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A B S T R A C T

We developed a novel approach to characterize the electrochemical reaction of solid oxide fuel cell. The method
constrained electrode-electrolyte interface geometry and thereby limited reaction area for charge transfer.
Reactive ion etch (RIE) and sputtering techniques were used and the well-defined geometry of interfaces was
realized as patterned strips. The number of strips of the pattern shape was fully consistent with the value of
charge transfer impedance. The confined interface structure also helped maintain open circuit voltage for 10 h.
This new approach proposes an alternative to quantitatively analyze different electrode materials for SOFC
operation while excluding consideration for structural variables.

1. Introduction

One of the fuel cells' prime advantages is that it converts the che-
mical energy of fuels directly into usable electrical energy. As a result,
fuel cells exhibit much higher efficiency unlike other energy conversion
devices going through multiple conversion steps. The direct energy
conversion in fuel cells occurs at triple phase boundaries, so-called TPBs
where fuels, electrodes, and electrolytes meet simultaneously [1,2].
Therefore, augmenting domains of TPBs leads to an enlargement of the
reaction zone, which is directly linked to the decrease in activation loss.

A large number of researches have been done to enlarge TPBs for
solid oxide fuel cells (SOFCs) using various fabrication processes [3–7].
Especially adoption of thin film processes for the fabrication of SOFC
component is noteworthy [8–11]. Those processes substantially expand
the surface area of the electrode-electrolyte interface and enable con-
trolling the TPBs in nanoscale, creating much more reaction zones and
hence increase the performances. Diverse nano-/micro-structures have
been demonstrated including core-shell, porous thin films, or corru-
gated structure [10–15].

Although nano-/micro-fabrication methods have been developed
recently, these geometries are still produced from conventional SOFC
fabricating processes like screen printing or tape casting [16,17].

Reproducibility of the microstructure is crucial here. By adjusting the
process parameters, the nano-/micro-structures of electrode-electrolyte
electrochemical interface change due to various process environment
[5,7]. As long as the SOFCs' elements are formed in a specific process
parameter, the components created with the same parameters are as-
sumed to share the identical nano-/micro-structures with each other.
This assumption affects the analysis of SOFCs. However, those typical
processes do not produce 100% same nano-/micro-structures even
though the process parameters are exactly the same. In other words,
SOFCs produced by the conventional processes are lack of reproduci-
bility, especially in nanoscale. Therefore, even if different SOFCs pro-
duced with same parameters were characterized based on a supposition
that they both have the same geometries, the cells may not show the
same electrochemical behavior. Comparison of SOFCs with different
materials has low reliability in this sense because the structural factor
cannot be completely eliminated.

A number of researches on confined electrode structure have been
studied [18–20]. Chueh et al. reported that the reasons for enhance-
ment in electrocatalysis from thin film SOFCs (TF SOFCs) with porous
electrode structure are unclear [20]. Unequivocal assessment of the
subject can be hardly made, such as, whether the performance change
shown is from increased metal phase interconnection, or extended
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TPBs, or improved interfacial property.
In this study, a novel method to electrochemically characterize

cathode materials is proposed, through a confined reaction area with
constrained electrode-electrolyte interface. Specifically, a response of
charge transfer reaction was investigated through a cathode consisted
of a number of embedded Pt strips using electrochemical impedance
spectroscopy (EIS). The dense thin film Pt cathode was deposited on the
trenched area on the electrolyte, constituting the embedded Pt strip.
This forms extremely confined electrode-electrolyte interface and rea-
lizes TPBs existing only on the perimeter of the strips. Thereby, ad-
justing the number of strips can virtually linearly control the domain of
reaction sites of the cathode. As far as the authors' knowledge, this is
the first work that reports trench-structured electrode-electrolyte in-
terface compared to reported literature with artificially confined elec-
trode-electrolyte geometry. The trench-structured interface will more
firmly confine the electrode within the “ditch space” of electrolyte from
thermal impact during SOFC operation than electrode strips simply laid
on electrolyte surface. The well-defined electrode geometry was fabri-
cated with reactive ion etching (RIE) and direct current (DC) magnetron
sputtering of Pt on single crystal (100) yttria-stabilized zirconia (YSZ)
pellet. Through the electrode with crafted geometry, the SOFC showed
a clear correlation between electrochemical behavior and the model
electrodes.

2. Experimental

Fig. 1 shows the overall fabrication process for the SOFC with en-
graved Pt strips cathode. A commercial single crystal (100) YSZ pellet
(1× 1 cm2) was coated with NiO-YSZ via a screen printing method
using a commercial NiO-YSZ (50:50) solution ink. The anode was
coated on the whole pellet area and the pellet was sintered at 1300 °C
for 3 h, followed by reducing. The reduction was carried out at 750 °C
with 100 sccm of pure H2 gas flow for 5 h. After reduction, the pellet
was then loaded on a substrate which can be clamped with a lid. The lid
has 9mm×9mm openings for modification of sample surface and a
patterned shadow mask was laid between the pellet and the lid so that
the clamped lid can pressurize the mask enough. The patterned shadow
mask has patterned 5mm long strips with a width of 100 μm. The
patterns have 200 μm and 400 μm space between each strip for 20 strips
pattern and 12 strips pattern, respectively. For 5 strips pattern, Kapton
tape was attached to block 7 strips out of the 12 strips pattern, so that
only 5 strips are to be exposed. The cells with the mask on it then went
through a reactive ion etch (RIE) process. RIE was processed for 2 h and
reactant gas was BCl3. The BCl3 gas was injected into the chamber with
20 sccm flow rate and chamber atmosphere was maintained to be
20mTorr. The DC plasma power for etching reached 200W. After RIE,
the cells on the substrate went to the sputter chamber intact and un-
derwent the cathode deposition process via sputtering. The Pt cathode

was sputtered using DC magnetron sputtering with DC power of 200W
at room temperature. Ar gas filled the sputtering chamber at a pressure
of 5mTorr. The fabricated SOFC with the patterned electrode was
characterized electrochemically and visibly. Electrochemical char-
acterization was done with electrochemical impedance spectroscopy
(EIS). The fuel during the electrochemical test was 3% humidified H2

gas and the flow rate was 100 sccm. The cathode was exposed to am-
bient air at the operating temperature of 500 °C. EIS scanned the elec-
trochemical response of the cell with a frequency range from 106 Hz to
2 Hz. Atomic force microscopy (AFM, PSIA XE150, Park systems, South
Korea) was utilized to investigate the microscale geometry of the pat-
tern strips and the samples were scanned with the non-contact mode of
the AFM tip. Detailed pre- and post-operation morphology and grain
structure were observed through field emission scanning electron mi-
croscopy (FESEM, Supra 40, Carl Zeiss, Germany) with 2 kV of oper-
ating voltage. Energy Dispersive X-ray Spectroscopy (EDS) was utilized
to observe elemental distribution around the strip electrode and it was
conducted with the same FESEM equipment.

3. Results and discussion

Fig. 2 shows schematic (a), (c), and (e) and optical images (b), (d),
and (f) of the fabricated SOFCs with the patterned electrode. In order to
compare the polarization resistance of the electrodes with the different
number of strips, flawless geometry of the patterns must be secured. For
further investigation on completeness of pattern generation, the pat-
terned structure was observed by FESEM, AFM, and EDS.

As shown in Fig. 3(a), a dimension of each strip was 100-μm-thick
width while the width of the as-etched strip was 94-μm-thick. The value
of the width is slightly different with the designed value, showing a 6%
difference in width. Although RIE involves chemical etch process,
physical etch through ion bombardment also takes place during the
etching process [21]. The slight discrepancy, between the width of the
as-etched strip and the designed strip, is attributed to the shadowing
effect in which the indent angle of ion bombardment was not perpen-
dicular to the physical mask [22]. It is also verified in Fig. 3(c), which
shows a line profile of the surface of the as-etched (Fig. 3(b)) and as-
deposited (Fig. 3(d)) samples. The location of the dotted lines in
Fig. 3(b) and (d) was chosen to represent the neutral surface of each
sample, not to include too high bumps (expressed as extremely bright
color). The line profile of the as-etched pellet (black line) drops gra-
dually with a slope. Not only the width of the as-etched strip became
smaller, but also etched line profile did not form a sharp step. In ad-
dition, at the boundary of the electrolyte-electrode interface (around
30–50 μm of the x-axis in Fig. 3(c)), the line profile rose up for about
~100 nm for both as-deposited and as-etched sample. Those bumps are
possibly derived from two factors: (1) redundant residues or chips as a
result of RIE or (2) an equipment-driven error, an overshoot error due

Fig. 1. Schematic of fabrication process for the solid oxide fuel cell with patterned cathode.
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to over-lifted or less-pushed down AFM probe passing by sharp topo-
graphical steps [23]. Post-process to remove residues after RIE was not
carried out to preserve etched pattern geometry. The bare condition of
pellets after RIE thus has some residues or chips at the interface. In
addition to the second factor, the smooth line profile of the as-etched
sample surface may also be stem from the non-contact mode operation
of the AFM tip. It would exhibit low nanoscale resolution considering it
scanned about 70 μm sized squares.

The single crystal YSZ pellet was etched for about 550 nm. Pt
cathode was deposited in the etched space right after the RIE process,
which took up to 200 nm. As a result, the depth of the as-deposited
trenched electrode reached ~350 nm. The hatched area between the
plots in Fig. 3(c) indicates the region where the thin film platinum
electrode deposited. The trenched electrode has extremely dense mor-
phology. Morphology of sputtered thin films highly depends on the
topography and properties of a base substrate as well as deposition
conditions [24–26]. The Ar background pressure of 5mTorr during the
magnetron sputtering process combined with the smooth and dense YSZ

pellet yielded exceedingly packed morphology of the sputtered Pt
electrode. The trenched electrode thus created reaction sites only on the
perimeter of the pattern strips where the electrolyte and catalyst meet.
Fig. 3(f) helps to visualize the reaction sites placement. Note that re-
latively high distribution of Y and Zr on the strip region compared to Pt
on out-of-strip region is due to electron beam penetration depth ranged
from hundreds of nm to several μm. It is clearly visualized that the
reaction sites where electrolyte and electrode meet formed only on the
perimeter of the strips. Thereby, the domain of reaction sites would be
linearly proportional to the number of strips and patterned electrodes.
The cells with the different number of strips would show a discrepancy
in polarization resistance.

Electrochemical characterization results are shown in Fig. 4. The
electrochemical test was carried out at a temperature of 500 °C and bias
of 1.0 V. 100 sccm of 3% hydrated Hydrogen gas was supplied on the
fuel electrode side while cathode was exposed to ambient air. Fig. 4(a)
is EIS Nyquist plot of the SOFCs with patterned electrodes while the
black one, blue one, and red one each represents EIS data of the SOFCs

Fig. 2. A schematic illustration of SOFC with patterned (a) 5 strips cathode, (c) 12 strips cathode, and (e) 20 strips cathode and (b) an optical image of the cell with 5
strips cathode, (d) 12 strips cathode, and (f) 20 strips cathode.

Fig. 3. FE-SEM image and AFM scanned image of the surface of as-etched YSZ pellet ((a), (b)) and those of the surface of as-deposited Pt cathode ((d), (e))
respectively. The dotted lines in (b) and (e) indicate the location where line profiles of (c) were extracted. (c) Line profile of as-etched and as-deposited samples and
hatched area between each indicates deposited platinum electrode. (f) EDS analysis of the middle of the patterned electrode. (Left) FESEM image of the mapped
electrode strip and (Right) EDS analysis (same area to (Left)) with areal elemental mapping of the Pt|Y|Zr.
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with 20 strips patterned cathode (20 strips cell), the SOFC with 12 strips
patterned cathode (12 strips cell), and the SOFC with 5 strips patterned
cathode (5 strips cell) respectively. The impedance value was not
electrode-area normalized here, i.e., not area specified, in order to
compare the values of resistance based on reaction area variation. Be-
cause of the highly limited reaction area at the cathode, the EIS plot
reached a very high value, tens of thousands ohms. As can be observed
in Fig. 5(a) and (d), as-deposited Pt cathode shows highly dense mor-
phology and it thus resulted in confined reaction sites distribution, only
on the perimeter of the strips. Here, the Ni-YSZ cermet anode with
porous and tens of micrometer thickness was considered to have
minimal impact on polarization resistance. Therefore, major differences
in those Nyquist plots are believed to be largely originated from the
patterned Pt at the cathode. The measured EIS Nyquist plots of each cell
were fitted and simulated based on original experimental data to make
arcs for the sake of simplified comparison. The simulated equivalent
circuit model is illustrated in the plots. The model includes components
for ohmic resistance and charge transfer component for anode and
cathode, as well as an effect of the grain boundary. In Fig. 4(a), at the
first sight, the size of three distinctive half circle looks certainly dif-
ferent. The different number of strips yielded the difference in reaction
area and thereby produced each distinctive Nyquist plot. The faradaic

impedance is known as a diameter of half circle of Nyquist plot. The 20
strips cell showed the faradaic impedance value of about 5724Ω (black
colored) while the faradaic resistance of the 12 strips cell exhibited
14,688Ω (blue colored). The largest value among three is from the 5
strips cell, 20,500Ω (red colored). The ratio of the faradaic impedance
of those three cells is 1:2.56:3.58 (= 5724:14,688:20,500). This ratio is
precisely consistent with a ratio of the number of strips for each pattern,
which is 1:2.4:4 (= 5:12:20). Furthermore, the ratio of the faradaic
resistance of those cells is exactly in inverse proportion to the TPB
density ratio of each, which was measured to be 16.7 cm−1 for 5 strips
cell, 40 cm−1 for 12 strips cell and 66.7 cm−1 for 20 strips cell, re-
spectively. The density of TPB was calculated as a reciprocal of the half
of the sum of the strip width and the distance between strips, which was
also used in the characterization of SOFC with the patterned electrode
by Haile group [20,27]. On the other hand, the ohmic resistance which
is the first x-axis intercept of the Nyquist plots displayed slightly dif-
ferent value for each cell. The structure of pattern strips caused the
difference of ohmic resistance. As the number of strips increased, the
ohmic resistance decreased. This is obvious, considering that resistance
is inverse proportional to electrode area from Ohm's law. The ohmic
impedance values are 2040Ω, 2870Ω, and 5754Ω for 20 strips cell, 12
strips cell, and 5 strips cell respectively. The direct judgment of ohmic

Fig. 4. Electrochemical characterization of the SOFCs with the patterned electrode. (a) EIS Nyquist plot of the model SOFCs with three kind of pattern structures,
measured at the 1.0 V bias and 500 °C (○: measured data, ●: fitted and simulated data), (b) time evolution of the measured EIS Nyquist plot from when the cell
reached 500 °C, (c) time evolution of open circuit voltage (intermittently disconnected OCV curve, pointed by black arrows, is due to EIS measurement).

Fig. 5. FESEM surface image of (a), (d) as-deposited Pt cathode and (b), (c), (e), (f) Pt cathode after 10 h of operation. Image of (a) the interface of Pt cathode and YSZ
electrolyte and (d) enlarged Pt surface before the operation. Surface image of (b) Pt strip after 10 h of operation, (c) enlarged image of the squared area in (b) (the
dotted square indicates delaminated part). Surface image of (e) delaminated part of the Pt cathode, and (f) enlarged image of the squared area in (e).
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impedance based on the number of Pt strips would possess many flaws
since ohmic impedance includes not only current collection resistance
within electrode but also electrolyte ohmic loss, current collection loss
passing through connected parts between the cell and outer circuits,
etc.

The confined electrode-electrolyte geometry contributed to rela-
tively stable long-term operation as well. Pure platinum electrode does
not show a decent stable long-term operation in general even after an
hour operation at 500 °C [11,28]. Agglomeration of Pt grains occur in
that temperature and enlarged grains have fewer TPB sites. It even-
tually leads to increase of the faradaic impedance or even sharp fall of
open circuit voltage. The increase of faradaic resistance as the time
flows happens in this cell as well. Fig. 4(b) represents the EIS Nyquist
plot variation of the patterned SOFC over time for 10 h of operation.
Until the cell had operated for 5 h, the faradaic resistance of the cell
kept increasing. The increase of the faradaic impedance is attributed to
the Pt grain agglomeration at 500 °C. Pt is known to be thermally un-
stable even at 500 °C. Notably, around the perimeter of the cathode
strips, the agglomerated grains resulted in a lower surface area of the
catalyst. Accordingly, the reaction area shrank and the faradaic re-
sistance increased. However, Nyquist plot of the cell at 10 h exhibited
lower faradaic resistance value than that of the cell at 5 h. Delamination
of the platinum thin film is considered to be the cause for the shrinkage
of faradaic resistance at 10 h. 10 h of operation at 500 °C is a sig-
nificantly harsh condition for Pt electrode microstructure stability.
Continuous agglomeration of Pt keeps drawing surrounding grains. Few
hundreds of nanometer Pt thin film can all be drained and eventually
the YSZ electrolyte pellet would be exposed. The delaminated Pt thin
film formed the porous structure as shown in Fig. 5(c), (e), and (f). It
created quite a plenty of new TPBs, leading to an increased reaction
rate. Although delamination of Pt aroused decrease of faradaic im-
pedance after 10 h of operation, the open circuit voltage kept staying at
1.067 V. Intermittent measurement of EIS made the OCV of the cell
drop. However, it steadily went back to the original value and didn't fall
into the electrochemical dead zone. The absence of complete micro-
structure collapse prevented the permanent downfall of OCV, taking
advantage of the extremely dense microstructure.

4. Conclusion

A new way to characterize a charge transfer reaction of solid oxide
fuel cells was introduced and demonstrated successfully. Patterned Pt
electrode with limited reaction sites was realized by introducing the
patterned electrode geometry. The electrochemical behavior of the cells
was successfully controlled by manipulating the number of patterned
strips. The ratio of faradaic impedances of each cell is exactly consistent
with the ratio of TPB density. It was demonstrated that the control of
reaction domains is able to be realized. The dense microstructure of Pt
cathode also helped the cell voltage to stay at adequate OCV value for
10 h of operation at 500 °C. However, delamination of Pt was found as
well, which changed EIS Nyquist plot charge transfer impedance. This
new approach to analyzing the electrode-electrolyte interaction is ex-
pected to give a breakthrough to quantitatively and qualitatively in-
vestigate materials behavior over fuel cells operation without messy
deliberation for a structural variable.
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