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Modeling and simulation of the dynamics of batteries is a useful method to improve design
and predict their performance. This paper outlines the development of a simple physico-
chemical model to simulate the impedance response of the Ni-MH battery system. The
model describes the individual electrodes as porous flooded structures where the elec-
trochemical processes take place at the active material/electrolyte interface. The physi-

Keywords: cochemical system parameters are grouped in such a way that the derived simple model
Ni-MH battery can be experimentally identifiable. Experimental electrochemical impedance spectroscopy
Impedance (EIS) data, recorded with a laboratory built prototype, are used to identify the model
Modeling parameters by fitting the theoretical impedance function derived from the model. An

analysis of the predicted dependence of the impedance function with the battery SOC and
the identifiability of different system parameters are presented.
© 2009 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

Parameter identification

1. Introduction to determine the internal processes controlling charge and

discharge. Modeling and simulation of batteries is a useful

The demand for nickel-metal hydride batteries has recently
grown for applications ranging from portable electrics to
electric and hybrid-electric vehicles. For clean transportation,
Ni-MH battery is presently the most promising battery for
hybrid-electric vehicles, based on performance and cost.
Extensive efforts are being made to develop various advanced
nickel-metal hydride Dbatteries to meet commercial
requirements.

Traditionally, trial and error experimental testingis a main
tool to test and design batteries. However, experiments are
time consuming and costly, and experimentally it is difficult
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method for battery designers because a good cell model can be
used to identify battery mechanisms, determine controlling
processes and predict the cell performance. Also the non-
destructive evaluation of the state of charge (SOC) of the cell
has been the subject of many investigations. EIS measure-
ments have been widely proposed as a tool to provide
knowledge of the kinetics of the electrochemical reactions, of
the associated charge and mass transport processes, and also
as a means to identify structural and physicochemical
parameters, several of which may depend on the SOC of the
battery [1,6,7,15].
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The data of sealed commercial cells or batteries are diffi-
cult to analyze since the results are generally the combined
response of both the positive and the negative electrodes.
Several models have been developed ranging from, physico-
chemical models accounting for the porous nature of the
electrode structure and the electrochemical and transport
processes in the active materials and in the electrolyte phase
Paxtonand Newman, 1997; [5] to equivalent circuit based
models of different degree of complexity [4,7,12,16,17].

Although physicochemical models have proved to inter-
pret adequately the dynamics of the battery, the great number
of parameters involved makes the parametric identification
process almost impossible. On the other hand a low-
complexity equivalent circuit modeling is inadequate for
interpretation and prediction of the physicochemical
processes.

This paper outlines the development of a simple physico-
chemical model that fits the impedance response of the Ni/MH
battery system. The model describes the individual electrodes
as flooded porous structures where the electrochemical
processes take place at the active material/electrolyte inter-
face. Experimental EIS data recorded with a laboratory built
prototype are fitted to the theoretical impedance function
derived from the model. An analysis of the predicted depen-
dence of the impedance function with the battery SOC and the
identifiability of different system parameters are presented.

2. Experimental

ABS-type alloy with nominal composition of LmNis4Cog 3M-
No3Alps, where Lm (Lanthanum rich mischmetal) is 81% La,
13% Ce, 2% Pr and 4% Nd, was mechanically crushed and
sieved into particle sizes between 44 and 74 pm. The hydride-
forming electrode was prepared with 100 mg of the Lm-based
alloy powder mixed with equal amount of teflonized carbon
black (Vulcan XC-72 with 33 wt% PTFE) as mechanical support,
and the mixture was then pressed into a cylindrical matrix
under a pressure of 300 MPa at room temperature. The
geometric area of the obtained negative electrode was 78.5
mm? and the thickness was around 1.7 mm. The anode of the
battery was 100 mg of sintered Co coated NiOOH, with a rect-
angular shape of 51 mm? area and 0.74 mm thickness. The
electrodes separator was a glass mat of 0.18 mm thickness and
the solution used as electrolyte was KOH 8 M.

Fig. 1 shows the laboratory prototype used as battery
container. It consists on a stainless steel main body, where the
electrodes, the separator and the electrolyte are disposed. The
metallic composition of the body and the top piston assure the
electrical contact with the battery electrodes.

Electrochemical measurements were carried out at room
temperature. The battery activation was guaranteed over 15
electrochemical cycles, by charging the battery with a current
of 100 mAh.g™* for 150 min and subsequently discharging
them with 100 mAh.g~* up to the cut off potential of —0.6 V.
Then the EIS measurements were conducted over a frequency
range from 2 mHz to 10 kHz at equilibrium conditions, with
a superimposed sinusoidal voltage signal of 6 mV amplitude,
using an AUTOLAB PGSTAT30 frequency response analyzer.
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Fig. 1 - Outline of the battery prototype.

3. Theoretical analysis
3.1.  Total impedance of the battery

The total impedance function (Zgat) is derived considering
a series connection of the Ni and MH electrodes and the
resistive term R; associated with charge transport in the
separator and any other resistive contribution.

Zpar(jw) = Ri + Zpni(jw) + Zpmu (jo) 1

being Z,n; and Zomu the impedance functions of the electrodes.

3.2. Impedance of the individual electrodes

Both electrodes are described as porous structures, flooded
with a highly concentrated electrolyte (KOH 8 M). The charge/
discharge processes taking place at the active material/elec-
trolyte interface. In the MH electrode the alloy particles,
assumed as spheres of mean radius, constitute the active
material and C particles acting as a conducting support [2]. In
the Ni electrode the active material is assumed as conformed
by spherical NiOOH particles, of mean radius, deposited on
a conducting support [5].

The impedance function of the porous structure, Z, may be
expressed as [2,9,10]:

| . 24 <% + g) coshr(jw)
Zp (jo) = Ap(k+0) v(jo)sinhy (jw) ?
where
K a /2 1/2 /2
V(ja)):L< ;:7 ) Z;/Ow)
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with j=y/-1, o=2=nf, being f the frequency, L the electrode
thickness, A, the corresponding geometric areas (cross
section), x and ¢ the effective conductivities of the liquid and
solid phases respectively and Z; the impedance of the solid/
liquid interface per electrode unit volume (Q cm?).
As usually k<<g, Eqg. (2) may be simplified to

1
Zy(jo) = 2 {W} ®)
v(jw) = L) 272 (o)

In the following analysis the simplified form of Z(jw) of
Eqg. (3) shall be used.

Zi(jw), implies the double layer capacitance impedance,
Za(jw), linked in parallel with the faradaic processes imped-
ance, Zg(jw), i.e.

Z ' (jo) = Zg (jo) + Z¢" (jw) (4)
where
Za(jo) = joCade (5)

being Cq4 the double layer capacitance per unit interfacial area
(Ca = 5 x 107° F cm™?) and a, the interfacial area per unit
volume (cm ™).

The faradaic impedance per unit volume (Q cm?), is given

by

_ Zi(jo)

Qa

Zp(jo) (6)
where Z¢ (jw) is the faradaic impedance per unit interfacial
area (Q cm?) and a,, the active area per unit volume (cm™).

3.2.1. Derivation of Zs

The derivation of the faradaic impedance, Zs, of the Ni and MH
electrodes, such as the ones used in the prototype design, is
thoroughly described in [2,14,18]. A brief description is given
below.

The main processes during discharge at the Ni and MH
electrodes are the absorption/desorption of H atoms in the
active materials, producing the reduction of nickel oxy-
hydroxide in the positive electrode and the oxidation of the
metal hydride in the negative one, an adsorption/absorption
reaction mechanism governs the insertion of hydrogen atoms
in the hydride forming alloy [11,14,18].

The set of reactions at both electrodes are given as

Ni electrode

NiOOH + H,0 + e” <> Ni(OH),+OH"

MH electrode

MH,q + OH™ < H,0 + M + e~ (Volmer, adsorption step)
M + SH,p < MH,q + S (Absorption step)

MH,g4 is an adsorbed hydrogen atom on an active site on the
MH alloy surface, SH,p, is a hydrogen atom absorbed in an
interstitial site in the alloy and S is an empty interstitial site.

The faradaic currents related to these reactions at the Ni
and MH electrodes may be expressed as [11,13]

. ‘0 XsNi Py 1 — Xeni acFnyg
L =10 e - e 7
N et (xremi Xp< RT ) T~ Xewi P\ RT 7

XsMH (Xrefl\/[H+Keq (1*Xreﬂvu-[)) <aaF7]MH(t)> B
Xeenit (Xs+Keq(1—X5)) PUTRT
(1—Xsmn) (Xrefl\/[H+Keq (1 XrefMH)) (aanMH (t)>
(1 *XrefMH) (XSMH +Keq 1 XsMH ) P RT

s g
IMH = MH ref

(8)

where:

Xsni = Csni/Cmni , Fractional concentration of hydrogen
atoms in the Ni particles at the electrochemical interface.

Cmni , Maximum admissible H concentration in the Ni
active material.

XsmH = Csmu/Cmni , Fractional concentration of hydrogen
atoms in the MH particles at the electrochemical interface.

Cmmu , Maximum admissible H concentration in the MH
active material

Xrefni and Xrepvu, H fractional concentration in the reference
state, Xyer = 0.5

°Niref, 1°MHref , EXChange current densities of Ni and MH
electrodes at the reference state (SOC = 0.5)

Keq , Equilibrium constant of the absorption step

i = Eni — Eeq,MH,ref , Mmu = Evu — Eeq,MH,ref

Enxi , Emu , Potential at Ni and MH electrochemical
interfaces.

EeqNiref » Eeqmu,ref , Equilibrium potential of Ni interface
and MH interfaces at X,ef = 0.5

The faradic impedance function, Z¢(jw), for the Ni and MH
electrodes, may be derived, as follows, from equations (7) and
(8) after linearization and Fourier transformation:

3.2.1.1. Ni electrode.

1 AIN]()LL)) <61Nl> <61Nl>
= SNV + M(w) 22
Ze(jo)  Anu(jo) M/ x, \0Xs/, (M)Aﬂm()w)
Being, M(jw) = Axs( jw)/AJu( jo) the mass transfer function [8]

and Jy the proton flux at active material/electrolyte interface.
Taking into account

AJu(jo)/ Anyi (joo) = dii (jo) /(40 (j0)F) = 1/ (Ze(jo)F)

the faradaic impedance can be written as

= (3), - (2) )

The partial derivatives are derived as follows, considering
(0q — ag)=1:

(aim) 1 iGF
a’l]Ni Xs RTNi RT

o Iy
0xs ), x(1-x)

where i°y; corresponds to the exchange current density of the
Ni electrode, at the corresponding SOC of the EIS
measurement.

In the derivation of Egs. (10), steady state equilibrium has
been considered battery equilibrium is assumed as EIS data
are recorded at open circuit conditions, so the steady state
current, ix;=0, accordingly:

(10)
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x=(1-S0C)y

Q
o =1° SOCNai
Ni T Niref(

ag—1

1- soc}f{) (1 —socyi)
Introducing egs. (10) in (9), the final expression for Z¢ is

RTMy; (jo)

Zowi (1 = R — - - 7
mi(jo) = R F2s0cy; (1 — socy;)

(12)
The expression for M(jw) is derived by solving Fick’s laws for
the corresponding geometry and boundary conditions.

For the Ni electrode the active material is constituted by
spherical Ni oxide particles of mean radius ry; The intercalation
process takes place at the particle surface/electrolyte interface.
Therefore, radial diffusion in a sphere of radius ry; is considered
in the derivation of M(jw) [8], with boundary conditions:
r=Tni; Flu = ini; r:O:,}HTO

. _ 'Ni
My (jw) = ComiDni (1 — ¥piCOth(yy))

being

. jw
Yni(jw) = i 1}3_Nl

where Dy; is the diffusion coefficient of H in the Ni material.
If Dy is small enough, the mass transfer function, My;, may
be well represented by a Warburg type function

1
Cmni v/ Dnijw

So a simplified form for Za( jw) is

MNi(j(l)) = —

. Ani

Zeni = Rmi 12
i (jo) TN -‘r\/jz (12)
being

RT
F?socyi(1 — socni)Cmni v/Dni

RT
Rri = °F and Ay =
INi

3.2.1.2. MH electrode. Zau(jw) may be derived from Eq. (8) in
an analogous way as Zgi(jw), leading to

. A
Zovu(Jw) = Rrvm + (13)

SIMH
Viw

In the derivation of eq. (13), semi infinite diffusion is also
assumed (Warburg type diffusion), being

RT
R = =
TMH I&HF

RT
" F2s0Cwu (1 — 50Cs) Conwir v/ Dt

AMH

SOCMH (Socrefl\/[H+Keq (1 - SocrefMH))
SOCrefMH (SOCMH + Keq(l — SOCMH))

(5eec)
For details see reference [11].
For high values of Keq and socer = 0.5

a1
o o 1 - socym \
MH MH ref SOCMH

The complete set of Egs. (1)-(6), (12), (13) leads to the total
impedance of the battery Zgar.

70 __ 70
Iy = IMH ref
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Fig. 2 - Activation and cycling stability of individual
electrodes and battery prototype.

3.3. Parameter identification considerations

In order to calculate Zpar, the different parameters of the
system must be identified by means of a suitable fitting
procedure. An important topic must be analyzed before para-
metric identification, the theoretical identifiability of the
model [3]. The theoretical identifiability implies determining if
the model parameters may be identified globally (unique
solution), locally (a finite number of solutions) or if they are
non-identifiable (infinite number of solutions). The test carried
on by using the method proposed in [3] indicates that both
electrodes can’tbe identified individually since the parameters
of each can be exchanged giving the same impedance.

On the other hand, according to the different equations of
the system, it is impossible the complete identification of the
system, as several parameters appear as products. In order to
arrive to an expression of Zgar with identifiable parameters,
we shall express Eq. (1) as:

ZBAT(jw) = Rj + Zl ()(L)) + Zz (J(L)) (14‘)
Being:
. 1

Z =Mo|—————— 15

120&)) 12 Ul,z()w)tanhulyz(]w) ( )
A = A%,k; V12(jw) = |joCia + #AM

N1 + Nz (16)
Cai.L? Rik Ax

C1,2 = )

Rip == =15
PMe =g M=,

Now the parameters to be identified are R;, A1, A5, Cq, Co, R4,

Ry, Aq, A

According to the identification analysis, an important
consequence of the expression in Eq. (14), is that it is not possible
from impedance data only to assign Z, or Z, to either the Ni or MH
electrode. Further on, we shall see how information of the indi-
vidual electrodes may help in the identification of Zyy; and Zy;.

The structural and physicochemical parameters included
in equations (16) i.e. a,, L, k, Ry, and A, correspond to either
Aamu, Rvu, Reavn, €TC. OT dani, ki, Rovi, etc.
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Fig. 3 - Nyquist plots (experimental (s) data and simulation
(-0-) results) for 0.05 < SOC <0.9.

We shall see below how certain physicochemical and
structural parameters may be derived after the fitting
procedure.

In order to perform the parametric identification, a fitting
programme was developed, based on the Nelder-Meade
simplex search algorithm included in the Matlab package.
The objective function to be minimized was the cost function
Jp, defined as

K

1 1
Jp= EZIQ(wak)IZ =X

k=1 k=1

K Ze(wr) — Zo(p, on)
[ 2tk T AR T
Ze

(wx)

where K is the number of experimental frequencies (v) and
Zo(wk) and Zp(wk) the experimental and theoretical impedance
values corresponding to the frequency wy. This algorithm
returns a parameter vector [p] that is a local minimizer of J,
near the starting vector [p,], so the whole fitting procedure is
highly dependent on the initial values assigned to the [p,]
vector parameters. The fitting was considered acceptable when
Jp < 5.107.

4, Results and discussion

Fig. 2 shows the activation and cycling stability of electro-
chemical measurements performed in positive and negative

—O-4-0-0- simulation
¢ A & m experimental

2

Z(imag)/Q

3

4 . ,

Z(real)/Q

Fig. 4 - Nyquist plots corresponding to 0.2 < SOC<0.9
(expansion of Fig. 3).

electrodes on a laboratory cell. Also it shows the electro-
chemical discharge capacity of both electrodes and separator
in the battery prototype. The maximum discharge capacity
reached by the hydride forming alloy is 296.8 mAh.g~* in cycle
4, while the sintered NiOOH presents a maximum discharge
capacity of 143 mAh.g~*. Accordingly as depicted in Fig. 2, the
discharge capacity and state of charge (SOC) of the battery is
determined by de NiOOH electrode.

4.1. Experimental EIS data and fitting results

Fig. 3 depicts, both, Nyquist plots corresponding to experi-
mental EIS data, recorded with the battery prototype at
different SOC values, and theoretical EIS data calculated in
terms of Egs. (14-16), using the identified parameters assem-
bled in Table 1.

An expansion corresponding to intermediate SOC values is
depicted in Fig. 4. It is interesting to note that no appreciable
changes in the battery impedance data can be observed for
intermediate SOC values, 0.2 < SOC < 0.9. This same trend has
been reported with commercial batteries [1,3,15].

From the expressions given in Egs. (16), the following
relationships may be derived (in the following i = 1,2)

Table 1 — Parameters derived from the fitting procedure.

SOC Ri/ohm Al C1 §R1 Aq 12 Cz §R2 A,
0.95 0.84 3.17 4 1.32 <le-3 2.1 0.06 0.04 0.32
0.85 0.843 3.8 4.85 1.15 <le-3 212 0.022 0.02 0.28
0.72 0.86 2.5 3.4 1.64 <le-3 5.83 0.036 0.0036 0.077
0.57 0.8 2.74 3.63 1.44 <le-3 49 0.039 0.0034 0.092
0.43 0.84 3.34 44 1.1 <le-3 3.4 0.03 0.0062 0.15
0.29 0.83 2.3 3 1.53 <le-3 5 0.053 0.0037 0.113
0.15 0.84 2 3.8 1.5 <le-2 10.7 0.136 0.0021 0.075
0.01 0.84 1.63 0.06 5.6 <3e-2 20 0.007 0.0018 0.15
0.005 0.84 1.25 0.048 27(;) 2e-3 20 () 0.023 0.315(;)
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Table 2 - Identified structural and physicochemical parameters.

SOC

deni/cm™?

Aevp/CIM™

1

ioMHaaMH/ACm7

5]

1°Nidani/AC ™

2

2

1

(soc(1 — soc)cmaayD)ni/mol.cm ™2 s~
0.95 1.68 x 10* 1.85 x 10° 0.0451 8.98 0.1164 x 1074
0.85 0.61 x 10* 1.9 x 10° 0.0438 17.8 0.1318 x 10°*
0.72 0.36 x 10* 2.0 x 10° 0.0460 35.9 0.1742 x 1074
0.57 0.47 x 10* 1.95 x 10° 0.0478 45.3 0.1735 x 107
0.43 0.52 x 10* 1.94 x 10° 0.0514 36.1 0.151 x 10°*
0.29 0.62 x 10* 1.92 x 10° 0.0536 40.8 0.1384 x 107
0.15 0.75 x 10* 2.7 x 10° 0.062 30.2 0.0975 x 107*
0.01 2 x 10% 0.54 x 10* 0.0207 18.7 0.0254 x 10°*
0.005 @) 0.56 x 10* 0.0056 1.64 0.0124 x 107*(;)
and the dependence of
C; L
de = =7 K=5—7
LA . RT .
CaklAp Z (17)  @aniCmni\/Diis0yi(1 — s0Cy;) = =————— with socgar
) RT RT F2 AniAiLniApni
93 = 5w a,cmvDsoc(1 — soc) = ZYRATA
iAL e iriVe

Egs. (17) may be used to derive identification criteria in order
to assign electrode 1 and 2 to either Ni or MH electrodes. For
this purpose previously known parameters are used:

Construction parameters:

Lyi = 0.074 cm; Apyi = 0.51 cm?
Ly = 0.17 cm; Apyn = 0.8 cm?

Parameters from the bibliography for electrodes of analogous
materials:
®refamu < 3 x 1071 A.cm ™3 [18]
Aev = 2 X 10° cm ™2 [2]
As the Ni electrode controls the battery SOC, i.e. socy; =
socgar, Other diagnostic criteria are the dependence of
RT

12.d,n = —————— with soc
NN i Ani FLni A pni BAT

given by

socya RT
; : N
IIu\liaaNi = leo\li.refaaNi : (aa-1)
(1 — socni)

 RnicniFLniApni

50
—Oo— simulation
. ®  experimental
40 u
| ]
[30)
g 30+
o
<
S
mm
2 20 - .
10 -
| ]
0 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
SOC, .

Fig. 5 - Experimental (H) and theoretical (-0-) dependence
of i°yiaan; With socgat.

Based on the diagnostic criteria given above, it was possible
to assign electrode “2* to the Ni electrode. Some physico-
chemical and structural parameters could be determined as
depicted in Table 2.

4.2. Dependence of the kinetic parameters with socgar

The theoretical curve of Fig. 5 was calculated with
. . SOCgar “*
i2.a N':210' donNi | ——

Ni“aN1 Ni,ref “aN1 (1 _ SOCBAT)(ua—l)

Assuming i°y; refdani = 40 A.cm 3y oy = 0.5

From Fig. 5, it can be observed that the values of i®yefdani
derived from the fitted parameters, assigning electrode “2” to
Ni, reproduce relatively well the expected dependence with
SOCRAT-

The theoretical curve of Fig. 6 was calculated assuming
that agniCmniD%P = 6.9 x 107> mol em 2572

Also Fig. 6 shows the expected dependence of
AaNiCmni vVDniSOCBAT(1 — socpat) With socgar, validating the
assignation of electrode “2” to Ni.

N
~
|

—O— simulation
®  experimental

g
o
P IR

-
(&)}
PR "

1.0 -

05

SO0Cgr(1-S0Cxr)Con@ani( D) X10%/mol cm?s™

o
o

SOCqyr

Fig. 6 - Experimental (M) and theoretical (-0-) dependence
of socgat(l — S0CEAT)CmNidani(Dni)*> With socgart.
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5. Conclusions

- The EIS response of a Ni-MH battery was simulated in terms
of a physicochemical model, considering the electrodes as
porous flooded structures where the electrochemical
processes take place at the active material/electrolyte
interface.

The structural analysis of the model indicates that the Ni
and MH electrodes are indistinguishable and the individual
kinetic and structural parameters are not identifiable from
impedance data, unless previous knowledge of certain
parameters is available.

Diagnostic criteria, based on previously known parameters
and on the dependence of kinetic and mass transport
parameters with the battery SOC, have been used to
distinguish between the Ni and MH electrodes.

The fulfillment of the expected dependence of the param-
eters derived from the fitting procedure with socpar
constitutes a validation of the proposed model and the
identification analysis.

Acknowledgements

The authors acknowledge the financial support given by the
following Argentina organizations: Consejo Nacional de
Investigaciones Cientificas y Técnicas, Agencia Nacional de
Promocién Cientifica y Tecnoldgica, Universidad Nacional de
La Plata, Centro Atémico Bariloche and Instituto Balseiro and
Universidad Nacional del Comahue.

Nomenclature

Apni Geometric area, cross section, of the Ni electrode/cm?

Apmu Geometric area, cross section, of the MH electrode/cm?

deni Total interfacial area per unit volume in the Ni
electrode/cm™?

AeMu Total interfacial area per unit volume in the MH
electrode/cm™?

AaNi Active area per unit volume in the Ni electrode/cm*

AamH Active area per unit volume in the MH electrode/cm~*

Cdlyg = Cdly; SE-5/Fem™2

CrNi Maximum H concentration in the Ni active material/
mol.cm™3
CrnMH Maximum H concentration in the MH active

material/mol.cm 3

Dni Diffusion coefficient of H in the Ni electrode/cm? s~

Dmy Diffusion coefficient of H in the MH electrode/cm? s~

i°uni, 1°vu Exchange current densities of Ni and MH electrodes
(SOC dependent)/A.cm 2

1°Nirefy 1°MH,ref EXchange current densities of Ni and MH
electrodes at the reference state (SOC = 0.5)

kni Electrolyte effective conductivity in the Ni electrode/

1
1

ohm lcm™

kvu Electrolyte effective conductivity in the MH electrode/
ohm™lcm™

Lui Ni electrode length/cm

Lyvu MH electrode length/cm

R; Internal resistance of the battery (Zgar for f — inf)/ohm

SOCN; Ni electrode state of charge

socyn  MH electrode state of charge

socgar Battery state of charge

XsNi Fractional concentration of hydrogen atoms in the Ni
particles at the electrochemical interface.

XsMH Fractional concentration of hydrogen atoms in the

MH particles at the electrochemical interface
XrefNi, Xrepmu H fractional concentration in the reference state,

Xyef = 0.5

Zpni Impedance of Ni electrode per unit geom.area/ohm cm?

Zpvu Impedance of MH electrode per unit geom. Area/
ohm cm?

oNi Effective conductivity of the solid phase in the Ni
electrode/ohm 'cm ™!

oMu Effective conductivity of the solid phase in the MH

electrode/ohm lcm™?!
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