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Galvanostatic anodic high-rate transients in porous Cd-electrodes are analysed. A one-dimensional 
electrode model is developed. The model includes effects of  variation in electrolyte composition 
and reaction surface activity. Overpotential transients are computed and compared with experi- 
mental transients. Failure in low porosity electrodes with great surface activity is in general caused 
by the blockage of pores at low rates. At high rates the discharge depth is limited by pure mass- 
transfer limitations. The reaction activity group ioS is estimated from the experimental electrodes 
in conjunction with the model. Transition from pore blockage to pure mass-transfer limitations 
occurs between 100 and 200 mA cm -2 for a medium porosity of 0"60. 

Nomenclature 

Symbols 

v 
P 

Printed in Great Britain. 

e electrolyte concentration, KOH,  mol cm-3  
c w solvent concentration, water, mol c m - a  
D diffusion coefficient, cm / s -  
f equivalents of extender on a Cd basis 
F the Faraday equivalent, 96487 As per mol 

equiv. 
g a density function for accessible surface 

activity; also the gravity constant, cm s -  2 
i current density, A cm-2  
I current density, electrode load, A cm-2  
kbz blockage constant for small pores, cm 3 A -  ~ 
l electrode thickness, cm 
M mole weights 
Q charge density, A min cm-3  
R universal gas constant 8.3143 J K -1 mol -~ 
S surface activity, cm z per cm 3 
t time, s 
t ~ the transference number of  the cation in 

the binary electrolyte with respect to the 
velocity of  solvent. 
convective velocity, cm s -  ~ 
mole volume, cm 3 mol-1  

�9 1974 Chapman and HallLtd. 

x location co-ordinate inside the electrode, cm 
y reaction extent related to total amount 

cadmium 
z+ the charge number of  the cation in the 

binary electrolyte 

Greek letters 

charge transfer coefficients /3F/RT and 
(I-/3)F/RT, V -  1 

t3 symmetry factor for charge transfer, = 0.5 
was applied 

e porosity 
p density, g c m -  3 
lc conductivity, ohm -1 cm -1 and perme- 

ability, cm 2 
q overpotential, V 
# viscosity g cm - 1 s - 1 
v stoichiometric coefficient 
v+ number of cations into which a molecule of  

electrolyte dissociates 

Subscripts 

a anodic 
c cathodic 
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d diffusion 
eff effective 
i species i 
o initial time distributions along the electrode 

co-ordinate x 
p permeability 
r electrolyte reactant 
t charge transfer 
1 solid phase 
2 pore-electrolyte phase 

1. Introduction 

In this work a combination of experimental 
and theoretical work is carried out in order to 
gain experience from mathematical models as 
a means of analysing high rate electrodes. 

The chief high-rate application of alkaline 
storage batteries is found in various engine 
cranking operations. A common property of 
batteries in heavy duty applications is the poor 
efficiency in the utilization of the active electrode 
material [1 ]. The materials used in electrodes are 
usually very expensive and this gives a rational 
motivation for an analysis to acquire a better 
background for making better electrodes in the 
future. The high-rate processes present a very 
complex problem and a performance analysis 
in general, should describe the overpotential 
transients at various load conditions. The load 
levels studied here are in the interval of 100-200 
mA cm-2 and these levels draw attention to the 
important problem of mass transfer and current 
distributions within the porous electrodes. In 
the complete analysis the effects associated with 
structural changes arising from the precipitation 
of a solid product Cd(OH)z are also to be 
considered. 

There have so far been very few integrated 
analyses [2-3] which reflect the usefulness of 
taking advantage of theoretical models in the 
analysis of experimental electrode transients. The 
analysis presented in this work is a method for 
the determination of parameters which are of 
importance for the simulation of commercial 
electrode systems and for their optimization. 

2. Experimental 

2.1. Preparation 

Electrodes were prepared from dry mixtures of 
CdO and FezO3. The proportions were on a 
weight basis in the ratio 90:10. The mixtures 
were pressed into an electrode holder of plexi- 
resin which defined a one-dimensional geometry, 
as the inside walls were electrically isolated. The 
electrode backing was made of machined rods 
of Ni metal. Through variation of the formatibn 
pressure it was possible to obtain different poro- 
sities. In the preparation of highly porous elec- 
trodes it was necessary to add finely divided 
KOH to the mixture to obtain a form-strength. 
The KOH was then leached out after a pre- 
reduction in a saturated KOH solution. The 
maximum porosity obtained by these methods 
was 0.85 and the minimum was 0.33. The elec- 
trode thickness varied from 0.7 to 2 mm. The 
electrode diameter was 10 ram. 

During the formation cycles it was observed 
that the behaviour (i.e. reproducible discharges) 
of the electrodes became constant after 4 to 5 
cycles. A pre-reduction for 48 h at 1 mA cm -2 
was then followed by repetitive discharges and 
charges with the same current density for periods 
of 12 h. After a final conditioning, 24-28 h, the 
electrodes were ready for measurements at 
reproducible equilibrium potentials against a 
HglHgO cell in equal KOH concentration. 

2.2. Measurements 

All potential measurements were under galvano- 
static conditions. The bulk electrolyte was stirred 
to eliminate the concentration potential error 
from the bulkside gradient. The overpotential 
at the working electrode was measured with a 
conventional Luggin-capillary connected to a 
reference-cell of Hg]HgO in the same electrolyte 
The polarizations were registered on a paper 
strip-recorder after compensation for the 
equilibrium potential. 

The temperature during the various runs was 
22__0.5~ and the electrolyte concentration 
varied between 4.5 and 5 ~. The average poros- 
ities were determined by a volumetric neutral- 
ization titration procedure, combined with 
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electrode thickness measurements with a micro- 
meter screw gauge. The mechanical volume was 
calculated from thickness data and the construc- 
ted electrode area. The electrolyte inside the 
electrodes was leached out with pure water. 
The leaching was repeated four times with pure 
water. The leached liquor was titrated with 
hydrochloric acid and related to the electrolyte 
volume inside the electrodes. The adherent 
electrolyte on the outer surface, was quickly 
washed away with water and thus excluded from 
the titration volume. 

The charge distribution inside the electrodes 
was determined from microtome sectioned 
slices by chemical analysis. Sections with a 
thickness of 50 #m were analysed by the polaro- 
graphic method for determination of the valence 
state distribution in the cadmium phase [4]. 
Only measurements of relative values between 
the metallic and the ionic states gave reliable 
results. The failure in the total value analysis 
was caused by the poor electrode strength, 
which produced only fractions of the sections 
under the microtome knife. The electrodes 
were embedded in a thin body of epoxy-resin 
and sliced under air-excluded conditions. 

BET surface measurements were performed 
for some of the charged electrodes and for the 
ground materials. The cadmium oxide used was 
5.0 m z g-  ~ and the ferric oxide was 8.8 m 2 g-1. 
Charged electrodes showed values from 1 m 2 
g-1 to 2 m z g-1. 

Permeabilities, were determined in an arrange- 
ment as shown in Fig. 1. The height of electro- 
lyte h was measured at different time-points 1 
and 2 for each electrode. The permeability was 
then calculated from 

= /d 111 hi - 1  
~P pg(t2- tl) h2-1 

which can be derived from Darcys law [10], 
taking into consideration that the whole pressure 
drop from the flow is within the electrode 
thickness L 

3. The electrode system 

The solid phase is an interconnected cadmium 
matrix with a very high electrical conductivity 

epoxy-resin �9 ~ , ,  q 

etectrode sampte [ ~.'.-:w; 

I 
I I 

Fig. 1. The electrode permeability column. 

solid phase consists of amorphous ferric oxide, 
which is used as a support. 80~o of the metallic 
particles are in the size interval 0.1-1 pm; this 
was estimated with an electron microscope. 

The electrolyte phase is considered as an 
interconnected electrolyte space in the fully 
charged state. The electrolyte space gradually 
decreases during discharge according to the 
positive net change in solid volume which occurs 
according to the Equation 1. 

Cd( s )+20H- (aq ) -~Cd(OH)2( s )+2  e-  (1) 

Basic assumptions made for a high-rate model 
for porous Cd-electrodes are as follows: 

(1) The cadmium matrix is regarded as an 
iso-potential surface because of the high con- 
ductivity relative to the pore-electrolyte conduc- 
tivity. 

(2) The electrode system is regarded as a 
pseudo-homogeneous two-phase medium. The 
transport pathways for the species involved in the 
dissolution-precipitation reactions are regarded 
as small, compared to the reaction zone within 
the pore mouth region where the highest reaction 
current rate initially appears. 

(3) The electrode system is regarded as a 
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in the full charged state. A minor part of the 
one-dimensional system according to the as- 
sumptions just made, and to the electrode 
design used in the experiments. 

(4) Changes in ratio between liquid and solid 
volume due to precipitation of Cd(OH)2 are 
described as quasi-compressible changes in the 
fixed co-ordinates of the pseudo-homogeneous 
electrode medium. 

(5) The reaction product Cu(OH)2 is assumed 
to be rapidly and completely precipitated. 

(6) The transport equations for current and 
mass transports in the electrolyte phase are 
described by equations from the concentrated 
solution theory [5]. 

(7) The electrode is assumed to be isothermal 
which is confirmed by a check measurement at 
the current density of 0.2 A cm- 2 The tempera- 
ture increased only 0-2~ during 4 min discharge 
under thermostatic experimental conditions. The 
approximation for isothermal conditions is thus 
within the total experimental error. 

(8) The electrolyte gradient outside the elec- 
trode is eliminated by means of mechanical 
agitation. 

(9) The time constant for charging the electri- 
cal double layer including the reaction transients 
is small and is of the maximum order of 100 
ms for alkaline Cd electrodes. For most dis- 
charge transients of technical interest the effects 
mentioned can be neglected as controlling mech- 
anisms in porous electrodes. 

(10) The convection of electrolyte in the 
electrodes is due to the changing porosity. 

(11) The changes in water concentration are 
relatively small and concentration profiles can 
be interpolated from electrolyte concentration 
density relationships. 

4. Model equations 

During deep discharges or for any thick elec- 
trodes it is necessary to include the ohmic 
polarization in the solid phase. In both these 
cases the ohmic polarization can be obtained 
from Equation 2 

d~h 
i I = - lq d--x (2) 

The ohmic drop within the solid phase is neg- 
lected in this work according to the concept 
of an iso-potential matrix surface. 

Thus, in this work 71 is considered as zero 
inside the electrode. 

The change in concentration of the binary 
electrolyte, KOH(aq), is obtained by integration 
of the one-dimensional simplified version of the 
general equation for the conservation of the 
electrolyte (Equation 3). 

[ ( dlncw\ -1 
v .  o 1 

i 'V t  ~ v~ 
z+v+--------ff+~--~V'i (3) 

The derivation of Equation 3 in this form is 
clearly presented and defined by Newman [5] 
and is extended here with a source term. Trans- 
port mechanisms included in Equation 3 are 
convection, diffusion and ionic migration. Con- 
vection and migration are often neglected beside 
the source and diffusion terms in low rate models. 
Migration is a minor term in the chosen trans- 
port representation, as t ~ has a very low con- 
centration dependence V t ~  [6] and it s 
therefore neglected in this high rate-model. 

The convection term for the one-dimensional 
representation is of the form 

dc dv 
V "(cv) = v ~xx + c dx (4) 

when the compressible property of the electrolyte 
space V. v ~ 0 is taken into consideration. 

The velocity v is calculated from the continuity 
equation for electrolyte flow (Equation 5) 

(5) 

Equation 5 is thus consistent with the assump- 
tions made above, regarding the flow in the 
pore electrolyte. The local changes in porosity 
are obtained from 

d~ 1 
A 17 -'~ (6) 

dt nF dx  

Combination of the Equations 5 and 6 gives 
the differential equation for v, 
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dv AVdi 2 
dx  n F  d x  (7) 

which is to be integrated simultaneously with 
the transport Equation 8. 

The simplified version of the Equation 3 
for the one-dimensional case and with the 
effective coefficient of diffusion, Deff=-Dg 3/2 
[11], introduced is 

oe De.(1 dlnew' d2  dc dv 
Ot = d ln c /l ~x2 - V dx  - C ~ x  

vr di2 (8) 
n F  d x  

The source term in Equation 8 is assumed to be 
of the form given in Equation 9. 

Vr d i 2 _  Vr 
n F  dx  n F  i~ S g(x)(1 - e)(1 - u) 

I(~0 ) exp(~aY/t) -- exp( - ~ct/t)l (9) 

A black-box experimentation with this porous 
electrode model in conjunction with a study of 
the steady state kinetics on plane Cd-surfaces 
has given the result shown. The kinetics on 
Cd-surfaces are still a challenging area for 
scientific exploration and the situation has re- 
cently been reviewed by Dunning et al. [2]. 

The exchange current density i o is related here 
to the bulk concentration c o of the electrolyte 
and S is the surface activity in cm 2 per cm a. 
A density function g(x)  associated with S is 
introduced to describe the metallic Cd-distri- 
bution. The factor (l-u) gives the fraction of 
the electrode surface which contributes to the 
current. The variable u is assumed to describe 
the fraction of pores which will become inactive 
when the smallest pores cease to function be- 
cause of their inefficient mass transport ability. 
For growing local rates, Oi/Ox, u is growing ac- 
cording to Equation 10. 

Oi 1 
u = kbl~X eo. 5 (10) 

The factor 1/e ~ is assumed to account for 
a varying quality in the distribution of inter- 
connected pores for electrodes with different 
initial porosities. The effect of u is shown later. 

The exponent 0.5 is an empirical determination. 
The electrode porosity, e, is treated as a 

location- and time-dependent state variable. The 
stoichiometry determines the shift in e, when 
applying Faraday's law to differences in mole 
volumes among solid reactants and reaction 
products. 

The porosity is calculated locally as 
(1 - Co) [(1 - y) 17 x + y V3 +fV4] 

e = 1 -  ( 1 - y o ) ~ ' l + Y o ~ ' 3 + f ~ 4  (11) 

e o is the initial porosity distribution. The extent 
of reaction y, is related to the theoretical capa- 
city Q in the differential Equation 12. Yo is 
the initial reaction extent. The solid components 
in Equation l l  are l Cd, 3 Cd(OH)2, 4 Fe203. 

dy = Jo dx (12) 
dx 

Q 

The changes in surface activity are described 
as local changes in the g-function (Equation 13) 

g ( x )  = g o ( x )  - ( y ( x ) ) p  (13) 

The exponent p has been recently interpretated 
by Dunning et al. [2] to be a structure-dependent 
parameter. 

gi is the mole volume of each solid component 
The factor fexpresses the moles of the extender 
Fe203 on a cadmium basis. 

The ohmic polarization within the electrolyte 
is obtained and described according to Equation 
14, which is an approximation with regard to 
the concentrated solution theory [5] 

dq2 
i2 = --/~2 d--x- (14) 

The current density i 2 in the pore electrolyte 
phase is obtained from 

di2 
e " -~- x = ioS g ( x ) ( 1 - e ) ( 1 - u )  

exp  l 
Concentration potentials are obtained from 

the Nernst equation (Equation 16) 

R T  a 1 qd ~--" - -  In - -  (16) 
n F  a 2 
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In Equation 16 al ,  the electrolyte activity, 
is at a reference position outside the electrode 
and a2 is the activity at any solution location 
inside the electrode. Accurate data for K O H  
(aq) is available in the literature [7]. 

The various overpotentials are treated ana- 
logously to a recently published work by R. 
Alkire [8]. The total and measured overpotential 
after compensation for the equilibrium potential 
is t / and  is composed as shown in Equation 17. 

q = ql +r/2 +t /d+th (17) 

where t h and t/2 are obtained from integral 
solutions to Equations 2 and 14 respectively. 
The charge transfer overpotential, t/t, profile is 
obtained from Equation 18 as differences based 
on iterative searches made on the total over- 
potential t / and  calculated r h,  t/2 and r/a profiles 

qt(x) = q - O h ( X ) + q z ( X ) + q e ( X ) )  (18) 

5. Boundary conditions 

At x = 0, i2 = I/e,, r = C o the pore mouth conditions 
At x = 1, the collector conditions are, 

dc dv = 0 (20) 
i 1 = 1 / ( 1 - e , ) ,  i 2 = O, -~x = O, d x  

The initial conditions for the state variables 
e, g, e, and y correspond to the initial-time distri- 
butions. For a gradient free electrode-electrolyte 

c(x,O) = c o 0~<x<~l (21) 

is valid. The surface density function g varies 
from electrode to electrode and has the form 

g(x ,O)  = go 0 <~ x ~< 1 (22) 

The porosity distribution is assumed to be uni- 
form, 

e(x,O) = e,o 0 ~< x ~< 1 (23) 

The reaction extent y is initially zero along the 
electrode 

y(x ,O)  = Yo = 0 0 ~< x ~ 1 (24) 

6. Results and discussion 

Typical overpotential transients and their simu- 
lations for an electrode with %=0.414 in 4.45 
M electrolyte are shown in Fig. 2. The best 
agreement between simulated and experimental 
transients was obtained for porosities over 0.40. 

The charge distribution is shown in Fig. 3, 
where two examples from the analysed initial 
profiles are shown. In the estimations loS(l-e,  ), 
experimental charge distributions similar to those 
in Fig. 3 were applied in a curve-smoothed form. 
The curve-smoothed relation corresponds to the 
initial distribution go in Equation 9. 

Fig. 4 shows the computer estimated values 
of  the parameter group loS(l-e,  ) as a function 
of the initial porosity. The estimates are based 
on short-time data, which means 1-2 s after 
switching on the constant current. The best 

300 
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[mv] soo , /j 
~o0 

1 
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I 

I I 
I000 1500 2000 

t Is] 

Fig. 2. Simulated and experimental curves for a typical electrode 
with an initial porosity eo = 0.47 and the thickness l = 0.152 cm. 
The current density is 100, 150 and 200 macro -2 for curves 1, 2 
and 3 respectively. Dotted curves are computer simulated transients. 
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0.5 

Cd/Cdto t 

i I 1 2 
[ turn 

Fig. 3. Two typical initial charge distributions from 
the electrode sectioned analysis. The backwall co- 
ordinate is at electrode thickness I. The almost 
homogeneously charged electrode has the porosity 
E = 0.72 and the second electrode is a typical low 
porosity electrode with e = 0.42. 

i.s(1-El [Aer~ 3 ] 

0.3 

0.2 ~ ~  ?e=-roS.-0.3zs 

03 , , , ~  

0.5 1 
s 

Fig. 4. The electrode activity ioS(1-~) as a function of 
the porosity in the fully charged state. Curves 1, 2 
and 3 represent the experimental values for the con- 
stant discharge current densities 100, 150 and 200 
mA cm-2. The straight line corresponds to the zero 
current limit, where u~0 when i~0, in the expression 
inS(l-e) (l-u). 

reproducibility was obtained for high porosity 
electrodes, which also were the more homo- 
geneously charged electrodes. 

The straight line drawn in Fig. 4 has the 
slope-inS. For  the electrodes examined in this 
work inS was determined as 0.315 A cm -3. 
The curves show the current density influence 
on the estimated available surface activity ins 
(l-e) before the introduction of the load depen- 
dent variable u. I t  may be of importance to 

point out that ioS can be dependent on the pre- 
paration, and on the precision of the selected 
g-profiles. The amount  of  extender and possible 
binding materials, which are the usual compon- 
ents in commercial electrodes, can also be of  
importance. The electrodes in this work are all 
of  the same composition and prepared with the 
uniform procedure described above. The constant 
kbl =0.42 was found from a least square analysis 
applied to Equation 10. 

Low porosity electrodes gave large deviations 
from the relation ioS(1-e ) �9 (l-u). The deviation 
from the last relation at porosities lower than 
0.39 is interpretated as an effect of  ineffectively 
interconnected electrolyte space which occurs in 
a region where the particles are closely packed. 
The specific current load in the residual pores 
thus increases the polarization at the expense of  
the ineffectively connected pores. 

In general it is difficult to predict where the 
critical porosity limit appears and it can be 
expected to be dependent on the composition 
and structure of  the active material. The observed 
limit is 0"35 which is for the electrode mixture 
examined in this work. 

Fig. 5 shows high rate overpotentials at differ- 
ent time points as a function of the initial poro- 
sity for electrodes of  comparable thickness. 

300 

200 

100 

~,vj 

, . . . r r l l  1 0.5 
Fig. 5. Overpotentials at different time points for elec- 
trodes prepared with different porosities in the 
charged state. The electrode thickness is 1 = 0'160_+ 
0.010 cm. Dotted curves are computer simulatiofis. 
Experimental values are [] 20 s, 100 mA cm-~; o 
1200 s, 100 mA cm-2; �9 20 s, 200 mA cm -2 and 
180 s, 200 mA cm -2. 
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During short periods of time, polarization 
increases with increasing initial porosity. The 
explanation is that the electrode activity ioS(1-e ) 
(l-u) decreases with increasing e. The latter 
gives rise to an increasing internal surface load 
resu!ting in increasing polarization. At long dis- 
charges the electrodes will be exhausted, because 
of the insufficient transport of electrolyte from 
the bulk into the electrode inside. 

Essentially two conditions define the ex- 
hausted state, reactant depletion from pure 
mass transfer limitations and precipitation of 
an insoluble reaction product Cd(OH)2 causing 
restricted mass transfer. 

For high rate cases, i=200 mA cm -2, the 
concentration depletion is the controlling mode. 
This causes increasing ohmic and concentration 
polarizations together with a lowered reaction 
velocity.; Low porosity electrodes are more 
sensitive to different load conditions than medium 
porosity electrodes because of the weaker trans- 
port abilities for both current and mass in the 
electrolyte phase. The larger reaction surface 
for low porosity electrodes does not compensate 
for the ineffective transport properties. The model 
predicts the general minimum polarization curve 
shape for varying porosity 

Precipitation of the insoluble Cd(OH)2 as a 
primary cause of polarization increase is obtained 
at lower discharge loads. Experiments per- 
formed at 100 mA cm -2 gave the latter polari- 
zation effects. The mechanism can be discribed 
as a continuous plugging of the pores in the 
pore mouth zone followed by an electrolyte 
depletion caused by the hindered mass transport 
This phenomena has recently been treated 
independently by Dunning [2] and Simonsson 
[3] and in this work their explanations are 
confirmed. 

In order to test the arguments for the different 
exhausting mechanisms described above which 
were predicted in the model for various load 
levels, some electrolute permeability experiments 
were performed. Table 1 gives a comparison 
between two electrodes with almost identical 
physical properties. The electrodes were dis- 
charged to 500 mV final polarization. The perme- 
abilities were measured according to the pro- 
cedure described above. 

Table 1 shows that the permeability at the 

Table 1. Electrolyte permeabilities 

I(mA cm -2) t%. 10 l~ cm 2 l?o ep . . . . .  utu  

100 0'32 0"53 0"36 
200 1'15 0'51 0"45 

final states is different for the two load levels. 
The/~p value for the 100 mA c m  - 2  ca se  together 
with the simulated final value of epore mouth indi- 
cates that this electrode is influenced by the 
precipitation of Cd(OH)2 which is not the case 
for the other electrode at 200 m A c m  -2. The 
interval of 100-200 mA cm -2 seems to be a 
transition interval from pore blockage to pure 
mass-transfer limitations. 

The exponent p in Equation 13 is of general 
importance in the simulation of the experimental 
curves. In this work p has been found to fit the 
data best when p=0.80+_0.05. The sensitivity 
of p increases with increasing current density. 
At i =  100 m A c m  - 2  there was no significant 
difference between p = 1 and p = 0.80 within the 
experimental error. At i -- 200 mA cm 2, (p = 0.80), 
p became a sensitive parameter, p =  1 almost 
doubled the discharge time compared to p =0.80 
at i=200 m A c m  - 2 .  

7. Solutions of equations 

The solutions to the coupled Equations 7, 8 
and 10-15 were obtained from an implicit 
finite-difference representation of the equations. 
These were iterated for the imposed constant 
current condition and for the given boundary 
conditions (Equations 19 to 24). A useful 
numerical method has been devised by Newman 
[9] which is suitable for treating complex coupled 
equations. 

8. Conclusions 

The model presented is based on rough simpli- 
fications concerning the microkinetical situation 
which is to be included in a more exact model. 
Another important extension to the model for 
general applications is to introduce the effects 
of pore size distributions which in this work are 
introduced empirically. The model gives a good 



ANALYSIS  OF POROUS A L K A L I N E  Cd-ELECTRODES.  I 257 

explanation of  the influence o f  porosi ty on mass 
transfer and on surface activity for high-rate 
discharges, for the electrode mixture examined 
in this work. 
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