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Abstract

In this paper a mathematical model for the electrochemical impedance of a positive electrode in the lead—acid battery was developed. The
mechanisms of the electrode processes involved in the batteries were obtained from the literature. Having selected the rate-controlling step as well
as the fast reversible (equilibrated) and irreversible steps, we embarked on the formulation of /-V behavior using Butler—Volmer and Fick’s law for
charge and mass transfer process, respectively. The equivalent circuit consists of resistors, capacitors and mass transfer elements. Each electrical
element expresses physico-chemical parameters such as diffusion coefficient, concentration, rate constant, etc. So, impedance plots can be used to
determine the effects of each parameter on the performance of the cells. The simulation model also shows that the state-of-charge (SOC) plays an
important role in the Nyquist plot of the positive electrode. Model results are compared with experimental results for cell potential and different

SOC.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The lead—acid battery has been used widely as a secondary
battery for almost 150 years, since its invention by Planté in 1859
[1,2]. The advantages of the lead—acid system are its excellent
high-rate discharge capability, good specific energy, high relia-
bility robustness, low cost in both manufacturing and recycling,
as they are manufactured mainly from a single low-cost raw
material [3,4].

Impedance measurements are widely used to analyze the
interfacial process, the variation in the internal resistance, the
state-of-charge and the residual capacity of lead—acid batter-
ies. This method is accurate, fast and non-destructive in nature
[5-7].

The impedance study of lead—acid batteries is beset by dif-
ficulties that are caused by the complex nature of the process
involved. From the system point of view, the batteries are
non-linear, multi-parameters, quasi-irreversible, large statisti-
cal systems with distributed parameters on both the macro- and
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micro-scale. Processes of energy and mass transport take place
in the batteries that cause significant changes in the internal
microstructure and operational behavior [8,9].

The model development history of lead—acid battery starts
from late 1950s [10,11]. Nguyen et al. proposed a model for dis-
charge, rest and charge to lead—acid battery and they introduced
SOC as a dynamic parameter in the model [13]. Tenno proposed
a model for overcharging of a battery. The model covers the full
discharge—recharge cycle including deep discharge and over-
charge. His modified model contains new formula for electrode
morphology, applying charging factor to SOC, electrode poros-
ity and acid concentration [10]. Mauracher and karden develop a
battery model that gives the terminal voltage as a function of cur-
rent and time. Their model structure is based on a randles equiv-
alent circuit [12]. Nguyen and white proposed a mathematical
model of a hermetically sealed lead—acid cell. This model used
to study the effect of having an excess negative electrode and the
transport rate of oxygen across the separator on the oxygen evo-
lution at the positive electrode and the reduction of oxygen at the
negative electrode during charge and overcharge [13]. Gu et al.
proposed a three-phase, electrochemical and thermal-coupled
model for lead—acid battery. Physical phenomena such as gas
generation, transport and electrolyte displacement are incorpo-



M. Hejabi et al. / Journal of Power Sources 158 (2006) 944—948 945

Nomenclature

Cad, Cq1 absorption capacitance and double layer capaci-
tance (F cm’z)

F Faraday constant, 96,487 C mol~!

i, 1o current density and exchange current density
(Acm™2)

J V-1

ki, k—1 forward and backward rate constant of charge-

transfer reaction (cms™1!)
Rs, Rci, Raq solution resistance, charge-transfer resis-
tance, adsorption resistance (2 cm?)

SOC  state-of-charge

Zcy charge-transfer impedance

Z total impedance

Zy Warburg impedance

o, B symmetry factor in the reduction and oxidation

direction
0, I coverage degree of adsorbed Pb?* and maximum
degree of adsorbed Pb%* (mol cm™2)

o impedance coefficient of Pb%* diffusion
w angular frequency of ac signal
Superscripts

—, < reduction and oxidation direction
—,~ dc and ac signal

rated in this model [ 14]. Andersson et al. used a model for porous
electrodes to analyze impedance data in such a way that physical
parameter can be evaluated. Itis also suggested that these param-
eters can be used as a way of determining the state of health of
a battery during float charging [15]. Gu and Nguyen develop a
mathematical model of a lead—acid battery, which includes the
modeling of porous electrodes and various physical phenomena.
The model is used to study the dependence of the performance
of the cell on electrode thicknesses and operating temperature
[16].

For an accurate model of any electrochemical device, one
might employ a rigorous theory taking all the factors into
consideration, but in practice that becomes too complicated.
Therefore, an equivalent circuit may be used to relate the dynam-
ical behavior of a battery [17]. An equivalent circuit model is
an interconnection of electrical elements introduced to repre-
sent terminal characteristics of the battery. Such models have
been described by a number of scientists including Hampson
et al. [18], Willihnganz and Rohner [19] and De Bardelaben
[20]. However, they have not considered the relation between
these elements (resistance, capacitance, inductance, Warburg
impedance, etc.) with various parameter of battery such as
concentration of electrolyte, temperature, diffusion coefficient,
SOC, rate constant, etc. In this study, the effect of these param-
eters on Nyquist plot (imaginary part versus real part) has been
investigated.

2. Impedance modeling of charge reaction of the lead
dioxide electrode

During the discharge of a lead—acid battery, the lead sulfate
forms a passive layer on the surface of positive electrode, i.e.

PbSO4 4+ 2H,0 — PbO, +4H' + SO4>~ +2e™ (1)

The layer of PbSOy that is near the surface of the electrode is
insulator for electron transfer and it can transmit only ions such
as Pb?* and H*. In other words, it is a selective membrane for
diffusion of ions. The growth of PbO; is determined by the flow
of Pb?* ions. The Pb** ions move by surface diffusion along
the PbSOy4 crystal surface toward the PbO; phase, where they
are oxidized. Considering the above discussion, the following
mechanism for the charge process in the positive electrode is
suggested [21]:

k2 24 2—
PbSO4 = Pb(siim) > + SO4 2)
)
J
Pbifitm) > —=> Pb(ads on Pb0y) > ?3)
ky
Pb(adsonPb0y) >+ + 2H,02PbO; + 4H™ + 2e~ @)
k-1

In the first step, PbSO4 dissolved and the lead ions (Pb2+) are
formed in the electrolyte solution near the electrode. In the
second step, the lead ions diffused in lead sulfate layer and
adsorption of (Pb>*) ions takes place. Finally, the adsorbed
ions convert to lead dioxide (PbO;) during the charge-transfer
reaction. In order to analyze and interpret the electrochemical
behavior of such a reaction, it is necessary to derive a theoretical
expression for the impedance of the above process.

The current density for the charge-transfer step (reaction (4))
can be expressed as follows:

N ankFy
| =i— <« i=nF |kb6a} -
l l l n [1aHzoeXp< RT)

—k_1(1 = O)a, exp (ﬂ”F‘p)] (5)

RT

In ac impedance studies, the variables are composed of a
steady-state component plus an alternating component:

i=i+i, 0=0+40, o=0p+o (6)

Differentiation of Eq. (5) gives:
di i «i \df
S —pF |- ——" =
dr onF (1 —6)nF | dr
@i+ pe ) ™
RT Var

where 7, 6 and ¢ are at the same frequencies as expressed by

L = Lo exp(jor) ®)
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in which L represents 7, 8, ¢ and L are the amplitude of these
variables. The time derivative of Eq. (8) is

I_, L ©))
= e
a
Thus Eq. (7) can be further simplified as follows:
N AL P IREL T SO (10)
i=—|= — — (o i
o0 —6)| ~RT v

The interfacial impedance of the lead dioxide electrode (Z) is
expressed by:

(11)
From the above equation, one can obtain the following relation:
Z=Zr+ 7 12)
where

C nF(ai+ B<—i)
And

Ret (13)

(14)

~. D

RT [T

Ii=——=—7—r |+

nF(ai + < i) [9 (1- 9)]
where Zr = R is the impedance due to the charge-transfer reac-
tion and Z; is the impedance due to diffusion and adsorption of
lead ions. Therefore, the contribution to the impedance is due to
these steps: charge-transfer reaction, diffusion of Pb>*, adsorp-
tion of Pb%*, which is described by Egs. (3) and (4).

Consider Eq. (5) being at equilibrium:

- - —anF
i=<«i=ip= anleaﬁzo exp ( go)

RT
4 - pnF

= nFk_jaj+(1 — 0)exp ﬁgo (15)
Let
=05 =05 0>0 (16)
4 aio {nF } a7

= €ex e

a;‘ﬁ p RTQD

K =0 (18)

1= o

Combining Eqgs. (15)—(18), and assuming ag+ = Cy+, Zr and
Z; can be obtained as follows:

RT RT(1+K, A)

Zp = Ry=———=R.. = 19
Y T n2F2%_1C}+ exp((BnF/RT)p) (19)
And
RT 0 RT(1+K A?0
zo= —FL 9 _RTU+ K476 (20)
nFo(l1 —0)i nFK1A I

In order to obtaind /i, reactions (2) and (3) are taken into account
and we can introduce some parameters which depend on diffu-
sion and adsorption:

k
PbSO, = Pb2" + S0,2~ 1)
ko

And we obtain:
~ do
i —nFky0(1—xs) —nFJ +nFk_pyxs(1 —0) = nFFE 22)

By separating the alternate parts and dc parts we obtained X
and ¥s:

AT =
According to mass balance at the electrode surface:
;—nFFja)é =nF}'l- (24)
And

Ji = NxsF(jo, D) (25)

By using Eqs. (24) and (25) we can obtain ¥g:

By substitution ¥ and s we obtain /7

With considering the resistance of solution R and a double
layer capacitance Cyj, the total impedance of the lead dioxide
electrode is

1

Ziowl = Rs + 26

total * U jwCaq + (1/Ret + (1) jowcag + (1/Zq))) 20

RT(1 + K A)

Rei= ——5——q ! 27)
n2F2%k_C} exp(BnF/RT)g)
n2F2[ I

Cat = —— | VKIA+ ——— 28

W= TRT [ﬁJr«/KIA] e

_ RT (1+ K1 K2A) 29

G_nFN 152
o Jo
Z4 = 1—J)|tan h |64/ — 30
o= [z [ (45 »

The equivalent circuit corresponding to Eq. (26) is shown in
Fig. 1, which is the total impedance of lead dioxide electrode in
lead—acid battery neglecting gas evolution.

7

w

Fig. 1. Equivalent circuit for lead dioxide electrode in lead—acid battery during
charge reaction.
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3. Experimental setup

A cell is used for this test that consists of one half positive
plate and two negative plates (that pasting, curing, charging pre-
viously) of a 6SB3 motorcycle MF battery. The electrolyte is
sulfuric acid with specific gravity of 1.28.

The charge/discharge and impedance data are obtained with
SOLARTON 1470, a multi-channel battery tester system. Fre-
quencies of the impedance spectroscopy are swept from 100 kHz
to 1 mHz at amplitude of 10mV. All cells are tested in 2nd
cycle of charge/discharge. During second discharge cycle the
impedance spectroscopes are performed in under zero current
in 10 different SOC (100-10%) for measurement in different
potential.

4. Results and discussion

R is the charge-transfer resistance and depends on param-
eters such as 7, ki, k—1, ¢ and C,q, the capacitance due to

1

0.8

0.6

Z"

0.4

0.2

Fig. 3. Nyquist plots for lead electrode during charge reaction sim-
ulated based upon (26) at differentC, = Ci{ .+, Wwith parameters of,
T=300, Cq =9 x 107°Fem™2, Ry=1.50hm cm?, I'=1x 10" molcm™2 and

ki=1x 1074 cms~!.

adsorption, depends on 7, I', n, k1 and k_;. Zy is the Warburg -0.5

impedance due to the mass transfer of ions in PbSO4 film whose -0.45 5%

effects appears in the low frequency region. With change of 0.4 2 § . ¥ °
some parameters, some component (R¢, Cyd, Zy, €tc.) in a spe- S & P i &
cific frequency range shows their alter effect to the general form = %o W

of curves. Fig. 2 represents the effect of diffusion coefficient ek - " & o

of (Pb>*) ions on Nyquist curves. As shown in Fig. 2 with the N-0.25 :‘ = 8
decrease of Dnpo+, the magnitude of the impedance increases. 0.2 #

According to the derived equations, the effect of Drnp, 2+ is con- 5 ! . . ao%
siderable in Warburg impedance and with increase in the density 3 f $ 200

of system, the amplitude of Dnpyat decreases. For instance when “‘aj s 1
we apply a gelled electrolyte in lead—acid battery or during o o 90%
charge/discharge cycles, the thickness and the density of PbSO4 — 0' 5' — 1‘ — 1'5' — ; — R

layer increase.

Theoretical results of Fig. 3 show that acid concentration
influence on Nyquist plots and the most effect is on charge-
transfer stage. By considering experimental results of different
SOCs, we obtain that some changes in SOC cause changes in
charge-transfer part. By comparison two Figs. 3 and 4 we can see

Fig. 4. Nyquist plots for positive electrode in lead—acid battery during discharge
reaction based upon experimental results at different SOC.

adirectrelation between acid concentration and SOC, as aresult,
although other parameters too have an effect on SOC also. For
example, PbSO4 thickness change shows its influence on mass
transfer part. Because of the purpose of reviewing one by one
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Fig. 2. Nyquist plots for positive electrode in lead—acid battery during charge Z'

reaction simulated based upon Eq. (26) at different Dpy,2*, with parame-
ters of, Cy=5M, k1 =1 x 10~%cms™!, Cg=9 x 10°°Fem =2, Rg = 1.5 Q cm?,
I'=1x10"°molem™2 and T=300K.

Fig. 5. Nyquist plots for positive electrode in lead—acid battery during discharge
reaction based upon experimental results at different potential.
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of parameter on cell characteristics, we consider the changes of
parameters separately.

As Fig. 5 depicts, R changes cause the potential variation. It
appears that the study of the impedance modeling of the positive
electrode could supply valuable information for elucidating the
dynamics of the processes taking place in lead—acid battery. Our
model is a simple model and the parameters such as porosity
factor, surface adsorption effects, etc. are not involved in our
modeling and only simple electrochemical reaction and mass
transfer equations are used for description of system in contrast
to the other papers, but eventually it provides acceptable results.

5. Conclusion

1. Direct relation between SOC and acid concentration.

2. Reverse relation between Ry and terminal’s voltage.

3. Rt and Cyq depend on parameter such as 7, k1, ¢, Cg+,. . .,
etc.

4. The comparison between experimental and theoretical results
show that components of this model are functions of battery
properties such as diffusion coefficient, temperature and rate
constant.
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