
Modelling electrochemical impedance data for semi-bipolar lead acid batteries

H. ANDERSSON1*, I. PETERSSON2 and E. AHLBERG2

1Department of Environmental Inorganic Chemistry, Chalmers University of Technology, S-412 96, GoÈteborg Sweden
2Department of Chemistry, GoÈteborg University, S-412 96, GoÈteborg Sweden
(*author for correspondence)

Received 15 October 1999; accepted in revised form 19 July 2000

Key words: electrochemical impedance spectroscopy, lead±acid batteries, lead dioxide, porous electrodes

Abstract

Electrochemical impedance spectroscopy o�ers an alternative method of performing nondestructive characterisa-
tion of electrodes and batteries in stationary power stations compared to the more conventional discharge tests. A
model for porous electrodes is used to analyse impedance data in such a way that physical parameters can be
evaluated. It is also suggested that these parameters can be used as a way of determining the state of health of a
battery during ¯oat charging. A method for the calculation of the steady-state current of porous electrodes is also
presented, based on the impedance model. The combined d.c. and a.c. analysis con®rm more concisely the validity
of the theoretical assumptions used to explain the experimental data.

1. Introduction

Electrochemical impedance spectroscopy (EIS) has been
suggested as a technique for measuring the state of

charge or state of health of batteries [1]. In stationary
power stations of today the most common technique is
to perform complete discharge tests. This is time
consuming and expensive and it also requires the

List of symbols

A geometric area of the electrode (cm2)
Cdl double layer capacitance per active surface unit

(F cmÿ2)
Ctot total electrode capacitance (F cmÿ2)
b a frequency-dependent impedance parameter

(cmÿ1)
bmax maximum surface concentration of h

(mol cmÿ2)
d thickness of the electrode (cm)
f tortuosity factor (dimensionless)
if faradaic current of a planar electrode (A cmÿ2)
ipor faradaic current of a porous electrode (A cmÿ2)
K ®eld di�usion constant (cm2 sÿ1)
R gas constant (J molÿ1 Kÿ1)
Rct charge transfer resistance (X cm2)
Rp steady-state polarization resistance for a planar

electrode (X cm2)
R0 steady-state polarization resistance for a porous

electrode (X cm2)
Rpor pore resistance (X)
Sc active surface area per volume (cmÿ1)
vp relative pore volume (dimensionless)
lp characteristic pore dimension (cm)
Z�x� interfacial porous impedance (X)
Zf faradaic impedance of a planar electrode

(X cm2)

s time constant (s)
q1 resistivity of the electrode (X cm)
q2 e�ective resistivity of the electrolyte in the po-

rous electrode (X cm)
q�2 resistivity of the bulk electrolyte (X cm)
x0 frequency related to the rate of the reaction (sÿ1)
x1 frequency related to ®eld di�usion and thickness

of porous electrode (sÿ1)
xmax frequency at maximum of imaginary part of

impedance (sÿ1)
~ki forward potential dependent rate constant for

reaction i (mol cmÿ2 sÿ1)
k ~i backward potential dependent rate constant for

reaction i (mol cmÿ2 sÿ1)
k�i rate constant for reaction i at E� (mol cmÿ2 sÿ1)
ai transfer coe�cient (dimensionless)

~bi Tafel coe�cient for the forward reaction i (Vÿ1)
b ~i Tafel coe�cient for the backward reaction i

(Vÿ1)
bpl Tafel slope for a planar electrode (V)
bpor Tafel slope for a porous electrode (V)
E electrode potential (V)
E� reference electrode potential (V)
g surface factor (dimensionless)
1 resistance (X cm2)
k rate factor (dimensionless)
U work function
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disconnection of the battery cells from the operational
circuit. EIS may provide an attractive nondestructive
alternative to discharge tests. Viswanathan et al. [2, 3]
determined the state of charge of commercial sealed Ni±
Cd and lead acid cells by using a modi®ed Randles
equivalent circuit in the data analysis. It was claimed
that the ohmic resistance decreased, while the charge
transfer resistance and the nonideal double layer capac-
itance increased with an increase in the state of charge.
In particular, they found their data sensitive to the state-
of-charge at low frequencies (0.06±0.9 Hz). Similarly,
Barton et al. [4] found that the ohmic resistance
decreases with increasing state-of-charge. Since this
result is consistent with the speci®c gravity of the
electrolyte they used the ohmic resistance as a charac-
teristic parameter for prediction of the state-of-charge of
maintenance-free lead±acid batteries. The frequency
corresponding to the maximum on the high frequency
semicircle of the Nyquist diagram was used by Hughes
et al. [5] to calculate the characteristic product of charge
transfer resistance and double layer capacitance for
prediction of the state-of-charge of a sealed lead±acid
battery. Jindra et al. [6] measured the impedance of both
sealed lead±acid batteries and of the two electrodes
separately during galvanostatic charging. At 0.1 Hz the
impedance increased dramatically, due to the increase in
internal pressure during overcharging. The increase in
the impedance curve was used to indicate the fully
charged cell.
For a physical model of the impedance characteristics

of battery systems a porous matrix has to be treated.
The basic theory for porous electrodes was formulated
by de Levie [7, 8] who derived analytical solutions for
the a.c. impedance assuming cylindrical pores with
constant radius, semiin®nite length and no concentra-
tion gradients along the pore axis. Using numerical
methods it was possible to consider di�erent pore
geometries of the electrode [9, 10] and di�usion of
reactants along the centre of the pore axis [11]. A more
general treatment regarding the pore geometry was
presented by Paasch et al. [12] by considering the
electrode to be macrohomogeneous. The model is
somewhat simpli®ed with respect to the di�usion, which
is assumed to be planar.
The relationship between impedance and pore geom-

etry has been used to determine the radius, pore length
and number of pores for gold-powder and Raney-gold
electrodes [13]. Further, the pore texture of Raney-
nickel electrodes in the liquid-phase has been determined
by impedance, with good correlation to the surface area
as measured using established gas phase techniques [14].
The cylindrical pore model has also been used to predict
the pore texture of packed zinc particles of irregular
shape in both a noncorrosive electrolyte [15], and in a
corrosive acidic electrolyte [16].
In an earlier study [17] EIS was used to study changes

in resistance and porosity for PlanteÂ formed, porous
lead dioxide electrodes in 5 M H2SO4. Lead dioxide
electrodes made from 100, 200 and 400 lm lead foils

were investigated with and without an external mechan-
ical pressure in a wide potential region, ranging from 0.5
to 1.5 V. At these different potentials, impedance
spectra were taken as a function of the thickness of
the preformed oxide layer and of the mechanical
pressure exerted on the cells. The results showed that
the total IR-drop was due to contributions from
porosity, electrolyte resistance and lack of interparticle
contact. The contributions from the porosity and the
bulk electrolyte resistances were found to be small
compared to the contribution from the interparticle
contact (i.e., the lack of interparticle contact) to the total
IR-loss. The best interparticle contact was found for the
least porous material. As a complement to the imped-
ance study, speci®c area and pore volume measurements
of the three different electrode thicknesses used in the
study were made in order to gain more information
about the texture of the porous lead dioxide electrode
[17]. In the present study an impedance model for
porous electrodes [12] was used to analyse the imped-
ance data from the former study [17]. The impedance
analysis was focused on potentials corresponding to
¯oat charge (1.3±1.5 V vs Hg=Hg2SO4) and enabled the
evaluation of physical parameters such as polarization
resistance, double layer capacitance, relative pore vol-
ume, speci®c surface area and/or effective resistance.
These parameters can be used in a diagnostic way to
determine the state of health of the battery during ¯oat
charging.

2. Porous electrodes

2.1. The model

The model [12] considers a charge transfer process
taking place at the interface of a conducting macroho-
mogeneous porous electrode with a geometric area, A
and thickness, d. The electrode is perturbed by a small
a.c. signal and subjected to appropriate boundary
conditions. That is, Ohm's law holds for electrons and
ions at the contact side and electrolyte side of the
electrode, respectively. Charge transport is carried out
by electrons in the electrode and ions in the electrolyte.
Averaging the resulting time and position dependent
potential over the volume element A dx, containing
many pores with a characteristic dimension lp � d, and
assuming constant concentrations of electroactive com-
pounds it is possible to derive the following impedance
function (Equation 22 in reference 12):

AZ x� � � q2
1 � q2

2

q1 � q2

1

b
coth b � d� �

� 2
q1q2

q1 � q2

1

b sinh b � d� � � d
q1q2

q1 � q2

�1�

If the resistivity of the electrode, q1, is considerably
lower than the resistivity of the electrolyte in the porous
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electrode, q2, the last two terms can be neglected and
Equation 1 is reduced to

AZ x� � � q2

b
coth b � d� � �2�

The frequency dependent parameter b can be written as

b �
����������������
x0 � jx

K

r
�3�

where x0 is a frequency related to the kinetics of the
reaction. For simple charge transfers x0 � 1=RctCdl. In
general, one has to consider all the processes that
determine the rate of the faradaic process. In that cases
x0 should be replaced with 1=ZfCdl, where Zf is the
frequency-dependent faradaic impedance. For ideally
polarizable electrodes, where no charge transfer occurs,
x0 is zero (e.g., double-layer capacitors). Parameter K
depends on the double-layer capacity and the ohmic
resistivity in the solution. It can be regarded as a
di�usion constant for the propagation of the electric
®eld in the electrolyte distributed in the pores of the
electrode. De®ning a ®eld di�usion frequency,

x1 � K
d2

�4�

where

K � 1

CdlScq2

q2 � q1� � �5�

the electrochemical impedance of a charge transfer
limited reaction at a macrohomogeneous porous elec-
trode is determined by the parameters, q2, d, x0 and x1.

AZ x� � � q2d
����������������

x1

x0 � jx

r
coth

����������������
x0 � jx

x1

s !
�6�

The resistivity of the electrolyte in the pores, q2, is
related to the bulk electrolyte resistivity, q�2, and the
relative pore volume, vp, in the following way:

q2 �
q�2f
vp

�7�

where f is the tortuosity factor.

2.2. Impedance characteristics of the model

At high frequencies, the impedance shows a transmis-
sion line behaviour (i.e., a 45� slope in the complex
impedance plane. At lower frequencies, two extreme
cases can be distinguished depending on the ratio
between x1 and x0. First, when x1 � x0, the imped-
ance corresponds to a slow electron transfer reaction or
a thin electrode. Noting that coth�x� ! 1=x when x! 0,
Equation 6 can be approximated with

AZ x� � � q2d
x1

x0 � jx
�8�

which traces a semicircle in the complex impedance plane
with a diameter of R0 � q2dx1=x0 and a maximum of
the imaginary part, xmax, at x0, Figure 1(a). Thus, R0 is
the impedance at zero frequency. Secondly, when
x1 � x0, the impedance corresponds to a fast electron
transfer reaction or a thick electrode. Since coth x! 1
when x!1, Equation (6) can be approximated with

AZ x� � � q2d
����������������

x1

x0 � jx

r
�9�

which traces a skewed arc in the complex impedance
plane with a zero frequency end at R0 � q2d

��������������
x1=x0

p
and a maximum of the imaginary part, xmax, at

���
3
p

x0,
Figure 1(b). For nonextreme cases and when there is a
clear distinction between a transmission line part of the

Fig. 1. Schematic representation of three characteristic impedance

diagrams generated by the porous model: (a) x1 � x0, corresponding

to a slow electron transfer reaction or a thin electrode, (b) x1 � x0,

simulating a fast charge transfer reaction or thick electrode, and (c) the

intermediate case.
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spectrum at high frequencies and a well developed
semicircle in the rest of the spectrum, the following
approximation (Equation 10) can be used for estimation
of x1.The linear high frequency part of the spectrum will
in this case change into a semicircle like arc at a point
where the real part of the impedance is close to
Rpor � q2d=3 [10]. The impedance at zero frequency,
R0, may in this case be approximated to
R0 � q2d�1=3� x1=x0�, Figure 1(c). The following
relation can then be derived which gives x1 as

x1 � x0

3

R0

Rpor
ÿ 1

� �
�10�

where x0 is close to the maximum frequency, xmax. To
verify that x0 can be approximated by xmax in the
intermediate range, xmax was calculated numerically as a
function of log x1=x0� �. It was found that the approx-
imation is valid to within 1% relative error as long as the
ratio x1=x0 is greater than 1.58.
Using the result from [12] and assuming a kinetically

controlled charge transfer process with the charge
transfer resistance, Rct, the following relations can be
formulated:

x0 � 1

RctCdl
�11�

x1 � 1

d2CdlScq2

�12�

If the process of interest involves more complex
kinetics, x0 has to be replaced by 1=ZfCdl, where Zf is
the faradaic impedance of a planar electrode. Di�usion
and intercalation kinetics in connection to porous
electrodes have for example been treated in [12]. In
this work a surface relaxation of PbO2=PbSO4 will be
considered.
Irrespective of the kinetics, the impedance model for

porous electrodes permits the use of ordinary planar
electrode kinetics for the faradaic process. This is simply
performed by substitution of x0 by 1=ZfCdl followed by
insertion into Equations 6, 8 and 9, giving Equations
13±15.
For thin electrodes or slow charge reactions, the

general impedance of a porous electrode is written as

AZ x� � � gZf

1� jxZfCdl
�13�

where g � 1=�dSc�, can be regarded as a surface factor
relating the true electrochemically active surface to the
apparent macroscopic electrode area. For the other
extreme case, fast reactions or thick electrodes, the
impedance turns out to be

AZ x� � �
������������������������

1Zf

1� jxZfCdl

s
�14�

where 1 � q2=Sc is the apparent electrolyte resistance in
the pores. In the intermediate range Equation 6 has to
be used resulting in

AZ x� � � q2d

������������������������
x1ZfCdl

1� jxZfCdl

s
coth

������������������������
1� jxZfCdl

x1ZfCdl

s
�15�

To make use of Equations 13±15 the faradaic imped-
ance, Zf, must be known. In Section 4.2 the derivation of
the faradaic impedance is outlined for the reactions
considered in this paper.

2.3. Derivation of the steady state current of a porous
electrode from the impedance model

The linear relation between Z�x� and Zf when x! 0 in
Equation 13 suggests that the steady state kinetics, that
is, x! 0 and Zf ! Rp, for slow electrochemical reac-
tions in porous electrodes obeys the same potential
dependence as for planar electrodes. Thus, the Tafel
slopes for porous electrodes will be the same as for
planar electrodes. However, this is not true for fast
reactions as indicated by the square root dependence
between Z�x� and Zf when x! 0 in Equation 14.
The potential dependent Tafel slope, bpl, can for

planar electrodes be written as

bpl � ln 10Rpif �16�

and similarly for porous electrodes

bpor � ln 10R0ipor �17�

if is the faradaic steady-state current derived for planar
electrodes using Butler±Volmer kinetics and Rp is the
corresponding polarization resistance. ipor is the steady-
state current of the porous electrode and R0 is the
polarization resistance, corresponding to the zero fre-
quency resistance obtained from the impedance model
of the porous electrode, Equations 13±15 with x � 0
and Zf replaced by Rp. It is obvious that the ratio
between the planar Tafel coe�cient, bpl, and its porous
analogue, bpor, will change when the kinetics become
fast since we have a linear relation between R0 and Rp

for slow reactions and a square root dependence for fast
reactions, under steady state conditions. This shows that
the apparent Tafel slope for porous electrodes is
doubled at high reaction rates, in agreement with earlier
®ndings [18]. Thus, we can calculate the faradaic current
through a porous electrode from a planar model under
extreme conditions (fast or slow faradaic reactions)
using Equations 10 and 11 together with Equations 13
and 14. For intermediate conditions the following
approach has been used. The relation bpor � pbpl is
assigned, where p lies in the interval from 1 to 2 and
depends on the ratio x0=x1. p is determined by a
normalized impedance function U for a porous electrode
at zero frequency (Equation 6), de®ned as
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U k� � �
�������
10k
p

coth
����������
10ÿk
p

�18�

where k � log�x1=x0]. The function, U, mimics the
impedance behaviour at steady state as a function of
the logarithmic ratio between the two characteristic
frequencies, x0 and x1. Derivation of log�Uk�� followed
by inversion gives the work function from which p can
be determined from k.

p k� � � 1

@ log U k� �� �� �
@k

� 2 coth
����������
10ÿk
p

coth
����������
10ÿk
p

�
����������
10ÿk
p

cosch
����������
10ÿk
p� �2 �19�

A plot of p�k� in the k-range corresponding to interme-
diate conditions is shown in Figure 2. p changes from 1
to 2 going from x0 � x1�k > 2� to x0 � x1�k < ÿ2�,
that is a doubling of the Tafel slope proceeding from
slow to fast reaction kinetics. Thus, the faradaic steady-
state current in the porous electrode, ipor can be
calculated from the electrochemical quantities of the
planar electrode, if, Rp and Cdl given the physical
properties of the porous electrode as expressed in x1

(Equation 12).

Ipor � p k� �If Rp

R0
�20�

3. Experimental details

3.1. Preparation of the lead dioxide electrodes

The lead dioxide electrodes were prepared from pure
lead foils (99.95%, Goodfellow) according to the PlanteÂ
formation process described in detail by Petersson et al.
[19].
Immediately prior to an experiment the lead foil was

washed in 8 M HNO3 (p.a., Merck) and rinsed in
deionized milli-Q water. This was done to remove air
formed oxides from the surface of the foil before it was
immersed in the electrolyte solution for the start of the
PlanteÂ formation process. The lead foils were pretreated

cathodically for about 30 min at 1.5 mA cmÿ2 in an
electrolyte consisting of 0.5 M H2SO4 containing 0.05 M

KClO4. The electrodes were then oxidized and reduced
galvanostatically in the same electrolyte at 10mA cmÿ2

to a thickness corresponding to the oxidation of 200 lm
Pb foil. After the reduction process the perchlorate ions
were rinsed from the electrodes with deionized milli-Q
water and ®nally the positive electrodes were completely
oxidized to PbO2 in 1 M H2SO4.
After the formation process the electrodes were

assembled to 2 V laboratory cells, with the semibipolar
electrodes used as working electrodes and a conven-
tional pasted lead electrode (Tudor Nol, Sweden) as
counter electrode, and stabilized by three charge±dis-
charge cycles at 22 mA cmÿ2 in 5 M H2SO4. The
equipment for the formation process consisted of a
microprocessor controlled unit, a power supply and a
multimeter, and was designed to send alternative anodic
and cathodic currents through the cells. The time and
the current density for each step in the process could be
adjusted manually.
For the experiments shown in Figure 3, a lead rod

with an area of 0:2 cm2 was used. The electrode was
cycled between 0.5 and 1.5 V 10 times before the
impedance measurements were conducted. The electrode
was held at the given potential 300 s before start of the
measurement. The sweep rate was 20 mV sÿ1 and the
electrode was stationary.

3.2. Impedance measurements

Electrochemical impedance measurements were per-
formed at constant potential in the PbSO4=PbO2 region,
0.5 to 1.5 V. A frequency sweep from 100 kHz to 2 mHz
was used with an amplitude of the applied sine wave of
5 mV r.m.s. Impedance spectra were taken of the
preformed oxide layer and in the absence and presence
of mechanical pressure. A 273A Princeton Applied
Research (PAR) potentiostat/galvanostat and a Schlum-
berger frequency response analyzer SI1255 were used for
the experiments. All potentials are referred to the
Hg=Hg2SO4=K2SO4 reference electrode, E = 0.64 V vs
NHE. 5 MH2SO4 (p.a., Merck) was used as electrolyte in
all experiments. The current was measured during the
acquiring of the spectra and was used to compensate the
applied potential for the ohmic drop.

3.3. Speci®c surface area

The internal speci®c surface area (BET) was determined
by measuring the low-temperature nitrogen adsorption
using a FlowSorb II 2300 (Micromeritics). The lead
dioxide powder was removed from the electrode and
used directly without any further pretreatment.

3.4. Porosity by water intrusion

The relative pore volume, vp, was measured by water
intrusion. The parameter was obtained usingFig. 2. p�k� as a function of the potential dependent parameter k.
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Archimedes' principle, where the di�erence in the weight
of the sample in air compared to the weight suspended in
water permits calculations of the volume. The sample was
initially dry weight, A, and put under vacuum for at least
30 min. Then the sample was covered with distilled water
still under vacuum and left to soak for 12 h. The wet
weight of the sample was measured both in air, B, and
suspended inwater, C. From this information the exterior
volume (B±C), the volume of the open pores (B±A) and
apparent porosity (B±A/B±C) was calculated. The results
were compensated for the underlying metal foil. The
porosity was determined after the complete formation.

4. Results and discussion

In Figure 3 a cyclic voltammogram of a porous lead
dioxide on a pure lead rod is shown, together with the
characteristic impedance diagrams at the di�erent po-
tentials. The electrode was cycled 10 times in a wide
region ranging from 0.5 to 1.5 V in the PbSO4=PbO2

region before the impedance measurements were per-
formed. At 1 V (a), the charge transfer resistance is quite
high due to the existence of an insulating PbSO4 layer.
When the potential is increased the formation of PbO2

starts and the charge transfer resistance decreases, (b)±
(d). At the most positive potentials the oxygen evolution
reaction is the main contributor to the current and the

impedance response shows fast electron transfer kinet-
ics. This is illustrated in Figure 3(e) by the small
diameter of the semicircle in the impedance diagram.
On the back scan the charge transfer resistance increases
again at less positive potentials (f)±(g). This is due to the
formation of insulating PbSO4. In this work, potentials
corresponding to ¯oat charge of lead±acid batteries over
1.3±1.5 V, (c)±(e), will be considered.

4.1. Steady-state reaction kinetics

At the potentials of interest the oxygen evolution
reaction occurs in parallel with the formation of lead
dioxide from lead sulphate. By assuming that the oxygen
evolution reaction only takes place on the conducting
lead dioxide the reactions with corresponding rate
equations can be formulated [20±22]:

PbSO4 � 2 H2O

~k1
 ÿ��!
k ~1

PbO2 � 4 H� � SO2ÿ
4 � 2 eÿ

�21�

H2Oÿ!
~k2 1

2 O2 � 2 H� � 2 eÿ �22�

i1 � 2 F ~k1 1ÿ h� � ÿ k ~1h
� �

�23�

Fig. 3. A cyclic voltammogram of a stationary porous lead dioxide electrode cycled 10 times in 1 M H2SO4, together with the characteristic

impedance diagrams at different potentials. (a) 0.95, (b) 1.2, (c) 1.3, (d) 1.4 and (e) 1.5 V on the positive going scan and (f) 0.75 and (g) 0.6 V on

the negative going scan.
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i2 � 2F k2
!

h �24�

where h is the electron conducting fraction of the
electrode surface where the oxygen evolution reaction
can take place. i1 and i2 are the current density of the PbO2

formation and oxygen evolution, respectively, given as
mA cmÿ2 of the geometric area of the electrode. F is the
faradaic constant and ~k1 and ~k2 are the rate constants with
the usual exponential potential dependence.

~k1;2 � k01;2 exp
�1ÿ a1;2�2F E ÿ E�1;2

� �
RT

0@ 1A �25a�

k ~1 � k01 exp
ÿa1 2F E ÿ E�1

ÿ �
RT

� �
�25b�

The total current is thus simply the sum of the two
contributions, if � i1 � i2. At the potentials of interest in
this investigation, the second term in Equation 23 can
be neglected.
Assuming a Langmuir isotherm, the steady-state

solution of the conductive fraction of the electrode
surface, hss, is given by

hss �
~k1

~k1 � k ~1
�26�

The faradaic steady-state current can thus be evaluated
and is given by

if � 2F
~k1 ÿ ~k1k ~1
~k1 � k ~1

 !
�

~k1~k2
~k1 � k ~1

" #
�27�

From this expression the polarization resistance can be
derived

1

Rp
� 2F ~b1

~k1 �
~b1 � ~b2

� �
~k1~k2

~k1 � k ~1

0B@
ÿ

~b1
~k1 � b ~1k ~1

� �
~k1~k1 � ~k1~k2
� �

~k1 � k ~1
� �2

1CA �28�

4.2. Transient reaction kinetics

The impedance of the reactions considered in Section 4.1
is obtained by a ®rst order Taylor expansion of the
faradaic current response from a small sinusoidal
voltage perturbation, DE � DEj j exp jxt� �, where the
amplitude of the perturbation, DEj j, is less than 10 mV.

Dif � @if
@E

� �
h

DE � @if
@h

Dh �29�

Dividing by DE gives the faradaic admittance, which is
the reciprocal of the faradaic impedance, Zf.

1

Zf
� @if

@E

� �
h
� @if
@h

Dh
DE

�30�

The right hand side of Equation 30 is obtained from the
charge and mass balance relations derived from the
reaction scheme (21 and 22).

if � 2F ~k1 1ÿ h� � � ~k2h
� �

�31�

bmax

dh
dt
� ~k1 1ÿ h� � ÿ k ~1 h �32�

where bmax is the maximum surface concentration of h in
mol cmÿ2. This gives

@if
@E

� �
h

� 1

Rct
� 2F ~b1

~k1 1ÿ h� � �~b2
~k2h

� �
�33�

@if
@h
� 2F ~k2 ÿ ~k1

� �
�34�

Dh is obtained by noting that its time variation can be
written as

dDh
dt
� jxtDh �35�

Since h is continuous and well behaved with respect to the
potential, delta and the derivative operators can be
switched. By taking the total di�erential of dh=dt with
respect to the potential and the potential dependent
quantities, h in this case, and using the steady-state values
of h, hss, the following expression is obtained for Dh=DE:

Dh
DE
�
~b~k1 1ÿ hss� � ÿ b ~1k ~1hss
ÿ~k1 ÿ k ~1 � jxbmax

�36�

Inserting Equations 33, 34 and 36 into Equation 30 gives
the reciprocal faradaic impedance:

1

Zf
� 2F ~b1

~k1 ~b2
~k2 ÿ ~b1

~k1
� �

hss ÿ ~k2 ÿ ~k1
� � 

�
~b1
~k1�1ÿ hss� ÿ b ~1k ~1hss

� �.
~k1 � k ~1
� �

1� jxs

1A �37�

where s � bmax=�~k1 � k ~1� is the time constant for the
relaxation of h. The interfacial impedance for the porous
electrode is then given by

AZ x� � � q2d

������������������������
x1ZfCdl

1� jxZfCdl

s
coth

������������������������
1� jxZfCdl

x1ZfCdl

s
�38�

4.3. Interpretation of the experimental results

Figure 4(a) shows the experimental steady-state currents
measured during the acquiring of the impedance spectra
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together with the calculated steady-state current, ipor
(Equation 20), while the corresponding experimental
and theoretical polarization resistances are given in
Figure 4(b). The polarization resistance is calculated for
x � 0, according to Equation 15. In Figure 5, similar
data for the pressurized electrode are given. The
parameter values used in the simulation are given in
Table 1. The current for the pressurized electrode,
Figure 5, is larger than for the nonpressurized electrode.
This can be explained by the fact that the pressurized
electrode has a lower interparticle resistance [17], which
facilitates the oxygen evolution reaction.
The agreement between the experimental data and the

model is good. However, for the nonpressurized elec-
trode the experimentally obtained currents are lower
than the model predicts. This can be explained by the
porous nature of the electrode, which in the nonpres-
surized condition permits movement of the active
material.

4.4. Impedance behaviour

Impedance measurements of PlanteÂ formed lead dioxide
showed the characteristic features of a porous electrode,
Figures 6 and 7. The Nyquist plots of all spectra on the
lead electrodes were linear in the high frequency part
with a slope between 35� and 45�. At 1.29 and 1.38 V the
low frequency part of the spectra were characterised by a
slightly depressed semicircle with a potential dependent
diameter. The depression of the semicircle at 1.29 V is in
fact re¯ected in the simulated spectra, where the surface

relaxation interferes with the charge transfer relaxation.
The impedance spectra at these potentials correspond to
the intermediate case with x1=x0 > 1:58, and the im-
pedance can therefore be calculated by Equation 15. At
more positive potentials, 1.42 and 1.45 V, the semicircle
in the low frequency part of the spectra starts to merge
into the linear part, as predicted by the model when the
frequency of the reaction, x0, reaches the same level as
the ®eld di�usion frequency, x1.
Figures 6 show the experimental data for the elec-

trodes made from 200 lm lead foil plotted together with
data calculated from the model, while Figure 7 corre-
sponds to experiments where an external pressure of
3:6 kg cmÿ2 is applied. Experimental and calculated data
compare fairly well. The results show that the polariza-
tion resistance decreases with increasing positive poten-
tial, which indicates that the overall reaction is charge
transfer controlled. The currents of the pressurized cells

Fig. 4. Experimental values (�) for the steady-state current (a) and the

zero frequency resistance (b) of the porous PbO2-electrode plotted

together with the theoretical curve (solid line). Without external

pressure.

Fig. 5. Experimental values (�) for the steady-state current (a) and the

zero frequency resistance (b) of the porous PbO2 -electrode plotted

together with the theoretical curve (solid line). With an external

pressure of 3.6 kg cmÿ2 .

Table 1. Parameters used in the simulation of the polarization

resistance, R0, the steady-state current, if and the impedance of the

porous electrode

Nonpressurized electrode Pressurized electrode

k�1 3.5 ´ 10)13 2.0 ´ 10)12

k�2 4.25 ´ 10)13 8.5 ´ 10)13

E�1 1.26 1.20

E�2 1.31 1.24

a1 0.50 0.34

a2 0.60 0.56

bmax 4.0 ´ 10)11 1.0 ´ 10)10
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were considerably higher than for the nonpressurized
cells, Figure 4, and was previously explained by the
higher degree of interparticle contact in the pressurized
cells [17]. A higher degree of interparticle contact is also
evident from the low values of the ohmic resistance (as
measured by the high frequency limit of the impedance
spectra) for pressurized cells, Figure 7, compared to the
nonpressurized ones, Figure 6. However, it was shown
in an earlier paper [17] that the pore resistance did not
increase in proportion to the thickness of the electrode
as one might expect. This is probably due to a decrease
in the e�ective resistance in the interior of the electrode

as the formation time is increased. Nonelectrochemical
measurements of the porosity showed that the relative
pore volume increased with the thickness of the elec-
trode causing the e�ective resistivity in the porous
electrode to decrease [17].
Three parameters were evaluated from the experi-

mental data, Rpor, R0 and x0, and used to calculate the
pore volume, vp, and the active surface area, Sc, Table 2.
From the experimentally determined parameters, x1 can
be calculated according to Equation 10. In addition, the
three parameters Rpor, R0 and x0 are coupled to the
physical parameters through two relations (Equations 7

Fig. 6. Experimental and calculated impedance diagrams for a nonpressurized lead dioxide electrode. Nyquist plots: (a) r 1.29 V and w 1.38 V,

(b) r 1.42 V and w 1.45 V. Imaginary part as a function of the frequency. (c) r 1.29 V and w 1.38 V, (d) r 1.42 V and w 1.45 V. Solid line

corresponds the model calculations at the same potentials.

Fig. 7. Experimental and calculated impedance diagrams for a pressurized lead dioxide electrode. Nyquist plots: (a) r 1.29 V and w 1.38 V, (b)

r 1.42 V and 1.45 V. Imaginary part as a function of the frequency. (c) r 1.29 V and w 1.38 V, (d) r 1.42 V and w 1.45 V. Solid line

corresponds the model calculations at the same potentials.
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and 12) with six quantities (Cdl, d, vp, Sc, q�2, f ). Thus,
four of these have to be measured independently or by
some good reason assumed. We have chosen to assign a
value of 50 lF cmÿ2 to the double layer capacity, Cdl,
and 2 for the tortuosity factor [23], f . The bulk
resistivity of the electrolyte, q�2 can be calculated and
for the sulphuric acid concentration used q�2 � 1:25X cm
[24]. The thickness of the electrode, d, is given as the
thickness of the lead consumed in the formation process
multiplied by a factor 2 for cells without external
pressure and a factor of 1.5 for cells where pressure was
applied (Pb has a Pilling±Bedworth ratio of 1.4). The
remaining quantities (vp; Sc,) were calculated from these
parameters (Cdl, d, q�2, f ) together with the parameters
obtained experimentally (Rpor, R0 and x0). The reason
for extracting vp and Sc from the model was that a
comparison with experimental data (obtained by inde-
pendent measurements) was possible. The relative pore
volume was estimated by water intrusion and the active
surface area was obtained from BET measurements. The
calculated values for the active surface area are in
reasonable agreement with the experimental values.
Table 2. However, the relative pore volume is underes-
timated in the model. This is probably due to a large
number of macroscopic pores that contribute to the
relative pore volume measured by water intrusion, but
which do not function as pores in the electrochemical
sense. This was further shown by looking at the cross
section of the electrodes with SEM [17], which showed
that, for the nonpressurized electrodes, considerable

amounts of the particles were in bad contact with the
rest of the electrode. For the pressurized electrode this
e�ect was less pronounced.
Even though the absolute values of the calculated

parameters are a�ected with some errors, impedance
spectroscopy can be used in a diagnostic way to follow
the health of the battery by measuring the change in the
physical properties as a function of time and by using
the impedance spectra for a fully charged battery as a
reference.
In addition, the experimental steady-state current of

the porous electrode was compared to the steady-state
current predicted by the impedance model, by ®tting the
simulated impedance spectra to the experimental ones.
The agreement between the experimental data and the
calculated values of, not only the impedance data, but
also the d.c.-current levels show that the a.c.-analysis in
a thorough way can be extended to include the steady-
state current for porous electrodes. For thick electrodes,
or for electrodes under charge conditions, the experi-
mental results show that the steady-state current has to
be corrected for the porous nature of the electrode. By
using the impedance model for porous electrodes this
task is simpli®ed considerably, Equation 20.

5. Conclusions

It is shown that an impedance model for porous
macrohomogeneous electrodes can be used for PlanteÂ

Table 2. Parameters used in the analysis of the impedance data

Assigned input values Values obtained from the impedance

model and experiments*

Cdl q�2 d f Sc vp Rpor

Nonpressurized electrodes 50 10)6 1.25 0.04 2 88.9 0.044 0.75

Pressurized electrodes 50 10)6 1.25 0.03 2 57.0 0.19 0.135

Nonpressurized electrodes

(Experimental)

50.6 0.19 0.75

Pressurized electrodes

(Experimental)

0.135

xy0 R0 ipor x1/x0

E 1.29 1.38 1.42 1.45 1.29 1.38 1.42 1.45 1.29 1.38 1.42 1.45 1.29 1.38 1.42 1.45

Nonpressurized electrodes

(Simulation)

0.016 0.074 0.14 0.227 35.5 8.37 4.69 3.19 0.0025 0.0087 0.016 0.025 15.4 3.39 1.76 1.10

Pressurized electrodes

(Simulation)

0.124 0.721 1.37 2.42 9.52 1.75 0.98 0.61 0.0089 0.037 0.068 0.119 24.1 4.16 2.18 1.23

Nonpressurized electrodes

(Experimental)

32 8.51 5.15 3.11 0.0044 0.0069 0.0097 0.016

Pressurized electrodes

(Experimental)

9.24 2.15 0.84 0.60 0.011 0.031 0.065 0.107

*Sc and vp was calculated from the assigned parameters together with x1 obtained from Equation 10 and Rpor

Expzerimental values of Sc and vp were obtained from BET-measurements (Sc) and water intrusion (vp)

Rpor was obtained from the experimental impedance spectra at potentials where the high frequency end of the semicircle could be extrapolated

to the real impedance axes. Rpor given in the table is the mean value
y Calculated as x0 � 1=�RpCdl�
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formed lead dioxide electrodes to give information about
physical properties. The steady-state current for the
porous electrode can be calculated from the impedance
model and compared to experimentally determined
values. Thus the d.c. and a.c. characteristics are linked
and the total capacitance can be calculated. Three
experimental parameters, Rpor, R0 and x0, were used in
the modelling of the impedance spectra. From the
theoretical model, clusters of parameters are obtained
and in order to obtain detailed information on a
particular property, for example, the active surface area,
the pore volume or cell capacitance, additional informa-
tion from independent measurements are needed.
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