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Abstract

Cell configurations with asymmetric and symmetric electrode geometries and different reference electrode positions
were investigated on 50 mm · 50 mm planar solid oxide fuel cells (SOFC). The reliability and accuracy of the
polarization performance of individual electrodes were studied with respect to the electrode geometry and the
reference electrode position. The results indicate that a centrally located reference electrode creates inactive
electrolyte regions in the center of the cell, pushing the equipotential lines close to the electrode–electrolyte interface
region and thus introducing error in the measurement of polarization performance. The potential of reference
electrodes located at the corner of the electrode coating was not stable due to the steam build-up in the reference
electrode region. Cells with a symmetric electrode geometry arrangement and reference electrodes located at the side
of the working electrodes, away from the receiving end of the fuel and oxidant gases, were found to be suitable for
performance evaluation in planar SOFC.

1. Introduction

The power output of a solid oxide fuel cell (SOFC)
system strongly depends on the performance of the
individual cells. This in turn requires accuracy in the
determination of various polarization losses. Due to the
high operating temperature of about 1000 �C and the all-
solid components, the polarization measurement of the
individual electrodes of a SOFC are limited by the
electrode geometry and the positioning of reference
electrodes. Several geometrically different three-elec-
trode configurations have been used to study the
electrode reaction and performance on small button-
sized disc cells [1–7]. Nagata et al. [3] studied the effect of
electrode geometric arrangements on the polarization
measurements and showed that overpotential losses of
both anode and cathode are related to the position of the
reference electrode and the configuration of the working
and counter electrodes. This is due to the fact that, as the
position of the reference electrode is in the region of
nonuniform current density, the reference electrode
would sample an average potential in the case of
asymmetric electrode configurations. On the other hand,
using an internal and Luggin type embedded reference
electrode can accurately measure both electrolyte and
electrode impedance if the tip of the Luggin is not too
close to the working electrode, as demonstrated by Hsieh
et al. [7]. However, a Luggin type embedded reference
electrode requires a relatively thick electrolyte. For thin

electrolyte cells, only external and surface mounted
reference electrodes (or pseudoreference electrodes) can
be used. There is a lack of information on the electrode
geometry requirements and cell configuration for planar
SOFC with relatively large electrode area (e.g., 10 cm2).
In the development of SOFC stacking technologies, large
planar electrolyte cells were often used to assess the
electrode polarization behaviour under simulated stack-
ing conditions such as flow rates, flow patterns and
interconnect contact [8–10]. The electrode performance
measured on small button cells may not necessarily be
the same as the size of the cell increases [11].
In this work, various electrode geometries and cell

configurations for the electrode performance evaluation
were investigated on planar SOFC with cell dimensions
of 50 mm · 50 mm. Stability and reliability of the
reference electrode potential and of the electrode per-
formance measurement were studied under fuel cell
operation conditions. The results showed that cell
configurations with symmetric electrode geometry and
reference electrodes positioned at the side of the working
electrode and away from the exits of fuel and oxidant
gases are suitable for the accurate performance evalu-
ation of planar SOFCs.

2. Experimental details

Yttria-stabilized zirconia (3 mol % Y2O3–ZrO2, Tosoh,
Japan) electrolyte plates of 50 mm · 50 mm size were
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prepared by tape casting and sintered at 1500 �C for 4 h.
The electrolyte thickness was in the range 184 to
247 lm. Strontium doped LaMnO3 (LSM) and
50 vol % Ni/50 vol % Y2O3–ZrO2 (Ni/YSZ) cermet
were used as the cathode and anode materials, respec-
tively. They were applied to the electrolyte by screen
printing. A LSM cathode and a Ni/YSZ anode were
sintered in air for 2 h at 1150 �C and 1400 �C, respec-
tively. Details of preparation of LSM and Ni/YSZ
cermet electrodes are given elsewhere [12,13].
Figure 1 shows the cell configurations and gas flow

arrangement used. In cell A, a LSM air electrode coating
was printed on the entire electrolyte area. The cathode
side reference electrode (Cref, also LSM material) was
3 mm · 3 mm in size and was located at the corner. The
reference electrode was separated by 2 mm on all sides
from the cathode. The fuel electrode coating was centred

with respect to the electrolyte. The anode side reference
electrode (Aref, also Ni/YSZ cermet material) was 3
mm · 3 mm and was also located at the corner. The gap
between the anode reference electrode and anode was
2 mm. Air and fuel reference electrodes were positioned
at the opposite sides of the electrolyte and did not form
an exact mirror image with respect to their position.
This type of electrode arrangement is asymmetric with
corner reference electrodes (Figure 1(a)). Cell B was
similar to that of cell A except that for cell B, Aref was
positioned at the center of the cell. The diameter of the
Aref was 3 mm with 2 mm gap between Aref and the
anode. Cell B is asymmetric with centrally located Aref

(Figure 1(b)).
In cell C, the cathode and anode had the same

geometric area and the reference electrodes on both
sides were identical, forming a mirror image. The

Fig. 1. Schematic diagrams of cell configurations showing the dimension of the electrodes and the relative position of cathode reference (Cref) and

anode reference (Aref) electrodes. Gas flows from the centre to the edge of the electrode coating and the numbers are in millimeter.
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reference electrode was 3 mm · 3 mm with a 2 mm gap
on between the reference and working electrodes. In this
arrangement, electrode geometries were symmetric with
corner reference electrodes (Figure 1(c)). Electrode
arrangements in cells D and E were also symmetric. In
contrast to cell C, reference electrodes in cells D and E
were located at the side of the working electrodes. The
distance between the reference electrode and working
electrode was about 5 mm. The dimensions of air
and fuel electrodes were 34 mm · 32 mm giving an effec-
tive electrode area of about 10.9 cm2. Reference
electrodes in cell D were 4 mm · 3 mm, while in cell
E reference electrodes were strip-type with dimension of
34 mm · 3 mm on both sides. Cells D and E were
symmetric with side reference electrodes (Figure 1 (d,
e)). The position of a reference electrode can also be
characterized by an aspect ratio, which is defined as the
distance between the reference electrode and the work-
ing electrode divided by the electrolyte thickness. For
cells A, B and C, the aspect ratio was in the range 8 to 11
while for cells D and E, the ratio was 24 and 27,
respectively. In a flat-type geometry, the electrolyte is
approximately equipotential at aspect ratios higher than
3 [14]. Table 1 gives details of the cells tested. Current
density and cell resistances were calculated based on
anode electrode areas. It should be pointed out that the
angle of the edge of both electrodes was much small
than 90o due to the natural setting of the electrode ink
used in the screen-printing process.
Air was used as the oxidant gas and hydrogen, passing

through a humidifier (96% H2/4% H2O), was used as
the fuel. The flow rates of air and hydrogen were
controlled by mass flow controllers. Air flow rate was
kept constant at 1000 sccm and H2 flow rates were
controlled in the range 400 to 2500 sccm. The gas
entered the electrodes through a central hole in an
alumina block and was evenly distributed to the porous
electrode coating by distribution channels on the block
(Figure 1(f)). The alumina block also acted as a support
to the electrode.
Ni and Pt woven meshes were used as the current

collector on the anode and cathode, respectively. Elec-
trical contacts to the fuel and air side electrodes
(including the reference electrodes) were made through
Pt wires spot welded to the Ni and Pt meshes. The
weight added to the cell was two kilograms. The anode
side of the cell was sealed to a metal frame by high
temperature glass seals. The assembly was fitted to a

polypropylene board to electrically isolate it from the
ground. Air and fuel entered the cell through ceramic
tubes and there was no contact between the electrodes
and the metal frame assembly in order to avoid
contamination of the electrodes by chromium species
released from the metal frame at high temperatures [15].
Characterization of the electrode polarization behav-

iour was carried out under fuel cell operation mode, that
is, current was drawn from the cell. The electrochemical
behaviour of the individual electrodes was measured by
galvanostatic current interruption (GCI). With the GCI
technique, both overpotential and iR losses can be
separated accurately in the time domain [16]. Cells were
polarized under 250 mA cm)2 at 1000 �C for at least
72 h to reduce the activation effect of the cathodic
polarization on the cell performance [17]. Reliability of
the cell configuration was monitored by the potential
measured between Cref and Aref (Pref) under SOFC
operation conditions. Under open circuit, Pref would be
expected to be the same as the open circuit potential
(Vocp) measured between anode and cathode. The Vocp

can be calculated according to the Nernst equation
assuming that the ionic transfer number of oxygen ions
through the YSZ solid electrolyte is unity [18].

Vocp ¼ RT
nF

� �
ln

P 0
O2

P 00
O2

 !
ð1Þ

where P 00
O2

is the oxygen partial pressure at the anode,
P 0
O2

the oxygen partial pressure at the cathode, n the
number of electrons in the reaction and R, T and F have
their usual meanings. In a SOFC such as H2/H2O, Pt
(anode) |YSZ| (cathode) Pt, O2, the overall reaction for
H2 oxidation can be written as

H2 þ 1=2O2 ¼ H2O ð2Þ

The standard Gibbs energy, DG� for the reaction is [19]

DG� ¼ �246 602:5þ 54:9 T � 4186:8 ðJÞ ð3Þ

The oxygen partial pressure, P 00
O2
, at the anode side can

therefore be calculated from the standard Gibbs energy
if the ratio of PH2O=PH2

is known,

P 00
O2

¼ PH2O

PH2

exp
DGo

RT

� �� �2
ðatmÞ ð4Þ

Table 1. Details of the cells used

Cell ID Symmetry and

reference electrodes

YSZ thickness Electrode area/cm2 Aspect ratio

lm Anode Cathode Aref Cref

A asymmetric, corner Aref and Cref 247 13.1 24.5 8 8

B asymmetric, center Aref, corner Cref 186 13.1 24.5 11 11

C symmetric, corner Aref and Cref 208 13.1 13.1 10 10

D symmetric, side Aref and Cref 207 10.9 10.9 24 24

E symmetric, side Aref and Cref 184 10.9 10.9 27 27
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Thus, Equation 1 can also be written as

Vocp ¼ RT
4F

ln P 0
O2

� RT
2F

ln
PH2O

PH2

� 1

2F
DG� ð5Þ

From the measured Pref value, the water content in
the regions close to the anode reference electrodes can
also be estimated according to Equation 5 if the P 0

O2
at

the Cref region is assumed to be much less affected under
fuel cell operation conditions and is relatively stable.
Thus the difference between Pref and Vocp under
operating conditions indicates the stability of the refer-
ence electrode potential.

3. Results

Under operating conditions of 96% H2/4% H2O and
air at 1000 �C, the theoretical Vocp according to Equa-
tion 5 is 1.048 V. The measured Vocp of cells at 1000 �C
was in the range 1.043 to 1.052 V, very close to the
theoretical value under the conditions studied. This
indicates good seals and no leakage in the cells tested.
Figure 2 shows the cell performance with various cell
configurations measured at 1000 �C under hydrogen
and air flow rates of 1000 sccm. Some variation in the
cell performance can be attributed to variation in the
electrolyte thickness and in the fabrication process of
individual cells. In cells A and B, the cathode area was
87% larger than the anode area. Nevertheless, cell
performance was similar for both asymmetric and
symmetric cells, indicating that the extra LSM cathode
area in comparison to the anode did not contribute
significantly to the overall cell polarization performance.
Under open circuit, Pref was the same as the open

circuit potential of the cell. Under operating conditions,
Pref may deviate from the Vocp due to changes in the
partial pressure of oxygen in regions close to the
reference electrodes. Figure 3 shows Pref curves for
various cell configurations under different current den-
sities at a H2 flow rate of 1000 sccm. Cell configuration

seems to affect the potential to a fair degree in cells A
and C and Pref decreases with increase in current
density. In cells D and E, changes in the Pref values
were much smaller. The improved stability of the
reference electrode potential is most likely related to
the side location of the reference electrodes (Figure 1).
In cell B, Pref increases with current density, very
different from those of other cell configurations in this
study. It is noted that cell B is asymmetric with central
position of the anode reference electrode (Figure 1(b)).
Figure 4(a) shows the GCI curve of Pref of cell B when

a current of 100 mA cm)2 was drawn between anode

Fig. 2. Cell performance measured at 1000 �C under hydrogen and air

flow rates of 1000 sccm. Key: (s) cell A, (,) cell B, (h) cell C, ()) cell

D and (n) cell E.

Fig. 3. Steady state potential measured between Aref and Cref under

different current densities at 1000 �C. H2 and air flow rates were 1000

sccm. Key: (s) cell A, (,) cell B, (h) cell C, ()) cell D and (n) cell E.

Fig. 4. (a) GCI curves taken between Aref and Cref of the cell B when

the cell was operated at 100 mA cm)2 and 1000 �C under H2 and air

flow rates of 1000 sccm and (b) the corresponding iR (s) and g (d)

plots.
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and cathode at 1000 �C. From the GCI curve, iR and
overpotential (g) can be clearly identified, similar to that
observed on a working electrode. IR losses increased
linearly with current density and from the slope, a
resistance value of 0.55 W cm2 was obtained (Fig-
ure 4(b)). The increase in Pref indicates that reference
electrode potential is not independent of current density.
In the case of other cell configurations, GCI curves of
Pref were straight and continuous lines when the cell
current was interrupted.
Figure 5 shows the plots of iR losses between working

electrode (anode and cathode) and reference electrode at
1000 �C and H2 flow rate of 1000 sccm for cells A, B and
E. IR curves of cells C and D were similar to that of cell

E (Figure 5(c)). Except cell B, iR losses measured
between anode and Cref were almost the same as that
measured between anode and Aref despite the fact that
cell A is asymmetric and cells C, D and E are symmetric.
Thus, the anode side fraction of electrolyte resistance
(Ra) is the same regardless to the use of Cref and Aref.
The same is also true for the cathode side fraction of
electrolyte resistance (Rc). This indicates that under the
conditions studied (e.g., aspect ratio > 8), partition of
the electrolyte resistance is independent of the position
of the reference electrodes, either on the same or the
opposite side of the working electrode. However, in the
case of cell B, anode side iR measured against Cref is
very different from that measured against Aref (Fig-
ure 5(b)). Ra was 0.63 W cm2 as measured against Aref

and was only 0.09 W cm2 against Cref. The overpoten-
tials measured by Aref and Cref are also very different.
For example, at 250 mA cm)2, cathode overpotential
(gc) was 7 mV as measured against Aref and 51 mV
against Cref, while anode overpotential (ga) was 98 and
46 mV as measured against Aref and Cref, respectively.
This indicates that electrolyte resistance partition and
polarization measurement strongly depend on the
position of the reference electrodes in cell B. Table 2
summarises the results of the fractions of electrolyte
resistance measured at 1000 �C. In the table, the ratio of
the measured cell resistance against Aref and Cref to the
calculated electrolyte resistance is also given. The
calculated electrolyte resistance was based on the
electrolyte thickness and the reported electrolyte resis-
tivity value at 1000 �C [20]. The relatively high measured
cell resistance as compared to the calculated electrolyte
resistance is related to the constriction phenomena of
solid electrolyte cells [8,21,22].
Figure 6 shows the Pref curves as a function of current

density at different H2 flow rates and 1000 �C under
steady state. Pref of cell B is not included due to its very
different behaviour (Figures 3 and 5). The H2 flow rate
has a significant effect on the Pref value and the most
affected is cell A. For cell A, Vocp was 1.050 V. Pref was
reduced to 1.020 V at H2 flow rate of 800 sccm and
250 mA cm)2, 30 mV lower than the open circuit
potential. When the current was increased to
500 mA cm)2, Pref decreased to 0.999 V, 51 mV lower
than the open circuit potential. Even at H2 flow rate of
2000 sccm, Pref was still considerably lower than the
open circuit potential. This indicates that the reference
electrode potential for cell A is not stable and varies
significantly with the H2 flow rate and current density.
Similar variation of Pref was also observed for cell C
(Figure 6(b)). In the case of cells D and E, Pref only
varied significantly with the current density at low H2

flow rates (e.g., 500 sccm). When H2 flow rate was
increased to 1000 sccm, Pref was basically independent
of the current density and close to the open circuit
potential of the cell. The results show that cells D and E
produce a much more stable reference electrode
potential in comparison to cells A and C, most likely
due to the side location of the reference electrodes.

Fig. 5. IR losses between anode, cathode and two reference electrodes

at 1000 �C under H2 and air flow rate of 1000 sccm for cells A, B and

E. The iR curves of cells C and D were similar to that of cell E. (d) iR

measured between anode and Cref, (s) iR measured between anode

and Aref, (.) iR measured between cathode and Cref and (,) iR

measured between cathode and Aref.
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Transitional behaviour of Pref was also investigated
under cell operating conditions, as shown in Figure 7
for cell A. The response of Pref strongly depends on the
operation conditions. After applying a current density of
250 mA cm)2 at 1000 �C and H2 flow of 400 sccm, Pref

instantaneously dropped to 1.003 V and increased
slowly to 1.022 V in 40 ms. When the H2 flow rate
was increased to 1000 sccm, the initial Pref value after
applying 250 mA cm)2 was 1.029 V but reached the
open circuit potential within 40 ms. Variation in Pref

was also observed for other cell configurations at H2

flow rate of 500 sccm or lower. At high currents, the
response of Pref was slow, resulting in low Pref values
(Figure 7(b)). The Pref response shifted in parallel with
temperature (Figure 7(c)), indicating that the transi-
tional behavior of Pref may not be thermally activated.
As the anode reference electrode was located near the

fuel exit, the slow response and low values of Pref as
compared to the cell open circuit potential are most
likely due to the steam build-up at the anode reference
electrode as a result of the water produced (Reaction 2).
Similar transitional behavior of Pref was also observed

for cell C as the location of the anode reference
electrodes was similar for both cells. In contrast to cells
A and C, there was little transitional response of Pref

with the current for cells D and E at H2 flow of 1000
sccm or higher. This again indicates that the cell
configurations with side location of reference electrodes
produce much stable reference electrode potential as
compared to that with corner reference electrodes.
The reliability of the reference electrodes was also

investigated by means of overpotential measurement of
the electrode reactions at the Ni/YSZ cermet anode and
LSM cathode. Figure 8 shows ga and gc measured

Table 2. Total and fraction of electrolyte resistance measured between anode, cathode, anode reference and cathode reference electrodes at

1000 �C

Cell ID YSZ thickness Rcell Ra/W cm2 Rc/W cm2 Rcell/RYSZ

/lm /W cm2 A/Cref A/Aref C/Cref C/Aref Aref Cref

A 247 0.75 0.60 0.62 0.14 0.14 1.51 1.47

B 186 0.68 0.09 0.63 0.62 0.03 1.74 1.87

C 208 0.72 0.39 0.40 0.33 0.33 1.72 1.70

D 207 0.64 0.22 0.24 0.40 0.41 1.54 1.47

E 184 0.69 0.19 0.19 0.50 0.49 1.81 1.84

Fig. 6. Steady state potential measured between Aref and Cref (Pref) as a function of current density at 1000 �C and different H2 flow rates for cells

A, C, D and E.
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against Cref and Aref and the comparison of the
measured and calculated cell potentials for cells A and
E at 1000 �C and H2 flow rate of 1000 sccm. The cell
potential (Pcell) was calculated according to the follow-
ing equation.

Pcell ¼ Vocp � ðga þ gcÞ � jðRa þ RcÞ ð6Þ

where Ra is the anodic fraction of electrolyte resistance
and Rc the cathodic fraction of electrolyte resistance
(Figure 5). Overpotential and resistances were measured
by Cref or Aref. In the case of cell A, the cell
overpotentials (ga + gc) measured using Aref were lower
than that measured using Cref. Thus the calculated Pcell

based on overpotentials from Aref was higher than the

measured value. On the other hand, the fraction
electrolyte resistance values were independent of the
reference electrodes used (Table 2). This indicates that
the overpotential values measured against Aref are
underestimated, thus giving higher electrode perfor-
mance than the actual one. For cell E, both Cref and Aref

gave identical overpotential values and the calculated
cell potential is equal to the measured cell potential. This
demonstrates the suitability of the cell E for the
performance evaluation of planar SOFCs. The high
overpotential losses of the Ni/YSZ cermet anode are due
to the fact that Ni/YSZ cermet anodes used were not in
the optimized state [13].
Limitations in the polarization separation in relation

to the YSZ electrolyte thickness were observed on cell
configuration E. Figure 9 summarizes the relative an-
odic and cathodic fractions of electrolyte resistance of
50 mm · 50 mm cells with similar LSM cathode and Ni/
YSZ cermet anode as a function of YSZ electrolyte
thickness. The cells were tested at 1000 �C or 900 �C
under similar conditions as described in this study. In
general, Ra is smaller than Rc even though the geometric
area of both Ni/YSZ cermet anode and LSM cathode is
the same. This is most likely due to the fact that the
actual interfacial contact area between Ni/YSZ cermet
anode and YSZ electrolyte is higher than that between
LSM and YSZ due to the extension of the YSZ phase in

Fig. 7. Transitional behavior of the potential measured between Aref

and Cref (Pref) of cell A under various cell operation conditions. (a)

effect of H2 flow rate at 250 mA cm)2 and 1000 �C, (b) effect of

current density at 1000 �C and H2 flow rate of 1000 sccm and (c) effect

of temperature at 300 mA cm)2 and H2 flow rate of 1000 sccm.

Fig. 8. ga and gc measured against Cref and Aref and the comparison of

the measured cell potential (Pcell) and those calculated based on the

measured iR and g losses for cells A and E at 1000 �C and H2 flow rate

of 1000 sccm. (d) ga against Cref, (s) ga against Aref, (.) gc against
Cref, (,) gc against Aref, (h) measured Pcell, (n) calculated Pcell based

on the measurements against Cref ()) calculated Pcell based on the

measurements against Aref.
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the Ni/YSZ cermet [23]. As the electrolyte thickness
decreases, Ra becomes smaller as compared to Rc. As the
fractions of electrolyte resistance are indications of the
location of the equipotential lines sampled by the
reference electrodes [7], the smaller value of Ra indicates
that the equipotential line may shift closer to the anode/
electrolyte interface as the electrolyte thickness de-
creases. At certain points, the separation of the polar-
ization potential would become difficult or impossible.
Figure 10 shows an example of polarization curves of
two cells with similar LSM cathode and Ni/YSZ cermet
anode, measured at 900 �C. Thickness of YSZ electro-
lyte of these two cells was about 100 lm. Overall
performances of these two cells were similar. However,
the electrolyte partition of these two cells was quite
different. Ra was 24% and 4% for cell 1 and cell 2,
respectively. In the case of cell 1, anodic polarization
was reasonably separated from the overall polarization
potential (Figure 10(a)). For example, at 250 mA cm)2,
ga was 44 mV and close to the 38 ± 11 mV for the H2

oxidation on Ni/YSZ cermet anodes measured on small
cells with electrolyte thickness of about 1 mm and
electrode area of about 0.44 cm2 under similar experi-
mental conditions. In the case of cell 2 (Ra was 4%
only), ga was negligibly small (e.g., only 4 mV at
250 mA cm)2) and gc was almost the same as the
overall cell polarization potential (Figure 10(b)). This
indicates that anodic polarization is no longer separable
from the overall cell polarization and this is particularly
the case for the thin electrolyte cells [24]. The significant
variation in the electrolyte resistance partition as shown
in Figure 9 probably indicates that the electrolyte
resistance partitioning not only depends on the interfa-
cial contact [21–23] but also the contact between the
electrode and current collector [8].

4. Discussion

Fractions of the electrolyte resistance are indications of
the location of effective equipotential lines sampled by

the anode and cathode reference electrodes in the cells
studied (Table 2). In cell A, the cathode is 87% larger
than that of the anode and the position of Cref and Aref

is not symmetric. Despite the asymmetric arrangement
of both working and reference electrodes, the electrolyte
resistance partitioning is the same regardless of the
reference electrodes used. Ra was 0.6 W cm2 when
measured against Cref, very close to 0.62 W cm2 when
measured against Aref. The same is also for the Rc value.
In symmetric cells C, D and E, the electrolyte resistance
partitioning is also the same regardless of the reference
electrodes used, similar to the asymmetric cell A
(Table 2). This indicates that under the conditions
studied, the equipotential line or surface measured by
the reference electrode is independent of the position of
the reference electrode. Figure 11(a) shows schemati-
cally the location of equipotential line or surface
sampled by Cref and Aref electrodes for cell E. A similar
location of equipotential line can also be drawn for cells
A, C and D. As shown in Figure 11(a), there is no
current flow in the electrolyte region between Aref and
Cref. Pref measured would be the same as or close to the
open circuit potential of the cell under fuel cell operation
conditions. This is just the case as shown in Figure 6 at
H2 flow rate higher than 500 sccm.

Fig. 9. Relative anodic (Ra) and cathodic (Rc) fractions of electrolyte

resistance of 50 mm · 50 mm cells with LSM cathode and Ni/YSZ

cermet anode as a function of YSZ electrolyte thickness. Lines are for

the guide only. (d) Ra at 1000
oC, (O) Rc at 1000 �C, (m) Ra at 900 �C

and (n) Rc at 900 �C.

Fig. 10. Polarization curves of (a) cell 1 where Ra ¼ 0.14 W cm2 (24%)

and Rc ¼ 0.44 Wcm2 (76%) and (b) cell 2 where Ra ¼ 0.02 W cm2

(4%) and Rc ¼ 0.54 W cm2 (96%). YSZ electrolyte thickness of both

cells was about 100 lm and the measurement was made at 900 �C. (d)

ga and (O) gc.
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In contrast, the fractions of the electrolyte resistance
are dependent on the reference electrode in cell B
(Table 2). Ra was 0.09 W cm2 with Cref while it was
0.63 W cm2 with Aref. Similarly, Rc measured by Aref

was 0.03 W cm2 and was 0.62 W cm2 when measured
against Cref. As Rc measured by Aref was only 4% of the
overall electrolyte resistance (0.68 W cm2), the equipo-
tenital line sampled by Aref would be very close to the
LSM cathode–electrolyte interface. For the same
reason, the equipotential line sampled by Cref would
be very close to the anode–electrolyte interface. Cref and
Aref in cell B measure different equipotential lines. The
shift of the equipotential lines to the electrode–electro-
lyte interface is most likely due to the central position of
the anode reference electrode. The diameter of the center
open space for Aref was 5000 lm, much larger than the
electrolyte thickness of 186 lm. This effectively creates
an asymmetry between anode and cathode at the centre
region of the cell. As shown by Jiang et al. [25], in the
case of thin electrolyte cells, the extension of the region
in the electrolyte through which in-plane ionic current
may flow due to the asymmetry between anode and
cathode would be very small and can be ignored. This
would result in the existence of an electrically neutral or
inactive region between anode and cathode in the center
of the cell where there is no ionic current flow under cell
operation conditions. The neutral region in the electro-
lyte between anode and cathode could push the equi-
potential line to the region close to the electrode–
electrolyte interface. This is confirmed by the very small
Rc and Ra values as measured by Aref and Cref,
respectively. Figure 11(b) shows the electric field and
the location of equipotential lines sampled by Cref and
Aref in cell B. It shows that Pref measured between Cref

and Aref would be the open circuit potential plus the
electrolyte contribution due to the electric flux between
these two reference electrodes. This explains the obser-
vation that Pref increased with current density (Fig-
ure 3). From the GCI measurement, the electrolyte
portion involved in Pref is about 0.55 W cm2 (Figure 4),

about 81% of the overall electrolyte resistance. The
central location of reference electrodes introduces elec-
trode asymmetry and creates an electrolyte region in the
centre of the cell where there is no ionic current flow.
This could distort the electric flux and force the
equipotential lines close to the electrode–electrolyte
interface region, introducing error in the polarization
measurement of individual electrodes. Thus, the loca-
tion of equipotenital lines close to the electrode–elec-
trolyte interface is the main reason for the observed
significant difference in overpotentials measured against
Aref and Cref. In conclusion, cell configuration with the
central location of reference electrodes is not recom-
mended for performance evaluation in thin electrolyte
cells.
The steady state Pref values are significantly affected

by the operating conditions such as current density and
H2 flow rates particularly for cells with corner reference
electrodes (cells A and C) (Figure 6). As air flow rate
was kept constant at 1000 sccm and there was no seal to
the LSM cathode side, the effect of the depleted air due
to the oxygen reduction reaction on the partial pressure
of oxygen at the cathode reference electrode region
would be very small and negligible. Thus the change in
Pref is primarily due to the change of the partial pressure
of oxygen at the anode reference electrode area as the
result of the steam build-up (Figure 6). As Aref was
located at the corner (i.e., the edge) of the electrode
coating, the decrease in Pref is an indication of the
increase in water content in the H2 fuel travelling from
the centre to the edge of the electrode coating (Fig-
ure 1(f)). Figure 12 shows the initial input H2O% at the
center and H2O% at the edge of the electrode coating at
different current densities and H2 flow rates for cell A at
1000 �C. The initial water content at the centre of the
coating was 3.75% based on the observed Vocp of
1.050 V. H2O content in H2 at the edge of the anode was
calculated based on the Pref values of Figure 6(a)

Fig. 11. Schematic diagrams of electric flux distribution and location of

equipotential lines sampled by Aref and Cref for (a) cell E and (b) cell B.

Fig. 12. Water content in the H2 fuel at the center and the edge of cell

A as a function of current density and H2 flow rates at 1000 �C.
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according to Equation 5. The water content at the edge
of the electrode coating (i.e., the Aref region) was
considerably higher. For example, at a current density
of 500 mA cm)2 and H2 flow rate of 800 sccm, the H2O
content in H2 was 9.2% at the edge of the electrode,
about 5% higher than that in the centre of the electrode.
Even at normal operation current density of
250 mA cm)2, the H2O content at the edge of the
electrode coating was 6.5%. Such a significant increase
in the water content in H2 occurred in a fuel flow
distance of about 14 mm (Figure 1(f)). This indicates
that for planar cells with long flow channels, the
accumulated water content at the fuel exit regions can
be substantial and excess water content can lead to the
reduction in the polarization performance of Ni/YSZ
based cermet anodes [9,26]. Therefore, fuel flow channel
length should be designed as short as practical to
prevent flooding of the electrode at the exit regions of
the cell.
Transitional response of Pref for cells A and C also

strongly depends on the operating conditions (Figure 7).
The observations of the unsteady behavior of Pref for
cells A and C clearly demonstrate that considerable
steam can build up near the anode reference electrode
located at the corner of the electrode coating particu-
larly at high current and low flow rates, resulting in the
instability in the reference electrode potential. The
instability of the anode reference electrode potential
can, in fact, reduce the accuracy of the polarization
performance measurement (Figure 8). However, for
cells D and E with anode reference electrodes located
at the side of the working electrodes, the effect of the
current density and H2 flow rate on steady state and
transitional Pref behaviour was very small for H2 flow
rates higher than 500 sccm (Figure 6 (c,d)), indicating
very stable reference electrode potentials. Thus the
reference electrode should be positioned away from
the fuel and air exit to avoid the effect of the change in
partial pressure of oxygen of the reactant gases on the
reference electrode potential during the operation.
The effect of misalignment between anode and cath-

ode on the current distribution and accuracy of polar-
ization measurements have been analysed theoretically
[27–30]. For example, a misalignment of 11% of the
electrolyte thickness (d/L¼1/9 where d is the misalign-
ment between anode and cathode and L is the electrolyte
thickness) would create measurable difference and
distortion in ohmic resistance and in impedance and
polarization responses [28,29]. However, experimental
verification of theoretical models is rare. This may be
largely due to the fact that accurate alignment of the
edges of both electrodes would be hard to achieve in the
case of thin electrolyte cells. For example, to achieve
d/L 6 1/9, the difference in the mutual position of both
electrodes should be less than 22 lm in the case of
electrolyte thickness of about 200 lm and 11 lm if the
electrolyte thickness is reduced to 100 lm. Such accu-
racy in the fabrication of SOFC electrode coatings
would be very difficult to obtain if not impossible with

conventional electrode coating techniques. In the cells
with screenprinted LSM cathode and Ni/YSZ cermet
anodes, the misalignment between electrodes was typi-
cally within the region of 0.5 mm. This corresponds to a
misalignment of 250% for cells with electrolyte thick-
ness of 200 lm. Nevertheless, the separation of anodic
and cathodic overpotentials in cell E is very reasonable.
The significance of this study is the direct experimental
evidence that the effect of misalignment on the electro-
chemical characterization of electrode process may be
significantly related to the electrolyte thickness and
certain misalignment could be tolerated in the case of
thick electrolyte cells. The underestimation of anodic
polarization due to the large anode would only become
problematic for thin electrolyte cells (e.g., for electrolyte
cells with thickness <200 lm, see Figures 9 and 10). As
shown in Figure 9, there is a trend that the division
between Ra and Rc increases significantly with the
decrease in electrolyte thickness for cells with electrolyte
thickness lower than about 200 lm. The reasons for
such tendency are not clear at this stage. One explana-
tion may be related to the increased importance of the
contact resistances between electrode and current col-
lector as the electrolyte thickness decreases [8,23].

5. Conclusion

Five cells with asymmetric and symmetric electrode
arrangements and various locations of reference elec-
trodes were investigated for the performance evaluation
of 50 mm · 50 mm SOFC plate cells. The results of the
investigation can be summarized as follows:
(i) A centrally located reference electrode (cell B) can

cause an inactive electrolyte region in the centre of
the cell and push the equipotential line close to the
electrode/electrolyte interface, introducing distor-
tion in the electrode polarization measurement. For
cells with corner reference electrodes, the potential
of the reference electrodes is not stable primarily due
to the significant steam built-up at the anode refer-
ence electrode area (cells A and C).

(ii) In cells A, C, D and E, equipotential lines or surfaces
sampled by reference electrodes are independent of
the position of the reference electrodes. The best cell
configurations from this study are one with sym-
metric electrode arrangement and side location of
reference electrodes (cells D and E). A Cell E with
strip-type reference electrode is preferred for case of
contact between the current collector and the refer-
ence electrodes.

(iii) The reliability of symmetric cell configuration such
as cells D and E in the measurement of anodic and
cathodic polarization potentials in thin electrolyte
cells could be assessed by the relative anodic and
cathodic partitioning of the electrolyte resistance. A
close correlation between the fraction of electro-
lyte resistance and electrolyte thickness was ob-
served.
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