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Abstract

In order to enhance the electrochemical performance and reduce the operation temperature of a conventional electrolyte supported solid oxide

fuel cell (SOFC), a three layered electrolyte with various geometry is designed and fabricated. Novel three layered electrolytes comprise a dense

and thin scandia alumina stabilized zirconia (ScAlSZ) electrolyte layer sandwiched between two hallow ScAlSZ electrolyte layers each having the

same thickness as the support but machined into a filter like architecture in the active region with circular, rectangular and triangular cut off

patterns. The percent of thin electrolyte layer in the active region is kept constant as 30% for all designs in order to investigate the effect of pattern

geometry on the mechanical properties and the performance of the electrolytes. Single cells based on novel electrolytes are manufactured and

electrochemical properties are evaluated. A standard electrolyte and electrolyte supported cell are also fabricated as a base case for comparison.

Although the electrolyte having triangular patterns has the highest peak power at all operation temperatures considered, it exhibits the lowest

flexural strength.
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1. Introduction

The lowering of SOFC operation temperature is one of

the major issues in the aspect of cost reduction, long service

life and commercialization of the SOFC systems. With the

development of thin film technologies, it is possible to fabricate

5–10 mm thin electrolytes deposited generally on the anode in

order to reduce the operation temperature by employing tape

casting and co-sintering [1–4] or surface coating methods, such

as vapor deposition [5–9], laser deposition [10–12] and

electrophoretic deposition [13–15]. In spite of having excellent

features such as excellent catalytic activity and good

mechanical properties as an SOFC anode, Ni-based anodes

suffer from the cyclic reduction and oxidation (redox) which is
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likely to occur during the lifetime of the SOFC system. The

volumetric changes due to Ni–NiO–Ni cycle may seriously

damage the anode network [16–18]. The damage accumulates

with the increasing redox cycles leading to significant

performance loss and mechanical failure [19–21]. In this

respect, the anode supported design especially is more

vulnerable to redox cycling due to thick anode support. The

cell failure due to cracked electrolyte is reported even after only

few redox cycles for anode supported cells [22–24]. The

electrolyte supported design, on the other hand, is less

susceptible to failure during redox cycling and serves relatively

strong structure however suffers from low performance due to

thick electrolyte.

The electrolyte material has also great influence on the

SOFC operation temperature. In the state of art SOFCs, yttria

stabilized zirconia (YSZ) is the most common electrolyte

material. Although YSZ is purely ionic conductive [25–27] and

has very good chemical stability under SOFC operation

conditions [28–30], YSZ supported SOFCs require high

operation temperature around 800–1000 8C which is essential
d.
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Fig. 1. The structure of the fabricated cell (not to scale).
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to reach acceptable ionic conductivity [31,32]. Gadolinium/

samarium doped ceria (GDC/SDC), strontium and magnesium

doped lanthanum gallate (LSGM) and scandia stabilized

zirconia (ScSZ) are alternative electrolyte materials exhibiting

high ionic conductivities at relatively low operation tempera-

tures compared to YSZ. In spite of high ionic conductivity at

lower temperatures, GDC/SDC gains some electronic con-

ductivity at reducing conditions during the SOFC operation due

to reduction of cerium ions from Ce4+ to Ce3+ [33–35]. The

volume change during this reduction leads to significant

structural problems together with power loss due to short circuit

[36–38]. LSGM reacts with NiO anode during the fabrication

and operation of the cell. The formation of La–Ni phase

deactivates the anode, thus a substantial degradation in the

anode and cell performances are reported [39–42]. ScSZ, on the

other hand, has none of these significant drawbacks above and

shows the highest ionic conductivity among all zirconia based

SOFC electrolytes at lower temperatures [43–45].

The ionic conductivity of ScSZ is mainly depending on the

dopant level and the maximum conductivity is obtained around

10 mol% scandia doping [46,47]. The addition of 10 mol%

scandia also stabilizes the cubic structure. However, 10 mol%

scandia stabilized zirconia suffers from the phase transition

from the cubic to rhombohedral phase resulting in abrupt

decrease in the ionic conductivity especially below 700 8C [48–

50]. Attempts in the literature for further stabilizing the cubic

phase showed that the aging phenomenon can be avoided with

the addition of small amounts of ceria (CeO2) [51–53] or

alumina (Al2O3) [54,55]. Thus, scandia alumina stabilized

zirconia is chosen as an electrolyte material in this study.

Although the cubic phase is highly conductive, it shows low

mechanical performance due to grain growth during sintering.

Thus, an approximately 150 mm thick electrolyte is required to

support the whole cell mechanically. In that case, the ohmic

resistance of electrolytes becomes the main contributor to the

overall cell resistance for electrolyte supported SOFCs leading

to significant performance loss [56–58].

The mechanical properties of an electrolyte need to be

improved in order to avoid undesired effects of the thick

electrolyte on the cell performance. The mechanical strength of

cubic ScSZ can be enhanced by controlling the grain size

determined mainly by the sintering method applied as well as

the initial powder size. Small grains are required for higher

mechanical strength. Hot pressing, spark plasma and micro-

wave sintering are usually employed in the literature to

suppress the grain growth of the electrolyte for improved

mechanical properties. These techniques allow densification at

relatively lower temperature and reduce the sintering time

significantly compared to conventional sintering. Since the

grain growth usually occurs during the final sintering stage at

which the temperature is the highest, it is possible to overwhelm

the grain growth by sintering at reduced temperature. Dahl et al.

[59] investigated the densification of nanocrystalline YSZ

powders by hot pressing at 1300 8C under 25 MPa and

conventional sintering at 1500 8C. The grain size of the sample

was measured as 0.37 and 12 mm after hot pressing and

conventional sintering, respectively. The sample fabricated by
hot pressing sintering exhibited higher fracture toughness than

that of exposed to conventional sintering. Rajeswari et al. [60]

studied the microstructure of ultra fine YSZ nano powder after

spark plasma sintering under a pressure of 50 MPa. It was

shown that it is possible to obtain fully dense YSZ electrolyte

with an average grain size of around 80 nm after sintering only

at 1050 8C.

Since the microwave sintering provides volumetric heating

mechanism, a rapid and uniform sintering process occurs.

Mazaheri et al. [61] compared the effects of microwave

sintering and conventional sintering on the microstructural and

mechanical properties of nano sized YSZ powders. The

microwave sintering was reported to suppress the grain growth

resulting in a finer microstructure with an average grain size of

0.9 mm. On the other hand, the average grain size of the YSZ

sample subjected to conventional sintering was measured

2.14 mm. The specimen produced via microwave sintering

exhibited two times higher fracture toughness than that of

obtained from conventional sintering due to finer grain size.

Although these three sintering techniques offer improved

mechanical properties by suppressing the grain growth, reduced

sintering time and energy, they are not suitable for large size or

large scale fabrication.

In this study, the electrical resistance of ScAlSZ electrolyte

is significantly reduced by fabricating partly reduced thickness

electrolytes in the active region via conventional sintering.

Novel electrolytes offer also an important reduction in the

SOFC operation temperature. The effect of electrolyte pattern

geometry on the mechanical properties of the electrolyte and

electrochemical properties of the single cell is also investigated.

2. Experimental

2.1. Base cell fabrication

A block diagram of the base cell is illustrated in Fig. 1. The

five-layered cell comprises anode current collecting layer

(ACL), anode functional layer (AFL), electrolyte, cathode

functional layer (CFL) and cathode current collecting layer

(CCL) from the anode to the cathode side. The electrolyte is

manufactured by tape casting and anode/cathode layers are

coated by screen printing technique. The cell fabrication stages

are given in Fig. 2.

2.1.1. Electrolyte fabrication for the base cell

ScAlSZ powders ((Sc2O3)0.1(AlO2)0.01(ZrO2)0.89) pur-

chased from Nextech Materials (Ohio, USA) are mixed with

certain amount of dispersant (fish oil, Sigma–Aldrich, Munich,
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Fig. 2. The flow chart of the cell fabrication.
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Germany) and solvent (ethanol, Sigma–Aldrich). After ball

milling for around 24 h, organic binder (butvar, Sigma–

Aldrich) and plasticizer (polyethylene glycol, Sigma–Aldrich)

are added with suitable ratios. The mixture is ball milled again

for another 24 h and then tape cast on a mylar strip with a blade

gap of 170 mm. Six tapes are stacked and pressed isostatically

under 40 MPa for 10 min. After shaping by a laser cutter in the

form of a 78 mm � 78 mm, the electrolyte is heated to 1000 8C
for 2 h to remove the organic additions. Pre-sintered electrolyte

is then moved to the high temperature furnace to obtain fully

dense electrolyte. After sintering at 1400 8C for 5 h, the

thickness of the base cell electrolyte after sintering is measured

as 150 mm whereas the final outer dimensions are 60 � 60 mm.

2.1.2. Fabrication of novel electrolytes

Three sets of two layered electrolyte laminate are fabricated

similar to the base cell electrolyte fabrication. Two of them are

machined by a laser cutter in a grate like architecture in the

active region with circular, rectangular and triangular cut off

patterns. The third one is then sandwiched symmetrically

between two machined thin electrolytes (at the center in Fig. 3).

After isostatic pressing at 40 MPa for 10 min, electrolytes are
sintered similar to that applied for the base cell electrolyte. The

thickness of the thin electrolyte and both machined electrolytes

was around 50 mm.

Three different novel electrolytes (electrolytes A–C)

belonging to Cells A–C are designed and fabricated. The

percent of thin electrolyte layer in the active region is kept

constant as 30% for all electrolyte designs. Their technical

drawings and photos after the isostatic press are given in Fig. 3.

2.1.3. Fabrication of electrodes

NiO-F powders (Novamet, New Jersey, USA) are mixed

with ScAlSZ powders corresponding to a weight ratio of 3:2,

respectively. An appropriate amount of ethyl cellulose binder

and terpineol solvent (both from Sigma–Aldrich) are also added

in order to prepare screen printable AFL slurry. After ball

milling for around 12 h and homogenization via a three rolls

mill, AFL is screen printed on the electrolyte. The screen

printing paste for the ACL layer is prepared similarly. NiO-A

powders purchased from Novamet are mixed with ethyl

cellulose and terpineol at suitable ratios. Activated charcoal

obtained from Sigma–Aldrich is also added as a pore former at

a weight of 10 wt.% of NiO-A powders. After ball milling for
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around 12 h and homogenization via a three rolls mill, the ACL

paste is screen printed on the AFL previously dried at 100 8C
for 30 min. Both anode layers are then co-sintered at 1250 8C
for 3 h. The active anode area is adjusted to 16 cm2 (4 � 4 cm)

for all cells fabricated. Similarly, LSF (La0.60Sr0.40FeO3�d,

Nextech Materials)/ScAlSZ (wt.% 50/50) cathode functional

layer and LSF cathode current collecting layer are coated on the

other side of the electrolyte with the same active area of 16 cm2

for all cells fabricated. Both cathode layers are co-sintered at

1000 8C for 2 h. The thicknesses of the functional and current

collecting layers are controlled by the number of the passes

performed by the printing machine. After sintering, thicknesses

of AFL/CFL and ACL/CCL are measured from the uncoated

electrolyte surface as 20 mm and 10 mm, respectively.

2.2. Bending tests

The mechanical performance of thin sheet electrolyte

material of ScAlSZ with different pattern was analyzed by

applying three point bending test in order to compare the effects

of created patterns on samples. The apparatus used for the test is

represented in Fig. 4 schematically. The dimensions of the

analyzed samples are prepared as 60 mm � 60 mm � 150 mm.
Three point bending tests are performed on a testing machine

(Shimadzu Autograph AG-IS, Kyoto, Japan) with a data

acquisition maintained by a digital interface board utilizing a

specialized computer program. The radius of both support

cylinders is R = 15 mm and loading cylinder has r = 5 mm

radius. The distance between supports is chosen as L = 50 mm

and bending speed is 1 mm min�1 in order to see the fast crack.

The load applied to the test specimen and the corresponding

deflection is measured until the specimen fractured. The

bending tests are performed seven times for each base and novel

electrolytes in order to increase the reliability of the results.
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2.3. Cell characterization

Fabricated single cells are sandwiched between two stainless

steel interconnectors for the performance measurements. Silver

ink (Nextech Materials) is applied as a current collecting paste

for both electrodes. Then cells are placed in a temperature

controlled furnace connected to the fuel cell test station (Arbin

Instruments, FCTS, Texas, USA). The furnace has also a push

rod pressing capability for better current collection. The anode

side of cells is firstly purged with nitrogen until the operation

temperature is reached and then reduced by hydrogen for

half an hour. The cell performance is measured from 700

and 800 8C with hydrogen as a fuel and air as an oxidant. The

microstructural properties of the cells are investigated via a

scanning electron microscope (Carl Zeiss, Evo 40, London,

England) while impedance measurements are through an

impedance analyzer (Solartron Analytical, 1260A, Hempshire,

UK) in a frequency range of 0.1 Hz–250 kHz at the open circuit

potential.

3. Result and discussion

3.1. Microstructure

The microstructural images captured from the electrolyte

belonging to Cell A are shown in Fig. 5 (a)–(c). Fig. 5(a) shows

the surface microstructure of the electrolyte A. The grain size of

the electrolyte is measured as between 0.3 and 2 mm. The cross

sectional images captured from electrolyte A are shown in
Fig. 5. Microstructures of the electrolyte belongin
Fig. 5(b) and (c). It is seen that upper and bottom parts are well

bonded to the support layer in the middle. The whole electrolyte

has crack and delamination free structure. The cross section of

Cell A, on the other hand, is given in Fig. 5(d). It is seen that the

electrolyte was able to keep its crack and delamination free

structure even after the coating of both electrode layers. The

thickness of the thin electrolyte is measured as around 50 mm.

Both electrodes seem to be porous as desired and well adhered

to the electrolyte. No formation of secondary phases is

observed between the electrolyte and both electrodes.

3.2. Mechanical characterization

Fig. 6 shows the load–displacement curves of electrolyte

specimens with different patterns. It is seen that the base case

electrolyte has the maximum displacement and load values

followed by rectangular, triangular and circular patterns in an

order. Although the increment rate of the force level with

displacement for the electrolyte B is higher than those of

electrolytes A and C, more deflection was obtained from the

electrolyte A which has circular patterns. However, the

minimum deflection was obtained from the electrolyte C. A

possible explanation for obtaining the minimum deflection

from the electrolyte C may be more stress concentration on the

tips of the triangles.

The photos of fracture surfaces of the specimens are shown

in Fig. 7. It is clearly seen that the crack firstly occurred at the

thin parts of the electrolyte and then develops throughout the

bending line for electrolyte A, corner tips of electrolytes B
g to Cell A (a–c) and cross section of Cell A.
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and C as shown in the figure. These tips in the electrolytes B

and C accelerate the progressing of the crack and reduce the

strength.

The three point bending stress is a mechanical parameter for

brittle material and defined as a material’s ability to resist

deformation under load which is also called as flexural strength

or modulus of rupture (MOR). This stress can be calculated by
Fig. 7. Fracture surfaces of electr
using the following equation [62]:

Stress s ðMPaÞ ¼ 3lF

2wt2
(1)

where l is the distance between the supports, F is the applied

load, w is the width and t is the thickness of the specimen. The

equation given above is only valid for the specimens that have

the uniform cross sectional area. The original form of the

equation is given as follows:

Stress s ðMPaÞ ¼ Mc

I
¼ Flt

8I
(2)

where I is the moment of inertia. Since the maximum deflection

was obtained at the center of the specimens, all moments of

inertias are calculated according to the mid plane of the speci-

mens. The specimens’ moments of inertia that have different

patterns are different than that of the specimen with no pattern

and they are determined as 0.016875 mm4 for the mid plane of

the base electrolyte and approximately 0.0163975 mm4 for the

mid plane of the patterned specimens. The calculated flexural

strengths for the mid-plane and mid-point of specimens in

which there is no pattern are illustrated in Fig. 8. It is seen

that the maximum flexural strength was obtained from the base

electrolyte and the electrolyte C exhibited the lowest flexural

strength due to the notch effect as expected.
olyte A (a), B (b) and C (c).
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3.3. Electrochemical characterization

The performances of the fabricated cells at 750 8C operation

temperature are depicted in Fig. 9. It is seen that all cells having

novel electrolytes exhibited higher performance than the base

case. 0.4, 0.54, 0.55 and 0.57 W cm�2 peak power densities

were obtained from the base cell and Cells A–C, respectively.

Furthermore, the base cell and Cells A–C exhibited 0.38, 0.49,

0.48 and 0.5 W cm�2 power densities, respectively, at an

operation voltage of 0.7 V. The improvement about 50% in the

performance is attributed to the partly reduced thickness of the

electrolyte acquired by the novel design. Although Cell A and

Cell B showed very similar performance characteristics, the

performance of Cell C was slightly higher than those of Cell A

and Cell B.

Impedance results revealed that it is mainly due to difference

in the electrode resistance (Fig. 10). Impedance result for Cell B

is not shown in the figure in order to avoid confusion since it is

very similar to that of Cell A. It is seen that the ohmic

resistances of Cell A and Cell C is very similar since they have

the same percent of thin electrolyte in the active region.

However, the electrode resistance of Cell C is slightly lower
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than that of Cell A explaining the higher performance that Cell

C shows. A possible explanation for this behavior may be the

differences in the contact area between the both electrodes and

the electrolytes which is directly related to the three phase

boundaries. Although the percent of the thin membrane is the

same for all cases, the lateral and rim surface area of the

subtracted parts varies. The total electrode/electrolyte contact

area for Cell A is calculated as 530.32 mm2 while it is

545.94 mm2 for Cell C. This result indicated that the electrolyte

cut off patterns have also an influence on the cell performance

in addition to mechanical properties.

Impedance data also showed that the improvement in the

cell performance is as a result of the decrease in the electrolyte

and electrode resistances achieved by the novel electrolyte

design. The ohmic resistance of the base cell was measured as

approximately 1.5 V cm2 whereas it was about 1.1 V cm2 for

Cell A and Cell C. Similarly, the electrode resistance of the

base cell seems to be higher than those measured for Cell A and

Cell C.

Since the thickness of the electrolyte is reduced, the

operation temperature is also expected to be lower. A typical

example is given in Fig. 11 which shows the performance

comparison of Cell C and the base cell. It is seen that Cell C

produces 0.57 W cm�2 peak power density at an operation

temperature of 750 8C whereas the base case exhibits the
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same power output at an operation temperature of 820 8C. It

can be concluded that suggested novel electrolyte design of

Cell C also offers 70 8C reduction in the operation

temperature as well.

4. Conclusions

Three different novel electrolytes having thin parts in the

active region with circular, rectangular and triangular cut off

patterns are designed and manufactured. The percent of thin

electrolyte in the active region is kept as 30% for all cases in

order to investigate the effect of cut off pattern geometry on the

mechanical properties of the electrolyte and electrochemical

performance of the cell. Three point bending tests showed that

the electrolyte having triangular patterns has the lowest flexural

strength due to notch effect which can be reduced by filleting

the tips. All cells supported by novel electrolytes produced

higher power than that of the standard electrolyte supported cell

due to decrease in both electrolyte and electrode resistance

indicated by impedance measurements. However, the cell

having triangular patterned electrolyte exhibited the highest

power output since it offers the highest electrolyte/electrode

contact surface area. Impedance analysis confirmed that the

electrode resistances were decreased as a result of the increase

in the number of three phase boundaries. Moreover, the base

cell showed the same peak power at 820 8C as produced by the

cell having triangular cut off patterns at 750 8C. Therefore, the

novel electrolytes also provide a significant reduction in the

operation temperature which possibly improves the service life

of the SOFC systems.
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