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Abstract

Numerical simulation was conducted to study the potential and current density distributions at the active electrode
surface of a solid oxide fuel cell. The effects of electrode deviation, electrolyte thickness and electrode polarization
resistance on the measurement error were investigated. For a coaxial anode/electrolyte/cathode system where the
radius of the anode is greater than that of cathode, the cathode overpotential is overestimated while the anode
overpotential is underestimated. Although the current interruption method or impedance spectroscopy can be
employed to compensate/correct the error for a symmetric electrode configuration, it is not useful when dealing with
the asymmetric electrode system. For the purpose of characterizing the respective overpotentials in a fuel cell, the
cell configuration has to be carefully designed to minimize the measurement error, in particular the selection of the
electrolyte thickness, which may cause significant error. For the anode-support single fuel cell, it is difficult to
distinguish the polarization between the anode and cathode with reference to a reference electrode. However,
numerical results can offer an approximate idea about the source/cause of the measurement error and provide
design criteria for the fuel cell to improve the reliability and accuracy of the measurement technique.

List of symbols o, B transfer coefficient
Q@ electrode potential (V)
F faradaic constant ¢ absolute inner potential of the electrolyte (V)
i current density (A cm™?) )
o exchange current density (A cm™?) Subscripts
L thickness of the electrode (cm) A anode
R gas constant C cathode
RaApp area specific polarization resistance (Q cm?) RE  reference electrode

obs  observed

ot

output voltage of the cell (V)

applied voltage (V) eq equilibrium condition

Ox  oxidant
Re  reductant

S active area per unit volume (Cm2 cm_3) a apparent

T temperature (K) app aIS:)SFl)lmCd

E, equilibrium voltage of the cell (V)

£ e electrolyte phase
U

Greek symbols

. . o io ionic conductor
n microoverpotential within the electrode (V) .
. el electronic conductor

Nobs Observed overpotential of the total electrode

without ohmic compensation (V) Superscripts
Happ apparent overpotential of the total electrode with eff  effective

ohmic compensation (V) A area-specific polarization resistance
1. Introduction should be determined independently and accurately [1—

3]. It is impractical to measure the absolute potential
To study the performance of solid oxide fuel cell difference across an electrode—electrolyte interface since
(SOFC), the respective polarization of cell electrodes each attempt to do so will inevitably introduce a new
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electrode—electrolyte interface. Generally, a reference
electrode is used to make relative measurement possible,
such as the use of the normal hydrogen electrode (NHE)
whose potential is defined as zero. In SOFC research,
the platinum electrode is used exclusively as the refer-
ence electrode to measure the anodic and cathodic
polarization. The criteria for reference selection include:
(1) the reference electrode should be a reversible elec-
trode which obeys the Nernst Equation, (ii) the electrode
potential should be stable, and (iii) the electrode should
be able to respond quickly to changes in environmental
conditions.

Newman [4] calculated the current distribution on a
rotating disc electrode below the limiting current and
concluded that the non-uniform ohmic drop between the
rotating disc electrode and the reference electrode can
lead to errors in determining the kinetic parameters.
West and Newman [5, 6] proposed an analysis procedure
to correct the kinetic measurements taken from a disk
electrode. The importance of reference electrode location
in the overpotential measurement of a single fuel cell
with yttria-stablized zirconia (YSZ) electrolyte was
studied by Nagata et al. [7]. Winkle [8] et al. studied
the measurement errors of a geometrically different
three-electrode configuration. The influence of cell con-
figuration on interfacial impedance measurement with
three electrodes was investigated by Kato et al. [9]. It was
concluded that the difference in diameter between the
working electrode and the counter electrode could
introduce significant experimental error, causing de-
formed impedance spectra from a simple semicircle.
Adler et al. [10] also reported that misalignment of axes
of electrodes on a thin electrolyte could wreak havoc on
electrochemical measurements.

Although a.c. impedance spectroscopy is commonly
used to study reaction kinetics, the traditional electro-
chemical measurement of the #/i curve is still a powerful
technique to determine the kinetic parameters under
operating conditions. A porous electrode can be visu-
alized as a multilayered slab with uniformly distributed
reaction zones laid across the electrode. Within each
reaction layer, the charge transfer between the electronic
and ionic conductors can be written in a general form of

Butler—Volmer expression:
i=1i Coxex o —CReex _bE (1)
e PA\RT") T o P\ R

In the low overpotential case, the concentration of
oxidant and reductant remains almost constant along the
thickness of the electrode, that is Cox = C3 ,Cre = Cie-
Taking o« = =0.5, T = 1273 K and n < 0.1V, yields
aFn/RT < 0.5. In this case, the Butler—Volmer equation
can be approximated by the linear current—potential
expression with an error lower than 4%. Paola et al. [11]
developed a micromodel for SOFC porous electrodes
based on this linear assumption. In their model, the
apparent electrode overpotential is expressed as

_ L + o)
lae> = T sinh(T)
x {cosh(I') + Q[2 + sinh(I') — 2cosh(I)]} (2)
where Q = inpglﬁ and I'? = oS F(py + pEL>
€ + eff RT

or 10 el

Napp = R?pp X i (3)
where

pr Lo +p)
P ["sinh(I)

x {cosh(I') + Q[2 + sinh(I') — 2 cosh(I')]}

The area-specific polarization resistance (Rﬁ‘pp) of SOFC
electrodes varies from the perovskite cathode or cermet
anode of about 0.1 Q cm? to the platinum electrode of
about 10 Q cm?. The magnitude of this apparent resis-
tance is closely related to the specifications of the raw
materials used the electrical properties of the electrodes,
fabrication techniques, sintering and operating temper-
atures. In this study, it is assumed that the area-specific
polarization resistance of the anode and cathode is equal
to 0.2 Qcm?.

In view of the importance of the reliability/accuracy
of the measured overpotential in reflecting the true
performance of an electrode, the authors focus on the
study of the effects of electrode properties, cell config-
uration and reference position on the steady-state
polarization. In this study, an electrical conduction
model of the electrolyte has been developed and solved
by a finite difference method. The computed results
would provide valuable design criteria for laboratory-
scaled fuel cells to minimize the measurement errors.

2. General description of the test fuel cell

If an electrolyte has homogeneous composition and
constant conductivity, ionic transport should obey the
Laplace equation:

Vi =0 (4)

When impedance spectroscopy or the current interrup-
tion method is used to compensate the ohmic loss
between the working and reference electrode, the current
and potential distribution within the electrolyte is
known as the primary distribution [12]. In this context,
the associated boundary conditions for the Laplace
equation are:

¢ = U for electrolyte surface covering

the anode, I's (5)



¢c =0 for electrolyte surface covering

the cathode, I'c (6)
o . .
i 0 for electrolyte surface without covering

7

the electrode, I'g (7)

where ¢ is the absolute inner potential of the electrolyte,
U is the applied voltage and the subscript A, C refer to
the anode and cathode, respectively.

If the electrodes are connected to an electrical load, R,
and in which case the electrode overpotential cannot be
neglected, the current and potential distribution within
the electrolyte is known as the secondary distribution.
The boundary conditions for the Laplace equation
under polarization are:

¢ar =E, —E —n, for electrolyte surface
covering the anode, I's (8)

¢c =nc for electrolyte surface
covering the cathode, I'c 9)

g—ﬁ =0 for electrolyte surface without

covering the electrode, I'q (10)
where E, is equilibrium voltage of the cell, £ is the
output voltage of the cell, n, and 5 are the overpoten-
tials of the anode and cathode, respectively.

Because of the non-uniformity of current distribution
due to polarization at the surfaces of anode and
cathode, the overpotentials of these electrodes and the
boundary conditions are all a function of radius
(r coordinate).
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Fig. 1. Potential variation within the electrolyte.
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From Figure 1, it can be seen that the terms
(Paeq — Pa) and (d¢c — ¢ceq) are the driving forces
for the charge transfer at the electrode—electrolyte
interface for the anode and cathode, respectively, while
the term (P — ¢c) is the driving force for oxygen ion
transport across the electrolyte. Thus, the ‘measured’
overpotentials of the electrodes referred to the reference
electrode are:

fcobs = PRE — P (11)
Naobs = PA — PrE (12)
Ncapp = (PrE — ¢c) — (Pre — dc) (13)
Naapp = (Pa — PrE) — (A — PrE) (14)

where the subscript ‘obs’ stands for observed overpo-
tential without ohmic compensation, ‘app’ stands for
apparent overpotential with ohmic compensation, ¢ is
the absolute inner potential of the electrolyte under
primary distribution conditions, which, in actual mea-
surement, can be obtained by the current interruption
technique or impedance spectroscopy.

Equations 11-14 show that the overpotentials of both
cathode and anode (for the cases of with and without
ohmic compensation) are expressed in terms of absolute
inner potentials of the electrolyte. These absolute inner
potentials of the electrolyte are readily obtainable by
solving the Laplace equation with the prescribed bound-
ary conditions. With boundary conditions of Equations
5-7, the potentials ¢,, ¢c and ¢rr under primary
potential distribution, and with boundary conditions of
Equations 8-10, the potentials ¢, ¢ and ¢rg, are all
obtained. These simulated results can be used to repre-
sent the ‘measured’ overpotentials with the objective of
identifying errors in the measurement due to the effect of
current and potential distributions in the electrolyte.

In SOFC, a single cell consists of five layers, that
is, current collector—anode—electrolyte—cathode-current
collector. Before conducting the modelling of current
and potential distributions in the electrolyte, the follow-
ing assumptions were made: (i) resistance between the
current collector and electrode is negligible; (ii) catalyst
activity is identical and well-distributed over the elec-
trode; (iii) charge transfer processes follow linear kinet-
ics, which is experimentally justified for SOFC electrode
under operating conditions; and (iv) Coaxial disc
electrodes are used in this study, which simplify a
three-dimensional model with i(x, y,z) and 5(x,y,z) to a
two-dimensional i(r,z) and #(r,z). Under these assump-
tions, the relationship between the overpotential and
output current density of the working electrode can be
established from the computed current and potential
distributions in the electrolyte. Table 1 gives some
typical geometric and property parameters of the fuel
cell used in the model solved by the finite difference
method.
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Table 1. Typical geometric and property parameters of a fuel cell

Operating temperature/K 1273
Thickness of electrolyte/cm 0.1
Area-specific polarization resistance of anode/Q cm? 0.2
Area-specific polarization resistance of cathode/Q cm? 0.2
Resistivity of electrolyte/Q cm 10
Radius of anode/cm 0.5
Radius of cathode/cm 0.5

Radius of electrolyte/cm 1

3. Results and discussion

All results were calculated from the model assuming that
the electrodes are all coaxial. The terms ‘symmetrical’
and ‘asymmetrical’ cells mean that the cells under
consideration are with identical and nonidentical elec-
trode diameters, respectively. In addition, the word
‘measured’ means simulated measurement.

The comparison of measured overpotentials with
assumed overpotentials of the anode and cathode, for
both symmetric and asymmetric cell configurations are
shown in Figures 2 and 3, respectively. In the symmetric
configuration, the measured overpotential without ohm-
ic loss compensation is underestimated for the anode,
but overestimated for the cathode. However, with ohmic
loss compensation, the measured overpotentials, for
both the cathode and anode, are very close to their
respective assumed values, which implicitly means that it
is possible to measure accurately the kinetic parameters
of the SOFC electrode provided that the reference
electrode is properly located. However, in the asymmet-
ric configuration, the measured overpotentials deviate
more from the assumed overpotentials than those in the
symmetric configuration. With the ohmic loss compen-
sation, there are still significant differences between the
measured and assumed overpotentials. In this case, the
current interruption or impedance spectroscopy is not

Anode

Cathode

Anode
0.1 -
Cathode
0.08 -

0.06 -

Overpotential / V

0.04

0.02 -

015 02 025 03 035 04

Current density / A cm™

0 0.05 0.1

Fig. 2. Overpotential curves at cathode. () Assumed overpotential
curve; (M) overpotential curve of symmetric cell without ohmic compen-
sation; (A) overpotential curve of symmetric cell with ohmic compensa-
tion; (O) overpotential curve of asymmetric cell without ohmic
compensation; () overpotential curve of asymmetric cell with ohmic
compensation.
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Fig. 3. Overpotential curves at anode. (®) Assumed overpotential
curve; (M) overpotential curve of symmetric cell without ohmic com-
pensation; (A) overpotential curve of symmetric cell with ohmic
compensation; (O) overpotential curve of asymmetric cell without
ohmic compensation; () overpotential curve of asymmetric cell with
ohmic compensation.

useful to compensate the ohmic drop between the
reference and working electrodes.

The current density and potential distributions in the
electroytes of both the symmetric and asymmetric cells
are shown in Figure 4. In the symmetric configuration,
the equipotential curves are symmetrically arranged in
both the primary and secondary distribution except for
the equipotential at the centreline of the electrolyte. If
the reference electrode is located at a distance longer
than three times the thickness of electyrolyte measured
from the edge of the cathode, the potential of the
reference electrode will be close to the potential in the
centreline of the electrolyte. With this reference elec-
trode arrangement, the electrode overpotentials can be
measured with improved accuracy as shown in Figures 2
and 3. However, in the asymmetric configuration, when
the radius of the anode is greater than that of the
cathode (ra > rc), the equipotential curves show the
tendency of inclining towards the cathode side. Thus,
the potential of the reference electrode, if located far
away from the cathode edge, approaches the potential of
the anode causing overrated (positive deviation) cathode
overpotential and underrated (negative deviation) anode
overpotential. The current density at the cathode edge
increases from 1.96 times the average current density for
the symmetric configuration to 2.35 times the average
current density for the asymmetric configuration under
the primary distribution. Under polarization conditions,
the current density distribution trends to be more
uniform for both the symmetric and asymmetric con-
figurations. Due to the nature of equipotential curve
distribution in the electrolyte and its effect on the
potential of the reference electrode, the anode ohmic
loss will be overestimated whereas the cathode ohmic
loss will be underestimated.

Keeping the size/radius of cathode (rc = 0.5 cm)
unchanged, Figures 5 and 6 show the effect of the
anode radius (from r, = 0.6 to 0.8 cm) on the measured
overpotentials with ohmic loss compensation of the
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cathode and anode, respectively. The reference electrode
is located at the circumference of the electrolyte disc on
the cathode side, which is five times the thickness of the
electrolyte measured from the cathode edge. Results
show that the measured cathode overpotential deviates
from the assumed overpotential and the wvalue is
increased with increase in anode radius, which means
that the measurement errors introduced by the asym-
metric configuration of the electrodes is increased with
increase in anode radius. The reverse trend is seen for
the anode overpotential, showing that the larger the
anode radius, the lower the measured anode overpoten-
tial will be. From the overpotential curves of this
asymmetric cell, the difference between the measured
and assumed anode overpotential is always equal to the
difference between the measured and assumed cathode
overpotential under the same current density. That is,

Haa — Naapp = Mcapp — MC,a (15)
This means that although error is introduced to the
measured anode and cathode overpotentials in the
asymmetric cell configuration, the total electrode polari-
zation is not affected.

It should be noted that when the overpotential of the
electrode is lower than 0.1 V, the Bulter—Volmer equa-
tion could be simplified to give a linear relationship
between the current density and electrode overpotential.
In addition, the apparent area-specific resistance could
be obtained from the slope of the overpotential curve.
Determination of electrode resistance based on Equa-
tions 28, 29 and 3 may cause some error when the local
current density at the working electrode surface is non-
uniform. The difference between the computed polari-
zation resistance and the assumed electrode resistance is

the source of the error. In percentage terms this is
defined as

A A

MXIOO

Error = A

(16)

Again, keeping the size of the cathode unchanged
(rc = 0.5 cm), Figure 7 shows the effect of the anode
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Fig. 7. Dependence of measurement error of cathode on the electro-
lyte thickness. (&) ra = 0.5 cm; (W) rpo = 0.52 cm; (A) ra = 0.56 cm;
(@) ra = 0.6 cm.

radius on the measurement error as a function of the
electrolyte thickness. For the symmetric cell configura-
tion (rp = rc = 0.5 cm), the polarization resistance can
be measured quite accurately, in particular for very thin
electrolyte. However, for the asymmetric electrode
configuration, the measurement error decreases rapidly
to a minimum point with increasing electrolyte thickness
and then increases slightly with further increase of
electrolyte thickness. The thickness corresponding to
minimum error is increased with increase in anode
radius. Analysis of cell configuration parameters shows
that the measurement error is mainly contributed by two
factors, one is the ratio of the electrode deviation
(Aetectrode = Fa — rc) to the electrolyte thickness (d.),
and the other is the ratio of the electrode polarization
resistance (R*) to the electrolyte resistance (d./c.). With
the increase in electrolyte thickness, the asymmetric
effect on the measurement error weakens and the
electrolyte resistance dominates the whole cell perfor-
mance, causing the tendency of the measurement error
as shown in Figure 7.

The dependence of the area-specific polarization
resistance on the measurement error as a function of
the electrolyte thickness is shown in Figure 8. The radius
of the electrode in this study is 0.5 and 0.6 cm for
cathode and anode, respectively. The trends of the
measurement error are similar to those shown in
Figure 7. Because the electrolyte resistance is to be
dominant with decreasing electrode polarization resis-
tance, the measurement error increases in such a
manner. With increase in electrolyte thickness, the
dominant factor shifts from Aeecirode/de t0 R™/(defce).
The electrolyte thickness corresponding to minimum
measurement error does not seem to vary much with
different area-specific polarization resistance. Combin-
ing with the results of Figure 7, one can conclude that
the electrolyte thickness corresponding to minimum
measurement error of the electrolyte is mainly affected
by the deviation of electrode sizes and is non-sensitive to
the electrode polarization resistance. Thus, the electro-
lyte thickness of a fuel cell used for reaction kinetic
investigation should be carefully considered to minimize
the measurement error. In general, it is desirable to
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design a cell with thick electrolyte, in particular for an
asymmetric cell.

When studying the effect of electrode deviation on the
measurement error, one special case has been consid-
ered, that is, the anode-supported cell where the anode
radius is equal to the electrolyte radius. Assuming the
polarization resistance of the anode and cathode to be
0.1 and 0.2 Q cm?, respectively, Figure 9 shows that the
measured anode overpotential is almost equal to zero
and the measured cathode overpotential is equal to the
sum of the assumed anode and cathode overpotentials.
Figure 10 shows the anode and cathode current density
distributions of the anode-supported cell. Results show
that the current density of the cathode at the edge is
higher than that at the cathode centre point, while the
current density of the anode decreases along the anode
radius. Since there is no reaction in the anode at radius
greater than 0.7 cm, the overpotential of the anode
should be equal to zero. Therefore, for the anode-
supported fuel cell, the potential of the reference
electrode, at a distance equivalent to three times the
electrolyte thickness measured from the cathode edge,
will be equal to the equilibrium potential of the
electrolyte at the anode—electrolyte interface. It is
impossible to distinguish the source of polarization
contributed either from the anode or cathode.
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4. Conclusions

The simulated measurement showed that the measure-
ment accuracy of the electrode polarization is influenced
by the parameters that have impact on the potential
distribution in the electrolyte. These parameters include
electrode deviation, electrolyte thickness and electrode
polarization resistance. The cell geometrical configura-
tion should be carefully designed to accurately deter-
mine the electrode overpotential in a three-electrode
measurement system. In this study, the following con-
clusions can be stated:

(1) In a symmetric electrode arrangement, measure-
ment of electrode overpotential can be improved by
ohmic loss compensation. Although the current
interruption method or impedance spectroscopy
can be employed to compensate/correct the mea-
surement error for the symmetric electrode system,
it is not useful when dealing with asymmetric elec-
trode systems.

(i) If the anode radius is greater than the cathode ra-
dius (ra >rc) in a three-electrode system, the
measured cathode overpotential will be overesti-
mated while the measured anode overpotential will
be underestimated. This is due to the potential of
the reference electrode approaching the potential of
the anode with shift from primary to secondary
distribution.

(iii) Although the measured cathode overpotential is
increased with increase in anode radius, and the
measured anode overpotential is decreased with
increase in anode radius, the total electrode over-
potential of the cell remains unchanged.

(iv) The measurement error of polarization resistance in
a three-electrode system is related to the anode ra-
dius, electrolyte thickness and electrode polarization
resistance. The electrolyte thickness corresponding
to minimum measurement error is increased with
increase in anode radius and is non-sensitive to the
electrode polarization resistance.

(v) In an anode-supported fuel cell, because the po-
tential of the electrolyte outside the reference elec-
trode diffusion double layer (¢rg) is equal to the
potential of the electrolyte just outside anode dif-
fusion double layer (¢4) under equilibrium condi-
tions, it is impossible to distinguish the source of
polarization contributed by either the anode or
cathode.
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