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Fabrication of dense Smg;Ceg019 (SDC) thin-film electrolytes by wet powder spraying in combination
with high-temperature sintering is investigated. Two powder synthesis techniques, i.e., a hydrothermal
synthesis and an EDTA-citrate complexing sol-gel process, were investigated. X-ray diffraction, BET
surface area and laser particle size analysis demonstrate there is certain level of aggregation in both
powders. However, it is more pronounced in powders obtained by the complexing process, and only the
colloidal suspensions of powders prepared by hydrothermal synthesis are stable. SEM analysis of the
green and sintered thin-film electrolytes demonstrate that the SDC electrolyte with powders prepared
via the hydrothermal synthesis is denser. By optimizing the fabrication conditions, dense SDC electrolytes
with a thickness of ~12 m are successfully fabricated. The cells with SDC prepared from hydrothermal
synthesis demonstrate open circuit voltages and power outputs similar to those of similar cells fabricated
from other advanced techniques. Because of its simplicity and flexibility for anode substrate geometric
shape, it turns out to be a promising technology to fabricate thin-film SDC electrolyte for solid-oxide fuel
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cell application.
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1. Introduction

There is increasing interest in decreasing operating temper-
atures of solid-oxide fuel cells (SOFCs) from ~1000°C to the
intermediate-to-low temperature range of 400-800°C [1,2]. Such
decreases would provide several benefits, including more flexibility
in cell material selection, reduced fabrication and operating costs,
prolonged lifetime by suppressing interfacial reactions between
cell components and better sealing. However, practical problems
are associated with reductions in the operating temperature of
traditional SOFCs based on thick yttria-stabilized zirconia (YSZ)
electrolytes and LaggSrp,MnO3; (LSM) perovskite cathodes. For
example, it causes a sharp increase in electrolyte ohmic resistance
and electrode polarization resistance.

For hydrogen fueled SOFCs, the cathode was found to be the
main contributor to electrode polarization resistance. Thereby,
considerable research efforts have focused on improving the
electrocatalytic activity of the cathode for oxygen reduction at
low temperature [3,4]. Many new cathode materials have been
successfully developed including mixed oxygen-ionic and elec-
tronic conducting oxides of Bag5Srg5CoggFep203_5 (BSCF) [5,6],
La0.6$r0_4C00_8Feo_203_5 (LSCF) [7—9] and Sm0,55r05CoO3_3 (SSC)
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[10-12], and precious metal (Ag/Pt/Pd) modified oxide electrodes
[13-19]. Cathodic polarization resistance as low as 0.1 2 cm? has
been reported at 600°C [20-23].

Electrolyte ohmic resistance must also be minimized to achieve
high cell performance at intermediate-to-low temperatures. To
this end, the electrolyte thickness can be reduced or new elec-
trolyte materials with higher ionic conductivity can be developed
[24,25]. YSZ are the most widely used solid electrolytes in high-
temperature SOFCs. Samaria or gadolinia doped ceria (SDC, GDC)
have much higher ionic conductivity than YSZ at reduced temper-
atures [26,27]. Although doped ceria display significant electronic
conductivity at high temperature, their electronic transfer num-
ber decreases quickly with decreasing operating temperature. It is
generally believed that doped ceria could potentially serve as elec-
trolytes for IT-SOFCs operating at temperatures lower than 650°C
[28]. On the other hand, Steele et al. pointed out that area specific
ohmic resistance of the electrolyte needs to be reduced less than
0.15 2 cm? to achieve power output of practical importance [29].
It suggests doped ceria electrolytes need also to be in a thin-film
configuration to operate them at temperatures lower than 650 °C.

When the electrolyte membrane thickness is reduced to tens
of micrometers, it should be mechanically supported with an
underlying substrate. Anode-supported thin-film electrolyte con-
figurations are most frequently adopted up to now. A number
of coating techniques such as chemical vapor deposition (CVD)
[30], physical vapor deposition (PVD) [31], electrochemical vapor
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deposition (EVD) [32], and ceramic powder processes can generate
thin-film electrolytes on porous substrates for SOFC applications.
Ceramic powder processes, including tape casting [33], elec-
trophoretic deposition [34] and screen-printing [35], have received
considerable attention recently because they are low in cost, effi-
cient and easy to scale up. However, these processes can only be
used for flat cells. Dual dry pressing is frequently used when per-
forming research in a laboratory setting [36-38], but is applicable
only for coin-size flat cells. Wet powder spraying (WPS) [39], some-
times called suspension spraying [40], is a non-contact technique
that can be used for flat substrates, corrugated sheets, tubes and a
variety of other substrates. It is also easy to scale up wet powder
spraying from laboratory to industrial fabrication.

We have previously reported the fabrication of an anode-
supported thin-film YSZ electrolyte for SOFCs via wet powder
spraying with powder synthesized by an EDTA-citrate complexing
sol-gel process [41]. Both powder aggregation and the presence
of organics in the substrate were found to have a significant effect
on the quality and densification of the thin electrolyte layer. The
aggregation can be eliminated by high-energy ball milling. In addi-
tion, the powder synthesis technique could greatly influence the
powder properties such as surface area, phase purity, aggregation,
particle size, particle size distribution and conductivity. As a result,
powder synthesis may also affect the sintering and performance of
a thin-film electrolyte prepared via wet powder spraying [42-46].

As part of our efforts to reduce the operating temperature of
SOFCs tobelow 600 °C, the fabrication of anode-supported thin-film
SDC electrolytes by wet powder spraying was exploited. As com-
pared to YSZ electrolytes, CeO,-based electrolytes are more difficult
to densify. Many researches are focused on the sinterability of the
doped ceria electrolytes at reduced temperatures [47-50]. In this
study, special attention was paid to the effect of different powder
synthesis techniques on the densification of SDC electrolytes and
the consequent cell performance.

2. Experimental
2.1. Synthesis

All the raw materials used in this study were obtained from
Sinopharm Chemical Reagent Co. Ltd., Shanghai China in analytical
grade. Two wet-chemical techniques were used for the synthesis
of CeggSmp>019 (SDC) powders for wet powder spraying depo-
sition, i.e., hydrothermal synthesis and a combined EDTA-citrate
complexing sol-gel process.

2.1.1. Hydrothermal synthesis

Sm(NO3)3-6H,0 and Ce(NOj3)3-6H,0 raw materials were mixed
into a solution with 0.8 M Ce3* and 0.2M Sm3*. Ammonia was
used to adjust the pH value of the solution to ~10. After stirring
at room temperature for ~30 min, the brown-colored solution was
transferred into a Teflon-lined autoclave (100-ml capacity). The
sealed autoclave was kept in an electric oven at 180°C for 24h
and water-cooled to room temperature. The bright yellow products
were filtered, washed with deionized water several times, dried
and calcined at 800°C for 5 h in air. The SDC powders obtained via
hydrothermal synthesis are referred to as SDC-HT.

2.1.2. Combined EDTA-citrate sol-gel process

The synthesis of SDC powder by an EDTA-citrate complexing
method has been described in detail in our previous publica-
tion [51]. In brief, stoichiometric amounts of Sm(NO3)3-6H,0 and
Ce(NO3)3-6H,0 (according to the molecular composition of the
oxide) were mixed into a solution. EDTA and citric acid were then
added as the complexing agents. The mole ratio of EDTA to citric
acid to total metal ions was set at 1:2:1. NH3-H; 0 was used to adjust

the pH value of the solution to ~6. Water was evaporated from the
solution while stirring at 90 °C, creating transparent gels that were
fired at 250 °C and calcined at 800 °C for 5 h in air. The SDC powders
obtained with this technique are referred to as SDC-EC.

Bag5Srg5CopgFep203_s (BSCF), the cathode material, was also
synthesized with an EDTA-citrate complexing sol-gel process. The
primary powder from pre-firing the gel at 250°C was calcined at
900°C for 5h in air. The powder was then used for cathode layer
preparation.

2.2. Fabrication

2.2.1. Anode substrates

The anode substrates were prepared by a dry pressing/sintering
process. Nickel oxide, SDC-EC (800°C calcined) and polyvinyl
butyral (PVB) were well mixed at a weight ratio of 57:38:5 with
an agate mortar and pestle. The mixed powder was then pressed
into disk-shape pellets using a 15 mm stainless steel die under a
hydraulic pressure of 200 MPa for 1 min. These green pellets were
sintered at 1000 °C in air for 5 h to remove organic substances and
sinter the particles, ensuring sufficient mechanical strength for sub-
sequent electrolyte deposition.

2.2.2. Fabrication of the electrolyte layer by wet powder spraying
The as-synthesized SDC powders (SDC-HT and SDC-EC) were
suspended in ethylene glycol (EG) in an 80ml zirconia container
and agitated on a high-energy ball miller (Model Pulverisette 6,
Fritsch, Germany) at 500 rpm for 1 h. The weight percentage of SDC
powder in the colloidal suspensions was about 5%. To fabricate the
thin-film SDC, the colloidal suspension was sprayed with 1atm
nitrogen gas onto the anode substrate using a modified spraying
gun (BD-128, Fenghua Bida Machinery Manufacture Co. Ltd., China)
with a nozzle size of 0.35 mm (pore diameter). The spray gun was
aligned above the heated anode substrate (250°C on a hot plate) at
a distance of 10 mm. The effective deposition speed calculated was
about 0.005 gcm~2 min~! SDC. The two layer cells were then fired
at 1500°C in air for 5 h at a heating and cooling rate of 5°Cmin~!.

2.2.3. Deposition of the cathode layer

To form a complete single cell, the BSCF colloidal suspension,
prepared in the same way as the SDC suspension, was sprayed onto
the center of the electrolyte through a high-temperature plastic
mask with a 6 mm diameter, creating an effective surface area of
~0.48 cm?2. The three-layer cells were fired at 1000°C for 2h to
make the cathode layer adhere firmly to the electrolyte surface and
create strong connections between BSCF particles.

2.3. Basic characterization

The phase composition of the powders was analyzed by X-ray
diffraction (XRD, Bruker D8 Advance, Germany) using Cu Ko radi-
ation (A =1.5418 A) at room temperature. Specific surface areas of
the synthesized SDC powders were measured at liquid nitrogen
temperatures using a nitrogen adsorption-desorption instrument
(BEL SORP II, Ankersmid Company, Netherlands). For both SDC col-
loidal suspensions, particle size and distribution were measured
with alaser particle size analyzer (LPSA, Microtrac S3500, America).
The fuel cell morphologies were observed using an environmen-
tal scanning electron microscope (ESEM, Model QUANTA-2000, FEI
Company, Hillsboro, OR).

SDC conductivity was measured via electrochemical impedance
spectroscopy (EIS). SDC powders were die-pressed into approxi-
mately 1-mm thick pellets and sintered at 1500°C for 5h. Both
pellet surfaces were painted with silver pastes as electrodes. Silver
wires attached to the electrodes were used as current collectors.
Impedance spectroscopy was measured with a Solartron 1260A
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Fig. 1. X-ray diffraction patterns of the synthesized SDC powders.

frequency response analyzer. Measurement was performed in air
between 400 and 700°C at 50°C intervals in a frequency range of
106 to 1 Hz with signal amplitude of 10 mV.

2.4. Fuel cell test

An in-lab constructed fuel cell test station was used to eval-
uate the electrochemical performance of the fabricated cells. The
fuel cell was sealed onto a quartz tube using silver paste to form
an anode chamber, which was then heated to 600°C at a rate of
2°Cmin~! and held for 5 h to set the seal. Hydrogen at a flow rate
of 20mlmin~! [STP] was introduced into the anode chamber to
begin in situ reduction of anodic NiO to metallic nickel. After about
5h, the hydrogen flow rate was increased to 80 mlmin~! [STP] and
bubbled through water at 25 °C for I-V cell polarization test. During
the test, the cathode was exposed to the ambient atmosphere. [-V
curves were collected at 50 °C intervals over a temperature range
of 450-600°C using a digital source meter (model 2420, Keith-
ley, Cleveland, OH) with a four-probe configuration. EIS of the cell
under open circuit voltage (OCV) conditions were measured with an
electrochemical workstation comprised of a Solartron 1260A fre-
quency response analyzer with a Solartron 1287 potentiostat. EIS
were recorded in a frequency range of 10 kHz to 0.1 Hz with signal
amplitude of 10 mV.

3. Results and discussion
3.1. Powder properties

Fig. 1 shows the X-ray diffraction patterns of the synthesized
SDC-HT and SDC-EC powders (after the calcination at 800°C in
air for 5h). The diffraction peaks in both samples can be indexed
on a fluorite-type structure with cubic lattice symmetry. As listed
in Table 1, the lattice constant (a), calculated with the unitcell
program, was 0.5429 nm for SDC-EC and 0.5428 nm for SDC-HT.
Because Sm3* is larger than Ce*", incorporating Sm3* into the
structure of CeO, should expand the lattice. According to JCPDS
card No.75-0157, 75-0158 and 75-0159, the lattice constants for

Table 1
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Fig. 2. Particle size and size distributions of the two powders.

Smo.] C€0‘90].95, Sm0‘2Ceo‘gO1‘9 and Sm03Ce0.701.85 are 0.5423,
0.5433, and 0.5443 nm, respectively. The lattice constants of SDC-
HT and SDC-EC best matched the lattice constant of Smg,Ceg0O1.9,
indicating that a solid solution was successfully formed in both
samples. SDC-EC oxide diffraction peaks showed much higher
intensity than those of SDC-HT oxide even though both oxides were
calcined at the same temperature (800°C) for 5 h. This suggested
that the sol-gel process resulted in improved oxide crystallinity.
Oxide crystalline sizes were calculated based on the half peak width
of the diffraction peak at miller index (11 1) using the Scherrer’s
equation:

092
~ Bcos@’

(1)

Lattice constant, specific surface area and average crystallite size of the SDC powders prepared by hydrothermal method or EDTA-CA complexing sol-gel process.

Powders Lattice constant a (nm) Average grain size Dxgp (nm) Specific surface area Sger (m2g=1) Average grain size Dggr (nm)
SDC-EC 0.5429 22.8 12.2 68.8
SDC-HT 0.5428 19.5 23.1 36.4
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(a) Fresh slurry

(b) After 15 days

Fig. 3. Photos of the SDC suspensions freshly prepared and aged for 15 days ((a) for
SDC-EC and (b) for SDC-HT).

where D is the crystal size (nm), A is the X-ray wavelength
(0.151418 nm), O is the Bragg's diffraction angle (°) and B is the
half peak width (radian). As shown in Table 1, the calculated crys-
tal sizes of SDC-HT and SDC-EC were 19.5 and 22.8 nm, respectively.
That is, the hydrothermal process created slightly smaller crystals
than the sol-gel process. Specific surface area was also measured. It
is 23.1m2 g~ ! for SDC-HT and 12.2m2 g~! for SDC-EC. Assuming a
spherical particle shape, the average powder grain size (Dggr) was
calculated based on the equation:

(2)

DT = S
where p is the theoretical density of the oxide (7.15gcm™3), and
Sget is the measured specific surface area of the oxide (m2 g=!). SDC-
HT had an average grain size of 36.4 nm, and SDC-EC had an average
grain size of 68.8 nm, suggesting that, although there was aggrega-
tion in both samples, the sample prepared from the EDTA-citrate
complexing sol-gel process aggregated more. One possible expla-
nation for such differences is that the actual temperature during
the high-temperature calcination for SDC-EC samples may have
exceeded the set temperature (furnace temperature) because of
considerable amounts of organics in the precursor that produced
heat during the calcination.
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Fig. 4. Arrhenius plots of conductivity of SDC sintered at 1500 °C.

Fig. 5. SEM images of the anode substrate (a) and the sprayed green SDC layers ((b)
for SDC-EC and (c) for SDC-HT).
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1350°C

Fig. 6. SEM images of the cross-section morphologies of the electrolyte thin films with SDC-EC (a) and SDC-HT (b) sintered at different temperature.

The powders must be in a colloidal suspension to create thin-
film electrolytes by the wet powder spraying technique. Since we
had previously found that ethylene glycol (EG) was an effective lig-
uid medium for YSZ powders, we also used EG in this study for SDC.
Synthesized SDC powders were mixed into EG with a high-energy
ball mill, homogeneously distributing the powders in the liquid to
form colloidal suspensions and breaking-up soft aggregation and
some hard aggregation. Fig. 2 shows the particle size and size dis-
tributions of the two powders after the ball milling at 500 rpm for
1h. SDC-HT displays a bimodal particle distribution, with peaks
around 0.6 and 2 pm. About 45 vol.% of the particles were smaller
than 1 wm. SDC-EC particle distribution was also bimodal, with
peaks around 2 and 5 pm. The volumetric percentage of particles
smaller than 1 wm was only 25%. These results suggested that SDC-

EC had more aggregation than SDC-HT even after the high-energy
ball milling. Beckel et al. argued that electrolyte films prepared by
ceramic powder processes are greatly limited by particle diame-
ter in the suspension [42]. Therefore, the SDC-HT suspension was
considered a better choice than the SDC-EC suspension for WPS.
Fig. 3 shows freshly prepared colloidal suspensions and sus-
pensions aged at room temperature for 15 days. After the aging,
the SDC-HT suspension did not display any sedimentation, while
the SDC-EC particles separated from the EG liquid. The high sta-
bility of the SDC-HT colloidal suspension was attributed to its fine
particle sizes, which resisted sedimentation by Brownian motion.
Because of the high degree of SDC-EC aggregation, Brownian forces
were not enough to prevent sedimentation. As demonstrated in our
previous publication, colloidal suspension aggregation in wet pow-
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Fig. 7. SEM images of the SDC membranes after sintering at 1500 °C for 5 h ((a) for
SDC-EC and (b) for SDC-HT).

der spraying processes could seriously impact the densification of
YSZ thin films during high-temperature sintering processes [41].In
this respect, hydrothermal method is superior to the EDTA-citrate
complexing sol-gel process for synthesizing SDC powders for wet
powder spraying.

It is well known that synthesis technique also affects the electri-
cal conductivity of many conducting oxides, especially doped ceria
electrolytes [52]. Reported SDC electrical conductivity has ranged
from 10~4 to 10-2 Scm~! at 600 °C in air [43-55]. Different synthe-
sis techniques can result in different impurity levels and different
grain morphologies, leading to different conductivities. Impurities,
especially SiO,, could significantly impact the ionic conductivity
of SDC. SiO; can accumulate at grain boundaries by sedimentation
from the oxide bulk during high-temperature sintering and block
ionic transportation between grains [56]. The electrical conduc-
tivity of SDC-HT and SDC-EC were measured via electrochemical
impedance spectroscopy (EIS). The powders were pressed into
disk-shaped pellets under a hydraulic pressure of 400 MPa and sin-
tered at 1500°C in air for 5h. Both surfaces of the pellets were
painted with silver electrodes. Fig. 4 shows the electrical conductiv-

- %
Electrolyte
AY of yt

Fig. 8. SEM images of the cross-sectional morphologies of the cells ((a) for SDC-EC
and (b) for SDC-HT).

ity temperature dependence of SDC-HT and SDC-EC in an Arrhenius
plot between 400 and 700 °C. The activation energy (Ea) for oxygen
transportation was calculated with the equation:

or = Ae FaIRT, (3)

where ot is ionic conductivity (Scm~1), A is the pre-exponential
factor, e is the natural logarithm, Ea is the activation energy, R
is molar gas constant (8.3145]mol~'K~1) and T is the absolute
temperature (K). The measured electrical conductivity of SDC-HT
and SDC-EC at 600 °C was 0.0063 and 0.0056 Scm™!, respectively.
SDC-HT showed slightly higher conductivity than SDC-EC at cor-
responding temperatures. The calculated Ea was 89.9+1.3 for
SDC-HT and 95.2 + 0.8 k] mol~! for SDC-EC. Our results agreed with
those of Huang et al., who prepared SDC20 by a sol-gel method, and
measured a conductivity of 0.005Scm~! at 600°C in air and acti-
vation energy of 93.6 k] mol~! [55]. Using the Archimedes method,
the relative densities of the pellets were measured: 96.2% for
SDC-HT and 95.8% for SDC-EC. Therefore, it is unlikely that the
differences in conductivity between SDC-HT and SDC-EC were
from the variation in sintering density. During the sol-gel synthe-
sis, large amounts of organics (EDTA and citric acid) were added,
which may contain inorganic impurities such as SiO, that had a
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detrimental effect on the oxygen-ion transportation in the SDC
bulk. The conductivity of SDC-EC was only slightly smaller than
the conductivity of SDC-HT, suggesting that few impurities were
introduced with the organics during the EDTA-citrate complexing
process.

3.2. Thin-film formation

The anode substrates calcined at 1000 °C were air brushed to
remove weakly attached anode particles and then heated to around
250°C with a hot plate with constant power output. SDC colloidal
suspensions after high-energy ball milling were sprayed onto the
heated anode substrates. The EG immediately vaporized, leaving
solid packed SDC particles on the substrate. The thickness of the
electrolyte layer was controlled by the spray time and spray speed.

Fig. 5 presents the surface morphologies of the anode substrates
and the sprayed green SDC layers. The anode substrate surface
(Fig. 5a) was relatively smooth, with pore sizes less than 5 pm. As
shown in Fig. 5b and c, both electrolytes layers were composed
of SDC grains with primary grain sizes ~0.2 pum. However, the sur-
face of the SDC-EC was much rougher and contained large irregular
cavities between 0.2 and 1.5 um in size. This surface may have
been created from the large aggregates in the SDC-EC colloidal
suspension. The surface of SDC-HT thin film was much smoother
and contained fewer cavities, suggesting that powder aggregation
should be avoided during the preparation of thin films by spray
deposition.

Fig. 6a and b shows the cross-sectional SEM images of the SDC
membranes prepared by wet powder spraying with SDC-HT or SDC-
HT slurry after sintered at different temperatures of 1350, 1400,
1450, 1500°C for 5 h. The SDC membranes were porous when the
sintering temperature was below 1400°C. Some pores were still
observed inside the SDC-EC electrolyte film when it was sintered
even at 1500°C for 5h. While the SDC-HT membrane is highly
densified and free of cracks after sintering at 1450 °C. It suggests
hydrothermal synthesis of SDC powder can resultin better sintering
of the thin-film electrolyte. Fig. 7a and b shows the surface mor-
phologies of the SDC membranes prepared by wet powder spraying
after sintering at 1500 °C for 5 h. The SDC membranes derived from
SDC-EC powder were composed of grains with the main size of
2-5 wm. Some pores (~1 wm in diameter) were also observed. The
thin-film prepared from SDC-HT was well sintered with the main
grain size of 3-4 wm. Fig. 8 presents the cross-sectional morpholo-
gies of the complete cells with the thin-film electrolyte prepared by
wet powder spraying. SDC-EC and SDC-HT electrolyte layer thick-
nesses were 10 and 12 pwm, respectively. Although many pores were
seenin the electrolyte layer made from the SDC-EC powder, no pen-
etrated pinholes was observed throughout the whole electrolyte
layer. The thin film prepared from SDC-HT was much denser, as
shown in Fig. 8b.

3.3. Cell performance

The electrochemical performance of the cells derived from SDC-
EC and SDC-HT were measured by I-V polarization. Here, BSCF was
selected as the cathode material. Pure hydrogen bubbled through
water at 25 °C was the fuel, while the cathode was exposed to the
ambient atmosphere. As shown in Fig. 9a, the cell prepared from
SDC-EC generated open circuit voltages of 0.765, 0.787, 0.804 and
0.826 at 600, 550, 500 and 450 °C, respectively. These values are
slightly lower than those for an anode-supported thin-film SDC
electrolyte prepared by dual dry pressing reported by Shao et al.
[5]. This may be in part due to a thinner electrolyte (~10 pm) of
this study. The decrease in membrane thickness made the cur-
rent leakage more significant. Alternatively, this could also in part
due to less densification as compared with the electrolyte prepared
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Fig. 9. Cell voltages (open symbols) and power densities (solid symbols) as a func-
tion of the current densities for the fuel cells ((a) for SDC-EC and (b) for SDC-HT).

by dual drying pressing. The cell derived from SDC-HT generated
OCVs of 0.840, 0.872, 0.894, and 0.910V at 600, 550, 500 and
450°C, respectively. These values are slightly higher than the result
with an anode-supported 10-pm SDC film prepared by tape cast-
ing reported by Zhang et al. [57] The higher OCVs of the cells
from SDC-HT as compared to those of cells from SDC-EC is due
to the better densification. However, both cells delivered promis-
ing power outputs. The peak power densities at 600 °C reached 525
and 605 mW cm~2 for cells with SDC-EC and SDC-HT electrolyte,
respectively. These results show the potential application of these
films for SOFC at 600 °C. Thus, wet powder spraying is a promising
technique for preparation of thin-film SDC electrolytes for reduced-
temperature SOFCs.

Electrochemical impedance under open circuit voltage condi-
tions at 600 °C was measured (Fig. 10) to get further information
to interpret the better performance of the SDC-HT cell than
SDC-EC cell. In both cells, the impedance spectroscopy showed
a high frequency tail attributed to inductance from the cables
and three depressed, overlapped semicircles. The impedance data
were fitted to an equivalent circuit containing parallel resis-
tor/constant phase element components and an inductor along
with the series resistor as shown in Fig. 10 as an insert. The
series resistance is the ohmic resistance that is somewhat lower
than the high frequency intercept. The low-frequency intercept
gives the total resistance (Ropm +Rp), which includes the ohmic
resistance of the cell, concentration polarization (mass-transfer or
gas-diffusion polarization) resistance and the effective interfacial
polarization resistances associated with the electrochemical reac-
tions at both electrode-electrolyte interfaces (anode-electrolyte
and cathode-electrolyte). The ohmic resistance and electrode
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Fig. 10. EIS of the thin-film solid-oxide fuel cells at OCV conditions at 600°C.

polarization resistance for SDC-HT cell and SDC-EC cell were
0.261/0.087 and 0.265/0.081 Q2 cm?, respectively, suggesting that
in both cells the electrolyte ohmic resistance overwhelmed the
electrode polarization resistance. The nominal electrolyte conduc-
tivity was calculated based on the electrolyte ohmic resistance
and the electrolyte thickness from Fig. 8. Nominal electrolyte con-
ductivity was 4.5 and 3.8 x 10-3Scm~! for SDC-HT and SDC-EC,
respectively. These values are slightly lower than those measured
with thick membranes. The differences were mainly a result of
the thin-film membranes being less dense than the self-supported
thick membranes. SDC-HT cell yielded a smaller polarization
resistance than SDC-EC cell. It can be attributed to its higher
density.

4. Conclusions

In this study, thin-film samaria-doped ceria electrolytes were
fabricated by a ceramic powder process adopting a wet powder
spraying technique for intermediate temperature solid-oxide fuel
cell applications. The following conclusions can be derived:

(1) Wet powder spraying can be used to fabricate thin-film elec-
trolyte membranes for fuel cell applications. However, the
powder synthesis technique greatly impacts the density and
performance of the thin-film electrolytes.

(2) Hydrothermal synthesis leads to less aggregation than the
EDTA-citrate complexing sol-gel process. Powder aggregations
decreased the density of the thin-film electrolytes.

(3) Under optimized fabrication conditions, the powders pre-
pared by both EDTA-citrate complexing sol-gel process and
hydrothermal synthesis were successfully used in the wet
powder spraying process for the fabrication of thin-film SDC
electrolytes. Peak power densities of ~525 mW cm~2 for SDC-
EC cells and 605 mW cm~2 for SDC-HT cells were achieved at
600°C.

(4) Resistance in the cells mainly arose from the electrolyte ohmic
drop. Further reduction in electrolyte membrane thickness or
increases in the membrane density may be necessary to further
increase cell performance at reduced operating temperatures.
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