each temperature. The EIS measurements were performed with
a four-lead two-electrode configuration using a multi-channel
Potentiostat/Galvanostat (Solartron 1470E) and a 1260 frequency
response analyzer with a computer interface and Corr-view soft-
ware. The frequency ranged from 10° Hz to 0.015Hz while the
signal amplitude read 10 mV. I-V curves and power curves were
obtained using linear sweep from OCV to 0.2V at a sweep rate of
5mVs~1. After testing, the microstructure of the cells was exam-
ined by SEM (Hitachi S4700).

3. Results and discussion

Ceramic films fabricated by aerosol deposition methods requires
precise control of process parameters, including the characteris-
tics of starting powders, carrier gases, substrate temperature, and
substrate characteristics, in order to obtain desired film properties
[23]. The study attempted to deposit Smg;Ceg0,_s (SDC) films on
anode substrates consisting of three layers with a total thickness
of approximately 0.66 mm, including a current collector layer of
NiO (~20 pm) and two functional composite layers (with NiO/SDC
ratios of 60/40 wt% and 50/50 wt%, and thicknesses of ~636 pm
and ~6 pm respectively, as indicated in Table 2). The process was
optimized using the carrier gas of O,, the substrate temperature of
300°C, and other essential process parameters listed in Table 1. In
addition to the parameters which have been observed in the lit-
erature [23-30] as affecting AD deposition, this study found the

Table 2
Design of the anode-supported single SOFC cells with a SDC electrolyte layer
deposited by AD method.

Structure Material SOFC cell
Cathode current collector layer LSCF 40 pm
Electrolyte layer SDC 1.5pum
Anode functional layer NiO/SDC(50 wt%/50 wt%) 6 um
Anode functional layer NiO/SDC(60 wt%/40 wt%) 636 pm
Anode current collector layer NiO 20 pm

quality of SDC films prepared using AD method highly sensitive to
the relative humidity of the environment during deposition. High
water absorption on the powder surface easily leads to powder
agglomeration and affects the particle jet flow near the substrate.
Preheat-treatment of the starting powder was therefore under-
taken to remove water absorption. Fig. 4(a) and (b) shows the
SEM micrographs of the anode-supported single cell structure of
the SOFC with Smg>Cegg0,_s (SDC) electrolyte layer deposited
by AD method after electrochemical measurements, using the
starting powder without and with preheat-treatment at 200°C,
respectively. After a deposition time of approximately 22 min, the
thickness of SDC film prepared using starting powder without pre-
heat treatment read ~25 pm [Fig. 4(a)], which was much thicker
than that (1.5 wm) of its counterpart with preheat treatment at
200°C [Fig. 4(b)]. Moreover, the former demonstrated an uneven
and loose microstructure while the later reported a very uniform
and dense microstructure.

Fig. 4. SEM micrographs of the anode-supported single cell structure of the SOFC
with Smg,Ceps0,_s electrolyte layer deposited by AD method using the starting
powder (a) without and (b) with preheat-treatment at 200 °C.
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Fig. 5. Cross-sectional view of SEM images of the (a) cathode, (b) Smg,Ces0,_s
films deposited by AD, and (c) anode.

Fig. 5 shows the SEM micrographs of the anode-supported sin-
gle cell structure of the SOFC with Smg>Ce( g0,_s (SDC) electrolyte
layer deposited by AD method after electrochemical measure-
ments. The interfaces among the anode, electrolyte, and cathode
layers showed no sign of crack, discontinuity, or delamination.
XRD analysis confirmed the complete reduction of NiO to Ni at the
anode after the electrochemical test. Both the anode and cathode
layers were marked with the presence of porous microstructures.
As shown in Fig. 6(a), the observation of surface microstructure
reveals that the SDC film has fine grain microstructures. The grain
size of the SDC film is approximately 67 nm with a round morphol-
ogy. The cross-sectional micrographs exhibit dense and granular
microstructures [Fig. 6(b)]. The film shows a fairly uniform thick-
ness of approximately 1.5 wm. It can be observed that the SDC
electrolyte deposited by aerosol deposition in carrier gas of oxy-
gen is crack free and dense to allow no passage for gas leakage in
the SOFC electrolyte. Lamellar structure, which is observed in the
TiO,/Al; 03 film in the literature [30], is absent in the SDC film. In

Ni-SDC

Fig. 6. (a) Cross-section and (b) surface SEM images of Smg,Ceos0,_s electrolyte
films deposited by AD method.

agreement with the densification mechanism proposed by Akedo
[27], the grain sizes of the films are much smaller than the parti-
cle size of the starting SDC powder (1.08 wm; Fig. 2). The starting
particles were accelerated in a gas jet to moderate velocities of
100-600ms~!. They were fractured into smaller fragments and
deformed to fill the gaps between the deposited particles during
impact with the substrate. No additional post annealing is required
for solidification and densification after deposition. Moreover, as
indicated in Fig. 5, the anode-supported SOFC with a SDC elec-
trolyte layer deposited by AD apparently sustains good adhesion
at the interfaces among the layers to ensure good integrity of the
cell.

Fig. 7 shows the XRD patterns respectively of the initial SDC
powders, the as-deposited SDC film by aerosol deposition in carrier
gas of oxygen, and the film after annealing at 1000 °C. The diffrac-
tion peaks of the XRD patterns of the initial powders are indexed
to the cubic Fm3m structure of Smg,Ceog0,_s (JCPDS Card No. 75-
0158, a=0.5433 nm). The as-deposited film was well-crystalline,
and the broad multiple peaks further indicate fine grains and ran-
dom orientation microstructure. No additional phases are detected
in the films. The XRD patterns of the film after annealing are simi-
lar to those of the as-deposited film, implying that the subsequent
cathode firing at 1000 °C did not change the phase structure and
crystallinity of the SDC film in the anode-supported SOFC and ver-
ifying thereby the formation of good quality SDC film obtained in
as-deposited form.

Fig. 8 shows the Nyquist plots of the electrochemical impedance
spectra of the single cell containing a SDC electrolyte layer prepared
by AD method. The highest frequency intercept of the impedance
spectra gives the total ohmic resistance of the cell (Rg), including
the resistive contributions of the electrolyte, the two electrodes,
the current collectors, and the lead wires. The lowest frequency
intercept gives the overall resistance of the cell, and the distance
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Fig. 8. Impedance spectra of the anode-supported single cells containing a
Smy,Ceps0,_; electrolyte layer deposited by AD, at different temperatures.

between the two intercepts corresponds to the total interfacial
polarization resistance (Rp) [31]. Fig. 9 presents the temperature
dependence of Ry and Rp of the single cells, and Table 3 lists the
results. It can be observed that the Ry of the single cells increased
continuously from 0.060 to 0.62 2-cm? as the measurement tem-
perature went down from 700°C to 550°C, a typical occurrence
due to the dependence of the ionic conductivity of the SDC on
temperature. The SDC content at both the electrolyte layer and

Table 3
Results of Ry and Rp electrochemical impedance spectra of the anode-supported
single cell measured at temperatures ranging from 550 °C to 700°C.

Temperature (°C) Ro (R2-cm?) Rp (2-cm?) Ro/(Ro +Rp)
700 0.060 0.110 0.353
650 0.100 0.194 0.340
600 0.258 0.611 0.297
550 0.620 2.206 0.219
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Fig. 9. Temperature dependences of ohmic resistances (Rp) and polarization
resistances (Rp) of the anode-supported single cells containing a Smg,Ceg0,_s
electrolyte layer deposited by AD.

the Ni-SDC anode layer may serve as the major cause of the ris-
ing Ry. It is evident from Fig. 8 that Rp rose as the temperature
dropped, particularly at temperatures <600 °C. It should be noted
that the contribution of Ry to the total resistance (Rt =Rg +Rp) is
small due to the thinner electrode layer (1.5 wm). The ratio of Ry
to Ryt read approximately 35% at 700°C and decreased dramati-
cally as the operating temperature was reduced (<22% at 550°C),
suggesting the fine quality of the SDC electrolyte film prepared by
AD method and, therefore, the cell performance replies critically
on the polarization resistance of the electrode.

Figs. 10 and 11 present respectively the cell performance as a
function of the operating temperature, and the temperature depen-
dences of open circuit voltage (OCV) and the maximum power
density (MPD) of the anode-supported SOFC with a SDC electrolyte
deposited by AD method. The SDC electrolyte layer possessed a
higher electronic conduction that led to a lower OCV at high tem-
perature, and the cells reported a higher degree of concentration
polarization at high temperature as indicated by the convex-up
curvature of the I-V curves at high current densities as shown in
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Fig. 10. [-V curves and the corresponding power densities of the anode-supported
single cells containing a Smg > Ce30,_s electrolyte layer deposited by AD, at different
temperatures.
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Fig. 10. The OCV of the single cell decreased with the rise in tem-
perature, dropping from 0.81V at 500°C to 0.59V at 700 °C. These
OCV values are lower than the expected theoretical values at higher
temperatures because of the mixed ionic and electronic conduc-
tion of the SDC electrolyte in the reducing atmosphere [6]. Part of
the Ce** ions in the electrolyte were reduced to Ce3* ions, caus-
ing some electronic conduction in the electrolyte and resulting in
OCV drop. With decreasing temperature, OCV gradually moved up
as the electronic conduction went down at lower temperatures. In
addition, the very thin electrolyte layer (1.5 um, as shown in Fig. 5)
led to dramatic decrease in OCV with rising temperature. Maxi-
mum power densities (MPD) declined with decreasing operating
temperature from 0.34 to 0.01 Wcm~2 due to the increase of the
Rp and Rp of the single cells as shown in Fig. 8. Both the OCV and
MPD of the single cell prepared in this study are lower than those
reported in the literature for the SOFCs with an electrolyte thickness
greater than 10 wm. As reported by Ding et al., both the OCV and
MPD of the anode-supported single cell significantly decreases with
reduced thickness of the Gdy1Cepg0195 (GDC) electrolyte films
when the thickness of the electrolyte films is less than approxi-
mately 5 wm. The decrease of the MPD may be due to the fact that
the effect of the increase in electronic conduction of the GDC thin
films on the electrical performance is greater than the effect of the
decrease in ohmic-resistance loss resulted from the thin electrolyte
layer [32].

4. Conclusions
In this study, anode-supported planar IT-SOFCs with a thin SDC

electrolyte film were fabricated using AD method. Major conclu-
sions reached by the study are summarized as follows:

(a) Using a preheat-treated starting powder and at a deposition
time of 22 min, the obtained SDC electrolyte with a thickness of
approximately 1.5 wm appeared to be crack free and very dense.
The interfaces among the anode, electrolyte, and cathode layers
for all cells showed good adhesion.

(b) The grain size of the film (67 nm) was much smaller than the
particle size of the starting SDC powder (1.08 pum). No additional
post annealing was required for solidification and densification
after deposition. The XRD patterns of the as-deposited film con-
firmed the well-crystalline fine grains and random orientation
microstructure. No additional phases were detected in the films.

(c) The open circuit voltage (OCV) of the single cell dropped from
0.81V to 0.59V while the maximum power densities (MPD)
escalated from 0.01 to 0.34W cm~2 as the operating temper-
ature increased from 500 °C to 700 °C.
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