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Multiple phases ...

... of matter in an electrochemical system may be arranged more discrete or more perco-
lated. This different states of homogeneity have influence on most properties, which are
meaningful in technical applications of such systems. In issue 1/95 of this magazine we dis-
cussed a special case of inhomogeneity: Surface layers with conductance gradients perpen-
dicular to their surface are mainly of interest in the fields of corrosion, passivation and coat-
ing. In this issue we will continue with the discussion of non-homogeneous systems - but with
that kind of inhomogeneity which is characterizing porous systems.

It is a common way to construct electrochemical
cells by means of porous electrodes, if one is forced
to increase the maximum current density under
limited spatial conditions. The trick is to increase the
electrochemically active area at constant geometri-
cal dimensions.

Porous systems are of interest for many fields, for
instance for sensor technology. This issue of EIApNS
will focus on systems, designed for power genera-
tion like batteries or fuel cells. At a smooth elec-
trode, the electro-active two-phase-boundary be-
tween the ion-conducting and the electron-
conducting phase is planar. The transition from a
smooth electrode to a porous one may be under-
stood as a folding-up in the third dimension. One
characteristic of the so built pores is, that areas of
active surface in different depths generally have
different distances to the equipotential planes repre-
sented by sections through the bulk phases. In prac-
tice this causes a different coupling to the current
collectors and to the transport paths for products
and educts.

A further complication arises, if products or educts
respectively are in the gas phase, as it is the case in
fuel cells. In the meaning of the following articles,
such three-phase-boundary systems shall be char-
acterized with the term "porous” in the same way, if
a porous fold up of the ion-electron-conduction inter-
phase (double layer) exists. Since 1961 [1] such
systems were treated theoretically. Generally, the
authors do not assume an inhomogeneous behavior
of the electrodes in lateral direction to the surface.
Although specific problems with lateral non-uniform
current densities are of practical relevance (for in-
stance at a high gas throughput in fuel cells), they
cannot be treated here, in contrast to the behavior
perpendicular to the geometric surface (or in the
direction of the pore orientation).

Our first article (author H. Gohr) reports of systems,
which are homogeneous too with respect to the
double layer electrochemical activity in that pore

direction. His term "homogeneous pore system"
characterizes a porous electrode, which is not only
homogeneous (invariant on periodic translations) in
the direction of the two dimensions of the geometric
surface, but also along the pore depth. It must be
mentioned, that this kind of uniform pore activity
does not restrict the model on cases, where a uni-
form direct current distribution must exist. As a con-
sequence, this model could be successfully used in
the work reported by F. Richter in the second article.
Here the homogeneous pore model was applied to
the development and quality control of high tem-
perature fuel cells. In particular the less problematic
zero current case and the case of current sourceing
up to a density of about 0.3 Alcm? (geometric area)
is discussed.

In the third contribution W. Paasch introduces a
model of a "system of inhomogeneous pores", which
is no longer based on the assumption of uniform
electrochemical activity along the pore axis. One
should expect such inhomogeneous pore properties
for instance, if high current densities will shift the
bias of the charge transfer to the exponential branch
of the Butler-Volmer-curve, or if rate determining
diffusion processes in the pores occur.

Generally, coming from a more simple description to
the models of homogeneous and finally inho-
mogeneous pore systems, the number of character-
istic model parameters increases. On the other
hand, the experimental impedance data become
less expressive when moving from smooth elec-
trodes to porous ones. The difficulties coming up
from this contrary situation are obvious. But the work
of F. Richter demonstrates, that under certain condi-
tions otherwise inaccessible information will be ob-
tained by means of such models. (CAS)

[1] K.J. Euler: Die Verteilung der Stromdichte (ber die
Dicke von ebenen porésen Gas-Elektroden in elektroche-
mischen Stromquellen, Ann. Physik. 7. Folge, Bd. 26
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Impedance Modelling of Porous Electrodes

by H. G6hr
Erlangen

In the discussed model there are 5 impedances that
contribute to the sum impedance of a porous elec-
trode. These are Z, of the interior interface area A
of the pore system, Z, of the pores filled with
electrolyte, Z; of the porous layer as well as Z, and
Z,, at the outer contact areas A, electrolyte/layer
material and A, pores/metallic body (fig.1 & 3).
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Fig.1: Skeleton sketch of a porous electrode system and
flow of alternating current.

If A;is sufficiently bigger than A, and/or A, Z, or Z,
respectively can be dropped (Z,—x or Z,—x). By
dissecting the pore system (thickness d) into n slices
of the thickness d = 6/n (fig.2) with the impedances
Z4i, Zpi, Zsi (i =1, 2, ... n) occurring there, Z, results
in the reciprocal of the sum of the ad-

VZg=zgy + 1zgp + ... + 1/Z¢,
Zy=Zp + Zpp .t 2
Zs=Zg+Zpp* ...+ Zg

Fig.2: Sectioning of a pore system of thickness & into n
slices no i=1,..., n (thickness d=8/n) and connections of the
impedances zg;, z,;, s Within slice no i, and of Z. and Z.

mittances zq,-'1 and Z, and Z; in the sum of z,; or zg
respectively. If the pore system is homogeneous so
that z; = z,, z,, = z, and z; = z; correspond in all
slices, for n — o one gets an analytical expression
as a link of all 5 impedances. To achieve a clear
description auxiliary complex variables are defined":

7 =(z+2) z]"
Z\|=2,-2./1(Z+ Z.),
qge=Z | Ze, qu=2"| Zn,
p=21(Z+2), s=2./(Z,+ Z.),
V= [(Zp+Zs)/Zq]l/2, T = tanh(v)

The impedance of the homogeneous pore system
then is:

1+ 2ps[(l . 1] +T(pPgn+5°.)

Z=Z|+Z -

In the case of inhomogenities no general valid ex-
pression could be found. Then only special cases
could be discussed.

Z, (as well as Z, and Z,) corresponds to a parallel
connection of a double layer impedance and a
Faraday impedance, which besides a transfer resis-
tance also provides diffusion and adsorption shares.
Z, and Z; generally can be described as resistors. In
the case of a metallic pore system mostly Z, = 0.
Then p=0and Z // = 0. In regard to Z should be
mentioned: In the case Z, = R . and Z; = R are
resistors, the phase shift ¢(f) of Z is exactly half of
the one of Z, because of the square root at each
frequencyz.

T'(1+qe'qm)+qe+qm

Mainly special cases are of interest as in the general
case so much parameters will be found, that one
can determine these ?arameters only hardly without
additional knowledge” by fitting the calculated with
the measured impedance spectra.

Special case 1:

ZLe=Zm—> ©
1+2 ps[(l -1?)" - 1}
T

Z=Z|+Z -
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Fig.3: Equivalent circuit of a homogeneous pore system.
Special case 2:

Zy=0o0rZs (p=0ors=0resp Z|=0)
\+T-Z" | Z.

Special case 3:
Ze=Zmn—>0 and (Zp=0or Z:=0)
.- 2.]”
) tanh([Zs / Zq]l/z)
2, 2.]"
) tanh([Zp / Zq]l/z)

Z: * *)
T/Z [1+Z7(Ze-Zn)|+1) Ze+ 1] Zn

' The tanh for real arguments -c0<v<w is limited to the
range of -1<tanh(v)<1.

2 This means that Z' corresponds to a Warburg impedance
(with @=-45°), if Zq=(ij)'1 is capacitive.

8 Especially the measurement or estimation of one or more
impedances Z,, Z, Zq, Ze, Zn.

Impedance Measurements under High Current for
Development and Quality Control of Solid Oxide Fuel

Cells (SOFCs)

by Franz Richter
Siemens AG, KWU, Erlangen, Germany

OFCs with oxidion-conducting electrolytes have been developed for temperatures from
750°C to 1100°C with various designs. The planar variant, developed by the Siemens
AG, contains stacks of single cells which are connected through metallic connectors.

A sketch is shown in figure 1. Usually, the gastight
electrolyte consists of doped zirconia (ZrO,),
whereas anode and cathode consist of nickel-
cermet and a mixture of doped lanthanum-anganite
(LaMnO3) and electrolyte material. The electrodes
could be composed of several porous layers of a
different composition. Figure 1 does not include all
additional layers of materials which ensure the elec-
tronic contact to the stack or which act as a diffusion
barrier.

It will only be possible to develop efficient fuel cells,
if appropriate diagnosis procedures are available to
check the quality of the whole cell and the quality of
the single layers, for example for each individual
electrode. The use of potential probes has been
discussed [1] for the electric characterization of
layers. This method is, however, not free of prob-
lems, as potential probes in realistic cells can only
be fixed on the edge, which means fixing on a sur-
face with a distorted electric field. Impedance meas-

urements on complete, sufficiently small cells could
be a solution for this.

End
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Fig.1: Planar arrangement of SOFC components.
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% : y | N# Value Significance Error/%
& | | 1 18.04 mQ 0.83 2.5
‘é ‘ ! 2 6.46 mQ 0.24 4.31
E : 3 1.517 mF 0.10 18.73
| 684 m 82.73 0.01
| 4 27.94 mQ 0.47 0.53
‘ ‘ ‘ i \ 5 2273 F 0.29 3.27
20 30 40 50 60 952.1 m 26.36 0.01
Real(Z) / mOhm 6 1
21.19 mQ 0.17 10.67
0 Ohm
7 13.06 nH 13.42 0.06
modulus impedance error: mean 0.2 %, max. 2.7 %
phase angle error: mean 0.1 deg, max. 1.5 deg

Impedance / mOhm

Frequency / Hz

The latest developments in the field of measuring
techniques allow evaluations on cells with an inter-
nal resistance of 10 mQ up to the high frequency
end of 100 KHz. This corresponds to a maximum
electrode area of about 4 times 4 cm®. Stacks with
all essential layers and typical channels for the gas
supply of larger stacks can be verified in that kind of
setup.

In principle, the electrical parameters of larger de-
vices can be determined by analyzing the frequency
response with the help of ,equivalent circuits®: As a
result of extended phase boundaries between elec-
trodes and electrolyte material in the electrodes,
these cell components show a negative imaginary
part with approximately the same frequency-
dependence as the one of a capacitance (double-
layer capacitance). The Faraday impedance of the
electrochemical charge transfer is connected in
parallel. The Faraday impedance with a real part at
low frequencies enables a flow of direct current
through the cell down to ® — 0. This "shunting" is
the reason why one can distinguish between the
electrodes and the behavior of the bulk layers. Nor-
mally the other layers show a real response in the
complex impedance plane with the share of the
electrolyte resistance dominating.

Series connections of bulk resistances cannot be
subdivided further, so that measurements in simpli-
fied systems with a reduced number of layers have
to be used in order to determine the individual con-
tributions.

Phase / deg

Tab. 1: Fit results of the system described in Fig.2

Fig. 2: Nyquist and Bode plots of the impedance spectra for
a SOFC at 850°C and at rest potential of -0.92V. Fuel gas:
H, with 50% humidity, oxidant: air, 30 I/h both. Circles:
measured data, lines: modeled curves. The EC does not
consider the H,O diffusion behavior at the anode.

An empirical equivalent circuit can be applied for the
simulation of impedance spectra. Besides a series
resistance and an inductivity, the equivalent circuit
contains time constants of parallel R/C and R/CPE
(CPE = constant phase element) combinations. The
time constants due to anode and cathode respec-
tively is insured by varying of the measurement
conditions such as

e variation of the gas supply
¢ specific damage of anode or cathode
e measurements on so-called ,symmetric cells®

The results have been very useful for the develop-
ment of electrode/electrolyte units. On the one hand,
a complete full area contact between electrodes and
interconnector, which is necessary to achieve and to
evaluate performance, could be proved with the help
of the information about the series resistance. On
the other hand, R out of R/C and R/CPE combina-
tions directly results in the differential polarization
resistances R, equal to R of the electrodes by
means of:

real part (CPE) >« for @ —>0 (1)

When looking at the structure of porous electrodes,
which is active in three dimensions, it becomes clear
that simple combinations of resistances and capaci-
tances free from losses cannot precisely reflect the
characteristics of electrodes. The reason for this is
considerable electrochemical activity
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within the electrodes, which follows from the desired
enlargement of the triple phase boundary between
electrolyte, electrode material and gas phase for the
purpose of high current densities. The consequence
of this spatial expansion is the coupling of active
electrode areas to the electrolyte via ionic conductiv-
ity and to the metallic connector of the relevant
electrode via electronic conductivity. In some cases,
the equivalent circuit of a R/CPE combination there-
fore provides a useful approximation within a limited
frequency range. There are, however, better models
based on equivalent circuits, whose essential ap-
proach is the same in each of the following assump-
tions:
o the electrode be homogeneous in its area
e limitations regarding the conductivity are only
considered in the direction of the thickness of the
electrodes
o the electrochemical exchange of charge across
the phase boundaries of electrolyte/electrode is
treated as a bridge between the electronic and
the ionic conductivity

|
decionie | [cathode |

|

|

|
| contacts
|
|

.‘

Ry R

Fig. 4: Chain ladder model of a cathode.

Phase / deg

R1 R2 R4 R6 L9

CPE3 CPE5 CPE7

N# Value Significance Error/%
1 18.21 mQ 0.84 2.25
2 6.731 mQ 0.25 2.09
3 1.656 mF 0.11 18.06

685.5m 51.80 0.01
4 4.207 mQ 0.08 9.61
5 4268 F 0.06 11.69
1 3.61 0.34
6 25.81 mQ 0.43 0.94
7 2733 F 0.26 3.03
953.5m 25.59 0.02
8 1
13.64 mQ 0.12 6.20
0 Ohm
9 13.28 nH 8.23 0.06
modulus impedance error: mean 0.1 %, max. 1.4 %
phase angle error: mean 0.0 deg, max. 0.6 deg

Tab 2: Fit results of the system described in Fig.3

Fig 3: Nyquist and Bode plots of the impedance spectra for
a SOFC at 850°C and at rest potential of -0.92V. Fuel gas:
H, with 50% humidity, oxidant: air, 30 I/h both. Circles:
measured data, lines: modeled curves. The EC is extended
by the elements R4 and CPES. They represent the diffusion
hindrance of H,O in H, at the anode.

Models and the related impedances have become
known under names, such as ladder network, ho-
mogeneous pore system and transmission line
model (TLM) [2,3,4]. Figure 4 shows the equivalent
circuit of that kind of ladder network used on the
cathode of a SOFC [5]. In the following, some ex-
amples of the impedance of cells within technically
useable stacks and gastight-soldered housings are
shown. The geometric electrode area is 16 cm?.
Figure 2 shows the cell impedance at rest potential.
In the presented Bode and Nyquist diagrams, the
marked points are those measuring points which
have been selected as samples for the simulation.
The streaked lines indicate the simulated imped-
ance. The figure shows the applied equivalent cir-
cuit. The anode process was simulated by a R/CPE
combination. (It could be proved that the high-
frequency arc is assigned to the anode, in this case
simulated by the parameters 2 and 3). This ap-
proximation, which has already been discussed
earlier in this report, is precise enough, as the con-
tribution of the anode to the overall polarization of
the cell is low. The parameters 4,5 and 6 in figure 2
reflect the model of the ladder network for the cath-
ode, with the ionic and electronic conductivity ap-
pearing as resistance values 21.19 mQ and zero
respectively; according to figure 4 (zero means a
negligible small value).

These contributions have been verified and ac-
knowledged during special measurements. Accord-
ing to the 2nd reference, the summarized polariza-
tion resistance of the cathode is:
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and results in a value of 34.6 mQ. This value can
approximately be read directly from the real part of
the Nyquist diagram. But this can only be done
without resolution into the contributions R4 and R6,
which are assigned to the integral oxygen exchange
(transfer resistance) and the integral ionic conductiv-
ity. It must be stated, that the quality of the simula-
tion in the frequency range from 5 to 50 Hz is infe-
rior to the simulation in other frequency regions.
According to [6], the reason is a diffusion hindrance
of vapor in hydrogen in the gas channels in front of
the porous anode system. In this frequency range it
can be described as a RC combination. The results
for the same measurement in view of this fact are
shown in the figure 3. The simulation quality
achieved with the applied models is excellent. Simi-
lar checks are necessary for the qualification of
power-supplying cells with high current density.
Higher currents are necessary, because the cathode
shows significant activation on the load. Therefore
one spectrum shows the impedance of a cell at its
maximum allowable polarization, that means at a
cell voltage of about -700 mV and a current of
approximately 4.5 A.

The measurements have been carried out with a
Zahner impedance measurement equipment (IM5d)
in combination with an electronic load (EL 300). It is
often necessary to make use of this load, because

Phase / deg

N# Value Significance Error/%
1 17.72 mQ 0.76 1.01
2 7.373 mQ 0.27 1.54
3 2.054 mF 0.09 8.68

686.8 m 8.90 0.09
4 3.1 mQ 0.07 8.27
5 4.001 F 0.05 8.91
1
6 14.75 mQ 0.32 0.61
7 2.358 F 0.17 2.75
953.7m 25.46 0.01
8 1
12.38 mQ 0.11 4.09
0 Ohm
9 13.29 nH 0.70 1.10
modulus impedance error: mean 0.1 %, max. 0.8 %
phase angle error: mean 0.0 deg, max. 0.3 deg

Tab 3: Fit results of the system described in Fig.5

Fig 5: Nyquist and Bode plots of the impedance spectra for
a SOFC at 850°C and at maximum load of 4.5A (=
0.3A/cm?). The potential was -0.7V. Fuel gas: H, with 50%
humidity, oxidant: air, 30 I/h both. Circles: measured data,
lines: modeled curves. The EC is extended in the same way
as in fig.3.

30 A are reached with oxygen on the cathode and
dry hydrogen on the anode and a geometric elec-
trode area of 16 cm?. This leads, however, to a
limitation in the upper frequency range (< 10 KHz).
The results shown in the figure 5 have been
achieved under maximum load in air operation and
by using a hydrogen-vapor mixture in a 1:1 ratio.
This condition ensures a homogeneous current
density distribution along the area of the anode and
with this for the complete cell. This prerequisite
together with a good linearity of the current/voltage
characteristic of the cathode allowed to apply the
model for homogeneous pore systems [3] not only at
rest potential, but also under DC load. As is seen
from the substitution of the parameter Rg for the
oxygen exchange, it is exactly this parameter value
which is reduced by the DC current flow from 25.8
mQ to 14.8 mQ at the same temperature. The po-
larization resistance of the cathode therefore de-
creases too, according to (2). In summary, it can be
stated that the application of impedance measure-
ments are an approach to parameters, which have
proved to be indispensable for development and
quality control, especially at high currents in realistic
cell setups. The following parameters are included:

e the series resistor as the sum of the bulk resis-
tors of the installed layers

e the polarization resistances of the electrode,
resolved into contributions for conductivity and
exchange processes

e additional contributions of the gas supply hin-
drance near the electrode
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The structure of the electrodes and the electrical
contact between the layers could be optimized with
the help of this information.
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Impedance of Inhomogeneous Porous Electrodes
A novel transfer matrix calculation method

by G. Paasch’, P.H. Nguyen '?

! Institut fir Festkorper- und Werkstofforschung, Universitat Dresden, 01171 Dresden, Germany
2 Physikalisches Institut und Bayreuther Institut fiir Makromolekiilforschung (BIMF), Universitat Bay-
reuth, 95440 Bayreuth, Germany

ransmission line models (TLM) [1] are widely used to describe the electrochemical im-
pedance of porous electrodes or of solid oxide fuel cells. Contrary to a lot of real sys-
tems the distributed elements are supposed to be position independent (homogeneous
system) in the usual TLM's. The authors developed a (4x4) transfer matrix calculation
scheme for the impedance of an inhomogeneous TLM for two geometries, (a) the system
metal/porous layer/electrolyte and (b) the system electrolyte/porous membrane/electrolyte. In
this article the simplified (2x2) version (one resistivity negligible) for the geometry (a) and

demonstrate examples for both geometries is presented.

The transmission line model

Our treatment is based on the two-phase model
described in [2-3]. In the electronic and ionic phases
there are the potentials ¢ and ¢,. On a length dx
there are the resistivies dRi =g dx/A (i=1
electronic, i = 2 ionic) with the respective specific
resistivities p (which must account for the respective
volume fractions of the phases). Both phases are
continuously interconnected by a complex conduc-
tance dG = gAdx. This system can be represented
by the TLM shown in Fig.1.

metal ary
dR> electrolyte

IIZL:-

thickness d
area A

Fig.1: Transmission line model of porous electrode
The potential propagation is described (periodic time

dependence with angular frequency w) by the two
coupled differential equations.

(- )__ii%
8P —0,)= x p, d
(1
__4d 1ldp
g —p)= dx p, dx

where g, p1, p2 are in principle frequency dependent
and position dependent. For a homogeneous sys-
tem the potential propagation is determined by the
complex decay length

A= [g(pl + ,02)]% (2)

Although the matrix method can be formulated for
the general case we consider real resistivities here.
As an example for the interconnection conductance
we assume charge transfer (ct) as in [2-3] which is
hindered in series by finite diffusion, both in parallel
with double layer (dl) capacity (all at the pore sur-
faces). These processes are described by

g= CS(ia)+a)0Y) (3)
o, =0 KT 4)
C F

where C is the dl capacity per unit area, S is the
pore area per unit volume, and the characteristic
frequency ap contains the standard exchange cur-
rent density j, of the ct process. The finite diffusion
hindrance is contained in (3) by
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-1
Y:{l+\/?72coth\/£} (5)
iw ,

~2
w,=k /D a)3=D/l; (6)

where the two characteristic frequencies are deter-
mined by the (dominating) diffusion coefficient D,

the reaction velocity % , and the characteristic length

of the pores ¢, limiting the diffusion in the space.
The complex decay length (2) is then specified as

2
(&) A wﬁ% 7)
d io+wY CS(pl +p2)d

and for the assumed position independence of all
parameters the impedance is for the geometry (a)

(layer covering a metal electrode) given by

(1+ Sn)exp{ L [/111 - ;j }(1 -5,) eXp{— Z[

2 2
2
A Aarpd 4 2o, 1 AP

= coth =+ 8)
d p+pd 2 pl"'pzsinh% p+p

Applications and examples can be found in [2-5].

The transfer matrix method

In the generally inhomogeneneous TLM the para-
meters depend on the coordinate perpendicular to
the layer as demonstrated in Fig.2 for the resistivity
o(x) - in the following the simple case is considered
that one resistivity is negligible p, = p(x) » p1 = 0. In
order to describe this situation the layer is divided
into N slabs and in each slab each quantity is re-
placed by its mean value, e.g. g, = (o(Xn1) + (X)) /
2. Then the potential propagation is determined by
transfer matrices (such methods are common in
other fields [6,7]) connecting the slabs n and n+1.

1
M, =~

n

The potential propagation through the whole layer is
determined by the matrix product

M=]]Mm, (10)

For the geometry (a) (Fig.2) the appropriate bound-
ary conditions lead to the impedance

A (M, + M, )e N + (M, + M,,)
d

A
Z—= —p(O) 2d/2 8))
d (MII_MZI)e N+(M12_M22)
pl pore electrolyte)
electrolyte latyer rretal
I
1l n y
D:XDX1 ><n-‘1 ><n ><n+1 Xde

Fig.2: Position dependence of the resistivity and splitting
the layer into N slabs.

Here, Mj are the four elements of the matrix M (10).
For a homogeneous system it is seen from (9), (10)
that M11 = M22 =1 and M12 = M21 =0 and (11) is
reduced to (8) (with p; = 0 as assumed here and p,

2 11 1
(1- S,,)GXP{)("(M + /1)}(1 + Sn)exp{— Zn[

1+1j Jup

ln-ﬁ-l )“n with S" = (9)
) An + 10n +1

- AJ}

= p(0)). With (9) to (11) a fast and simple calculation
of the impedance is possible for arbitrarily chosen
position dependencies of the parameters of the
system. The number N of the slabs depends on the
position dependence one wants to describe. For the
membrane geometry (b) there are only other bound-
ary conditions than for (11) but the impedance is
determined by the same matrix M.

Examples

In the following it is demonstrated that position de-
pendent parameters of TLM's can cause significant
qualitative modifications of the impedance. A posi-
tion dependence of the resistivity is considered for
simplicity only. This is shown in Fig.2. The depend-
ence

A d
p(x):p0(1+/:exp{L(;—lj}J (12)

is used to describe an increase of the resistivity
towards one side (for the layer coating a metal to-
wards the interface with the metal). This simple
dependence contains as parameters only the maxi-
mum increase A p/ py and a characteristic length L.
For d/L » 1 the resistivity increases from py to pg + A
p in the immediate neighborhood of the interface
only, whereas for d/L« 1 the resistivity is almost
constant pp + A . In the examples only one value A
p ! po =10 has been chosen but different values d/L
(0.1, 1, 10). As just explained, the most interesting
case will be a value near d/L = 1. For the three val-



Electrochemical Applications 1/97

page 9

ues d/L the number N which almost gives the exact
results are about 20, 80, 120. The four characteristic
frequencies (4), (6) and (7) have forp, the values ay
= 100s" @ = 10s" @, = 0.1s" & = 0.001s™. The
impedance is shown in the figures in the Nyquist
representation and for better orientation 4 fixed
frequencies (w/ 2 © = 103, 10, 0.1, 0.001 Hz) are
denoted by symbols (o etc.) from left to right. Fig.3
shows the impedance for the layer coating a metal
electrode and Fig.4 shows the results for a mem-
brane for the same parameters.

700

500 |
500 |
400 |

300 F

_Zw)ia

200

100 F

Z(@) /1 Q
Fig.3: Impedance of a porous layer covering a metal.
Parameters explained in the text.

For a constant resistivity gy due to the choice of the
characteristic, frequencies in both cases for high
frequencies, a depressed and right scewed arc, are
arising from the distributed ct and dl elements. This
part is clearly separated from the low frequency
behavior determined by the finite diffusion in the
pores. Forthe layer this leads to the Warburg

0 100 200 300 400 500 600 700 800 900 1000 1100

[oap=10

)i

hand the two different diffusion parts become sepa-
rated from each other and apparently one has a
superposition of three arcs. Finally, Fig.5 shows for
d/L = 10 the case of a layer when the resistivity of
the pore electrolyte increases either towards the

700 T T T T T T T ]

Aplp= 10
aL=10

= const

[ pincreases towards
500 | - - - electrolyte
metal

800 |

400 F

') a

300 f

100 o~
F s

[ - \\ ',r"
[el \I'\iﬂ/ 1 1 I I 1 1 1

a 100 200 300 400 500 600 700 800
Zio) o

Fig.5: As Fig.4 but increase of p towards the metal (---) and
towards the electrolyte (...)

interface with the metal or towards the electrolyte.
The qualitative difference between both cases can
be understood as follows. In the first case, the small
metal-near region with high resistivity results effec-
tively in a "thinner" layer. But in the second case, the
potential can penetrate into the layer through the
thin high resistive region only.

Conclusion

The examples show clearly the importance to con-
sider thoroughly parameter dependencies of inho-
mogeneous TLM's to avoid serious misinterpreta-
tions of measured impedances. The method
sketched here shortly provides a fast and simple
tool for the calculation of the electrochemical im-
pedance of inhomogeneous TLM's. The more gen-
eral (4x4) version of the method will be published . It
should be noted that the matrix method given in [8]
does not solve the boundary value problem explic-

itly.

0 50 100 150 2000 pitsl 300

Z(w)/ 2
Fig.4: Impedance of a porous membrane.

behavior and to a capacitive behavior for even
smaller frequencies. In the case of membrane both
is compressed in the smaller arc as a result of the
modified boundary conditions. Inclusion of the posi-
tion dependence (12) of the resistivity leads not only
to a general scaling to higher impedances but modi-
fies the low frequency behavior qualitatively in par-
ticular. For the layer the most striking change is the
transformation of the capacitive low frequency be-
havior into a CPE-like behavior (in the same fre-
quency range). For the membrane on the other
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Main error sources at AC measurements on

low impedance objects

by C.A. Schiller
Zahner-elektrik GmbH & Co. KG

t a first glance, AC impedance measurements seem to be a simple task: As in DC
measurement setups one has to compare a response signal coming from an exam-
ined object (current or potential resp.) with a stimulation signal applied to the object
(potential or current resp.). The difference is to use AC instead of DC signals.

Since almost perfect equipment exists, measure-
ment accuracy problems are more problems of the
expectations of the user and less problems of the
instrumentation itself: Even very experienced scien-
tists in the fields of EIS can hardly estimate the
significance of parasitic effects when moving from
lower to higher frequencies. Origin and phenome-
nology of artifacts as well as remedies for them
differ totally, if one measures very low or very high
impedances. Although high impedance artifacts are
very important for wide fields of EIS, in accordance
with the focus of this issue of EIRRRS, only low im-
pedance effects shall be treated here. Additional
artifacts will be treated in the next issues.

Current
AC Zs
i +
DC 75Sm| Zmf-— INA
Scm Zf Sout

U
77777

o

Fig.1: Common mode effects in an impedance measure-
ment arrangement.

The main error sources for low impedance objects
arise from the competition between the small im-
pedance of the object and the comparable or even
much higher series impedances of the feed wires.
Two different kinds of interference are important
here: Common mode interference and coupling
interference. The first one results from overstressing
a specific ability of the instruments input amplifiers
and is called common mode rejection ratio (CMMR).
Every instrumentation amplifier has not only a well
defined and wanted sensitivity for signals as a dif-
ference between its input terminals. In addition a
small, but unwanted sensitivity exists for "common
mode signals", which are defined as signals fed to
both amp inputs in parallel and referred to ground.

The CMMR is the quotient between the wanted
differential- and the unwanted common mode sensi-
tivity. Fig. 1 shows the appearance of common
mode effects in a simplified impedance measure-
ment arrangement. The signal- to common mode
ratio SCMR (equ. 1) defines the suppression of
unwanted contributions from common mode effects.

SCMR =CMMR * Si,/ Sem 5 Sm/ Sem =Zm! Z¢ (1)

An example shall illustrate the effect. A fuel cell
electrode has an impedance of about 100 mQ at
DC. One meter of a typical labor cable used as a
feed wire has a series resistance in the same order
of magnitude. The SCMR is near the CMMR, which
is typically in the range of 10° for a DC amplifier.
This error contribution at DC in the range of 107 is
negligible. But at 100 KHz the cell impedance is
reduced to about 10 mQ, while the series imped-
ance modulus of the feed wire is increased to about
1 Q caused by its inductivity. In addition the CMMR
of instrumentation amplifiers is much less at high
frequencies than at DC. For instance the popular
INA series of Burr Brown show a CMMR of 10° at
DC but only 10 to 100 at 100 KHz. This leads to a
SCMR of only 1 for typical amplifiers on the market
and about 300 in the case of the IM6 with its much
better initial CMMR. In case of the IM6 the common
mode error contribution would cause a deviation in
the phase angle of about 2 degrees and 0.3 % in the
impedance modulus. Short and thick lead wires can
help to minimize such errors.

The second type of low impedance errors is caused
by coupling effects between current-feeding and
potential-sensing lines. It diminishes at DC, but
becomes dramatic at higher frequencies. Even the
best amplifier technique cannot suppress this effect,
because it affects the measurands themselves. The
origin is the so called mutual inductance between
the above mentioned lines, which may be under-
stood as a transformer arrangement (fig. 2). If one
would lead current feed and potential sense cables
side by side and in parallel, the error effect would be
at its maximum. All magnetic field of the current
path would be common with the potential sens-
ing path. Under such worst case conditions 0.3 %
uncertainty in the impedance modulus can be
reached already at 30 Hz! Because magnitude and
sign of the contaminating signals are varying with
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Fig.2: Mutual inductance may be understood as a trans-
former arrangement.

the geometry, the phase angle may be shifted be-
tween inductive, capacitive and almost zero error,
while the impedance modulus is heavily distorted
even at correct phase angle. Cable shielding does
not help. The only way to suppress the mutual in-
ductance errors as far as possible, is to minimize
the magnetic coupling. In practice one should use
one twisted pair for the current feeding lines and a
second one for the potential sensing lines. So the
magnetic field of the current, flowing to the object, is
almost perfectly compensated by the inverse field of
the current flowing back. The small residual field will
influence the sense line of normal and that one of
the inverse polarity in the same way. This will create
only common mode signal, which may be sup-
pressed by a good instrumentation (Fig. 3).
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@ ffffffffffffffmi Wfffffffffffffff

N

“

|
|
i
Potential Sense
Circuit

Fig.3: Twisted pairs of current feeding and potential sens-
ing lines suppress the mutual inductance errors.

What we can learn is, that the best wiring and the
best instrumentation is not able to suppress the
mutual inductance error completely, because of the
finite dimensions of the examined object itself. A
rule of thumb may help not to overstress the expec-
tations on the significance of low-impedance-high-
frequency measurements. The maximum frequency,
which makes sense to investigate, is given by equa-
tion 2:
frnax=1MHz / Z, (2)
This limit can only be reached or slightly exceeded
by a careful wiring.

FAQs

How can | reduce the measuring time for my
impedance spectra?

A reduction of the measuring time will often be de-
manded in case of examining non steady state sys-
tems or in case of using very low frequency ranges
down to mHz or pHz. At low frequencies polychro-
matic stimulation (PS) at first glance promises ad-
vantages in comparison to monochromatic (MS)
experiments. By a rough estimation the measuring
time of PS methods is fixed by the sum of all periods

@ max k max

Re,i

Re,i 277:
Ttat, mono — z =
0 Wi

k:lk'fo

n. at the lowest frequency which is investigated,
namely the oy fundamental.

In contrast the minimum measuring time of MS (sine
wave) experiments is given by the sum of periods
ne; of all frequencies w; to be measured.

k max

%ne'TO'Z%:ne'TO'ﬁes

k=1
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A comparison of typical measuring times for both
methods is quite difficult as there are some unknown
scaling factors. Under the assumption of an ideal
measuring object where no ranging processes will
occur the scaling factor fi.s in first order depends on
the number of measuring points of the lowest dec-
ade.

# points 2 3 4 5 6 7 8 9 10

fres 1.3 | 1.6 [2.06 (244 (282 (3.21 (360|399 | 4.38

Tmono,S 244
== =044

poly 1

The ratio of e.g.

This shows a slight advantage for PS. If, however,
at least one ranging process is necessary during
measurement, this factor will be reduced to about
1.3. In PS methods ranging processes dominate the
measuring time (T,2T, 3T,etc), while MS can use
dynamic ranging. Then the measuring time is ex-
tended only by a factor of 1/n, depending on the
measuring frequency nwy. One sees, that the simple
speculation to save time will not work very good,
even neglecting all aspects of accuracy. But in addi-
tion, using PS the total energy of the signal will be
spread over all examined frequencies. Only the
average fraction E; ~ E/n, compared with the mono-
chromatic case will be available for one frequency
line. To avoid nonlinear response the AC amplitude
has to be selected sufficiently low. Thus polychro-
matic stimulation has to be repeated n-fold to obtain
sufficient signal to noise ratio. This leads to signifi-
cant longer measuring times than in the case of
single sine methods which contradicts the expecta-
tions of the user. This fact has been proved by
Miloco in 1994 [1]

Nevertheless, regarding non steady state system
research, there is a gap, where PS shows clear
advantage. In the higher frequency range (>100 Hz)
the pure measuring time will no longer dominate the
overall time. Most of it is spent by the instruments
microprocessor system analyzing the incoming data
after each frequency sample. In the PS case, the
sum of all this analysis time appears at the end of a
measurement, the measurement itself is much
faster. This is an advantage when studying non

steady state systems. For this application the PS
method was developed further by Schindler and
Popkirov [2]. A version of PS can be performed with
the IM6, extended by the TR8M transient recorder
module.

It must be mentioned, that regarding non steady
state behavior, there are several possibilities to
increase the reliability of the AC impedance results,
if measurement time reduction is impossible:

a) IM6 on-line drift correction: Periodic stimulation
offers the detection of non steady state behavior of
the investigated system. The IM6 performs an
automatic drift correction in the lower frequency
mode.

b) LKKT (Logarithmic Kramers Kronig Transform):
By means of the LKKT [3] not only violations of the
EIS fundamentals of the examined system may be
detected. The LKKT version in the THALES analysis
software allows the reconstruction of non-affected
spectra, if the violations are not too strong.

c) Interpolation of impedance spectra series versus
time: Series measurements vs. time offer a further
possibility to correct impedance spectra of drifting
systems. Under the assumption of slow rates of
changes the data may be corrected. The spectra
can be transformed by an interpolation routine gen-
erating new ones, belonging to unique times. Finally
each of those spectra will represent a certain state
of the electrode. [4,5] This method is also available
in the THALES-software package. (BR)
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when examining the causality of electrochemical imped-
ance spectra. Presented at the 46th ISE Meeting, Xiamen,
China, 1995

[4] Z. Stoynov: Nonstationary impedance spectroscopy.
Electrochem. Acta 38, no. 14, pp. 1919-1922 (1993)

[5] H. Gohr, H. Bode, A. Burghart and C.A. Schiller: Im-
pedance measurements at electrodes of continuously
changing state. Presented at the 2nd EIS Symposium,
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