
University of South Carolina University of South Carolina 

Scholar Commons Scholar Commons 

Faculty Publications Chemical Engineering, Department of 

1995 

Mathematical Modeling of a Nickel-Cadmium Cell: Proton Mathematical Modeling of a Nickel-Cadmium Cell: Proton 

Diffusion in the Nickel Electrode Diffusion in the Nickel Electrode 

Pauline De Vidts 
Texas A & M University - College Station 

Ralph E. White 
University of South Carolina - Columbia, white@cec.sc.edu 

Follow this and additional works at: https://scholarcommons.sc.edu/eche_facpub 

 Part of the Chemical Engineering Commons 

Publication Info Publication Info 
Journal of the Electrochemical Society, 1995, pages 1509-1519. 
© The Electrochemical Society, Inc. 1995. All rights reserved. Except as provided under U.S. copyright law, 
this work may not be reproduced, resold, distributed, or modified without the express permission of The 
Electrochemical Society (ECS). The archival version of this work was published in the Journal of the 
Electrochemical Society. 
http://www.electrochem.org/ 
Publisher's link: http://dx.doi.org/10.1149/1.2048605 
DOI: 10.1149/1.2048605 

This Article is brought to you by the Chemical Engineering, Department of at Scholar Commons. It has been 
accepted for inclusion in Faculty Publications by an authorized administrator of Scholar Commons. For more 
information, please contact digres@mailbox.sc.edu. 

https://scholarcommons.sc.edu/
https://scholarcommons.sc.edu/eche_facpub
https://scholarcommons.sc.edu/eche
https://scholarcommons.sc.edu/eche_facpub?utm_source=scholarcommons.sc.edu%2Feche_facpub%2F195&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/240?utm_source=scholarcommons.sc.edu%2Feche_facpub%2F195&utm_medium=PDF&utm_campaign=PDFCoverPages
http://dx.doi.org.pallas2.tcl.sc.edu/10.1149/1.2048605
mailto:digres@mailbox.sc.edu


Mathematical Modeling of a Nickel-Cadmium Cell: 
Proton Diffusion in the Nickel Electrode 

Pauline De Vidts* 
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843 

Ralph E. White** 
Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208 

ABSTRACT 

In this paper we present a mathematical model of a sealed nickel-cadmium cell that includes proton diffusion and 
ohmic drop through the active material in the nickel electrode. The model is used to calculate sensitivity coefficients for 
various parameters in the model. These calculations show that the discharge voltage of the cell is affected mostly by the 
kinetics of the nickel reaction. Toward the end of discharge, proton diffusion also becomes important, because the proton 
diffusion process affects the active material utilization significantly. During charge, the cell voltage is mainly affected by 
the kinetics of the nickel reaction until the oxygen evolution reaction begins, after which time the kinetics of the oxygen 
evolution has the largest effect. The oxygen evolution reaction is also the most influencing factor on the actual charge 
uptake of the cell by the end of a charge operation (charge efficiency). Compared to the rates of reaction and proton 
diffusion, the ohmic drop in the active material of the nickel electrode and the mass transport and ohmic drop in the 
electrolyte have negligible effect on the behavior of the cell studied here. 

Introduction 
Many researchers and manufacturers are interested in 

the charge and discharge performance of the nickel-cad- 
mium battery (Ni-Cd). It is well known that the battery 
performance is the result of complex chemical and physical 
phenomena 1-3 that take place inside the battery. A math- 
matical model of an Ni-Cd cell can be used to help under- 
stand these phenomena. 

Fan and White 4'~ developed a one-dimensional (1D) 
model for the charge and discharge operations of a nickel- 
cadmium cell, which is similar to a model for a nickel-zinc 
cell presented by Choi and Yao. ~ Fan and White 4'5 included 
the oxygen reaction in both electrodes and used a non- 
Nernst expression for the equilibrium potential in the 
nickel electrode. They used this model to predict the exper- 
imental observation that the oxygen reaction is important 
toward the end of charge and during overcharge because it 
reduces the utilization of the active material. For low rates 
of discharge, Fan and White 4'5 found that the model predic- 
tions were in fair agreement with the experimental data for 
moderate rates of discharge. However, for high discharge 
rates the predictions deviated from the experimental ob- 
servations. Specifically, their model does not predict the 
decrease of active material utilization as the rate of dis- 
charge is increased, as discussed by Timmerman et al. ~ 

Contrary to Choi and Yao, 6 Fan and White 4'5 found that the 
mass transport in the electrolyte phase has little effect on 
the electrode behavior. They concluded that the charge and 
discharge behavior of the nickel-cadmium cell is under 
kinetic control. 

Some researchers 8-n have proposed that the proton diffu- 
sion in the active material of the nickel electrode controls 
the performance of the cell. Bouet et al. 1~ developed a 
pseudo 2D model for the discharge operation of the nickel 
electrode that incorporates this proton diffusion process. 
Their model simulations .are in excellent agreement with 
their experimental data. The nickel electrode discharge 
predictions obtained by Bouet et al. ~2 exhibit a significant 
improvement in simulating experimental observations 
over those from models that do not include the proton dif- 
fusion process} -6'I~'~4 Their simulations show that the active 
material utilization is affected by the proton diffusion pro- 
cess. Mao et al. ~ reached the same conclusion with a model 
for the discharge of a nickel-hydrogen cell that includes the 
proton diffusion in the nickel electrode. 
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Some studies 8m indicate that the ohmic drop through the 
active material of the nickel electrode also may affect the 
behavior of the electrode. Experimental results reported by 
Zimmerman and Effa 11 showed that the proton diffusion 
process controls most of the discharge of the nickel elec- 
trode. They also found that, as the electrode is being dis- 
charged, the conductivity of the active material decreases 
until the proton diffusion no longer controls the discharge 
and mixed control becomes evident. Further discharge re- 
sults in the formation of a semiconductor layer that con- 
trols the last portion of the discharge. 

Proton diffusion and the ohmic drop in the active mate- 
rial of the nickel electrode have been identified as possible 
important factors in the behavior of the nickel electrode. 
However, these factors have not been included in a model 
for the nickel-cadmium battery. Our purpose here is to 
present a mathematical model of a sealed nickel-cadmium 
cell that includes proton diffusion and ohmic drop through 
the active material in the nickel electrode and to evaluate 
the effect of these phenomena on the predicted behavior of 
the cell during charge and discharge. This was done by 
conducting a sensitivity analysis of various model parame- 
ters on the voltage of the cell over time and the charge 
utilization for discharge and charge operation. We found 
that the kinetic parameters of the nickel electrode reaction 
have the largest effect on the predicted cell voltage during 
discharge. Also, the proton diffusion coefficient becomes 
important toward the end of discharge because it has the 
largest effect on the active material utilization. During 
charge, the kinetic parameters of the main reactions of both 
electrodes are the most important parameters until the 
oxygen evolution reaction begins on the nickel electrode. 
Then the kinetic parameters for oxygen evolution become 
the most important parameters affecting the cell voltage 
and the actual charge uptake of the cell by the end of a 
charge operation. The parameters involved in the mass 
transfer of electrolyte, the ohmic drop in the electrolyte, 
and the ohmic drop in the active material of the nickel 
electrode have a negligible effect on the predicted cell 
voltage and charge utilization in the cell. 

The model presented here can be used to predict the per- 
formance of the iNi-Cd cell during charge and discharge. 
Therefore, it can assist battery designers and engineers in 
studying the effect of various design parameters on battery 
performance. 

Model Development 
Figure I shows a schematic diagram of the cross-sec- 

tional view of the nickel-cadmium cell and the idealization 
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Fig. 1. A schematic diagram of 
the representation of the nickel- 
cadmium cell in the model. 

of the  cell  as it  is represen ted  in the  m a t h e m a t i c a l  model .  
The n i c k e l - c a d m i u m  cell  consists of three  regions: the pos-  
i t ive  e lect rode (porous n ickel  oxyhydroxide) ,  the  separator,  
and the  nega t ive  e lect rode (porous cadmium).  The elec-  
t ro ly te  is a concen t ra ted  K O H  aqueous  solution.  The elec-  
t rochemica l  react ions  inc luded  in the  mode l  are 

Posi t ive  (nickel) e lect rode 

d ischarge  
N iOOH + H20 + e- < ~ Ni(OH)2 + OH-  [1] 

charge  

d ischarge  
1 

0 2 + H 2 0 + 2 e -  -- - 2 O H -  [2] 
charge  

Nega t ive  (cadmium) e lect rode 

d ischarge  
Cd + 2 OH-  ~ ~" Cd(OH)2 + 2e- [3] 

charge 

discharge 1 
2 O H  -c ~" ~ O2 + H 2 0  § 2e- 

charge 
[4] 

In the fo l lowing  pa ragraphs  we present  the mode l  equa-  
tions. The equat ions  are  fo rmula ted  separa te ly  for the  
n ickel  electrode,  the separator,  and the  cadmium electrode.  

Positive electrode.-- We use a pseudo-2D approach  to 
t rea t  the mass t ransfer  and ohmic  losses in the  nickel  e lec-  
trode. This represen ta t ion  is the same as the  one we use in 
the  mode l  for a n icke l /hydrogen  cell. 15 In this pseudo-2D 
model ,  the  x d imens ion  is def ined across the  electrode,  and 
the  pseudo-y  d imens ion  is def ined ins ide  the layer  of ac t ive  
ma te r i a l  f rom the  nickel  subs t ra te  to the in ter face  wi th  the 
electrolyte,  as shown in Fig. 1. In  our  representa t ion  of the  
n ickel  e]ectrode, the current  col lector  (nickel screen) is 
p laced  in the  cen ter  of the electrode,  which  corresponds to 
x = 0. Thus, the to ta l  th ickness  of the  electrode is 211. The 
surface  of the  n ickel  e lectrode which  is in contac t  w i th  the  
separa to r  corresponds to x = ll. The govern ing  equat ions  
were  der ived  us ing the  theory  for  concen t ra ted  elec-  
t rolytes  ~6 and the theory  for porous electrodes.  ~7 

Equations in the x-direction.--The equa t ions  are wr i t t en  
for four  dependen t  var iables:  the  e lect rolyte  concentra t ion,  
c; the  oxygen  concentra t ion,  Co2; the  po ten t ia l  in the  l iqu id  
phase,  ~ ;  and the current  densi ty  in the  l iqu id  phase,  i2. 
The equa t ions  tha t  descr ibe the behav io r  of the  posi t ive  
electrode are 

Mater ia l  ba lance  on electrolyte  (KOH) 

0c 0 { Oc~ (t2 - 1)c~i 2 

el ~ = e~ ~ 0x ~D~ ~ ~ + F 0x [5] 
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Material balance on oxygen 

= 0 O c o ~ + ~ j ~  [6] e~ OeO~Ot @ ~ (Do~ Ox / 

Modified Ohm's law for the liquid phase 

i~ 06~ 2 R T (  t~ ~eo)Oc 
~e~ 1-  Ox cF 1 - + ~ [7] 

Transfer current 

Oi 2 . 
0~ = J1 + A [8] 

In the above equations e~ is the porosity of the positive 
electrode, "ll is the tortuosity factor associated with the 
porosity, t o is the transference number  of the anion OH- 
with respect to the solvent velocity, Do~ is the diffusion 
coefficient of KOH, Do2 is the apparent diffusion coefficient 
of oxygen, j~ and J2 are the nickel and oxygen transfer cur- 
rents per uni t  volume of electrode, and K is the conductivity 
of the electrolyte. 

The mass transfer of electrolyte (Eq. 5) is considered to be 
caused only by diffusion and migration; that is, convection 
has been neglected as suggested by Sinha TM and Fan and 
White. 4 The oxygen is treated in the same way as Fan and 
White 4 did in their model for a nickel/cadmium cell. The 
mass transfer of oxygen (Eq. 6) is represented using an 
effective oxygen concentration, Co2. The effective oxygen 
concentration accounts for the oxygen in the gas phase and 
that dissolved in the liquid phase. Equation 7 states that 
the current density at a given position in the electrolyte 
inside the electrode results from a gradient in the elec- 
trolyte's electric potential and a gradient in electrolyte con- 
centration. The electrochemical reactions that occur in the 
electrode produce a gradient in the current density in the 
electrolyte; this is represented by Eq. 8. 

During charge and discharge the porosity of the positive 
electrode, e~, varies as the active material changes back and 
forth from NiOOH to Ni(Ott)2. However, the variation in 
porosity is small, 4 and thus the porosity in the nickel elec- 
trode is considered to be a constant. 

The Butler-Volmer equations is used to express the reac- 
tion rates for the nickel and oxygen reactions. The equa- 
tions are 

jl=aNiiol.~ef~( C~l (CH ) [~ ] ~c~o~ ~ exp [ ~ - ~ j  

/ _ . . . .  - exp [9] 
\ C H , m a  x - -  CH,ref / I 

[ ~2F 11 
_ ( co, ) e x p  [10  

\ C o 2 , r e f /  

in which ant is the specific active surface area in the nickel 
electrode, io~,r~f and io2,ref a re  the exchange current densities 
of the nickel and oxygen reactions evaluated at reference 
conditions, and cn is the proton concentration in the active 
mater ia l  The reference concentrations are indicated by the 
subscript ref. When the active material is completely dis- 
charged, the proton concentration takes its maximum 
value, cH ..... The overpotentials in Eq. 9 and 10 are 

~]1 = ~)1 - -  (~)2 - -  V l , r e f  [11] 

~12 = qb~ - qb2 - Ux,re~ [12] 

in which d& is the potential in the solid phase and U~se ~ and 
U~,~ are the equilibrium potentials at the reference condi- 
tions for reactions 1 and 2, respectively. The equilibrium 
potentials are expressed with respect to an Hg/HgO refer- 
ence electrode. Assuming that the reference electrode is at 
the same conditions as the working electrode, the equi- 
l ibrium potentials for reactions 1 and 2 evaluated at refer- 
ence conditions are given by 

1511 

U ~  = U[ - U~ - ~ -  ln ( c~,~f ) 
\ C H , m a  x - -  C H , r e f /  

[13] 

RT 
U2.~f = U2 ~ - U~~ + ~ In Po2,reY [14] 

where U~ and U~ are the standard potentials for reactions 1 
and 2, U~x is the standard potential for the Hg/HgO reac- 
tion in alkaline media, and Po2,r~ is the reference oxygen 
pressure. 

In Eq. 9 and 10 we assume that the orders of reaction for 
NiOOH and OH- are consistent with the stoichiometry of 
reactions 1 and 2. The stoichiometry of reaction 2 would 
predict an order of reaction of 1/2 for O2 to be used in 
Eq. 10; however, we assume an order of reaction of 1.0 be- 
cause there is experimental evidence that the rate of oxy- 
gen reduction varies linearly with oxygen pressure. 2 Simi- 
lar assumptions are made for the kinetics of the reactions 
taking place in the cadmium electrode, where the oxygen 
reduction is relevant. 

At the center of the positive electrode (x = 0) the 
boundary conditions are 

O~x ==o = 0 [15] 

OCO~ox =0 = 0 [16] 

o62 = 0 [i7] 
0X x=0 

i21~0 = 0 [18] 

Equations 15 and 16 represent the condition of zero flux 
of electrolyte and oxygen. Equations 17 and 18 indicate 
that all the current density goes through the solid phase 
(current collector), thus the potential gradient and the cur- 
rent density in the electrolyte are both equal to zero. 

At the interface between the positive electrode and the 
separator (x = 11) the boundary conditions are 

~1 00~Cx ~2 0c = e20xx ==zl [19] 

e~ 1 0Co2 _ e~ 2 0Co2 t 
1 OX X=ll- 2 OX I~t~ [20] 

e~l ~X2 ~z = e~2 ~x2 x=zl [21] 

i21==~1 = ioen [2 2 ]  

in which e2 is the porosity of the separator, "/2 is the tortuos- 
ity factor associated with the porosity of the separator, and 
icon is the applied current density. 

Equations 19 and 20 represent the continuity of elec- 
trolyte and oxygen flux. Equation 21 represents the conti- 
nui ty of current density in the electrolyte. The current den- 
sity in the electrolyte is equal to the set current density 
through the cell, icon (Eq. 22). 

Equations in the y-direct ion.--The solid particles in the 
positive electrode are modeled as cylindrical particles that 
have the substrate along the central axes of the cylinders. 
The portion filled with substrate has an average radius of 
Yo- The active material surrounds the substrate, and its 
thickness is considered to be equal to the average thickness 
of active material in the original particles, I r The proton 
diffusion in the active material is considered only in the 
radial direction, y, and is represented by 

OcH _ DH ( 1 0c H 02CH~ 
Ot (Y + Yo) Oy + Oy 2 ] [23] 

which is Fick's law in cylindrical coordinates. 
Proton diffusion and electron transfer in the active mate- 

rial are assumed to occur simultaneously. Therefore, the 
current flows only in the radial direction, y, and there is no 
current flow in the x-direction in the active material. This 
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resul ts  in no genera t ion  or  consumpt ion  of ne t  charge in- 
side the  ac t ive  mater ia l .  The conserva t ion  of charge re-  
duces to the d ivergence  of the  current  densi ty  being equal  
to zero 

0~N~ Or [O~b~ + 1 Oq51] = 0 [24] 

The conduc t iv i ty  of the act ive  mater ia l ,  ~ ,  is cons idered 
a func t ion  of the  s ta te  of charge  of the  electrode.  In the 
model ,  we use the  cor re la t ion  found by Antonenko  et aI. ,~ 
which  reads  

~r~ = 0.1185 exp (-8.4590~) [25] 

where  the  s ta te  of charge  of the nickel  electrode,  Oe, is ex-  
pressed in terms of the  p ro ton  concen t ra t ion  as 

0e_ CH [26] 
CH,max 

The boundary  condi t ions  at the  in ter face  of the elec-  
t ro lyte  and the  ac t ive  ma te r i a l  (y = l~) are  

Oqb~ _j~ + j~ [27] 
grNi 0y ~=~ aNi 

_ F D H  5c t t  - J~ [28] 
Oy ~:~ ant 

E q u a t i o n  27 was ob ta ined  assuming  tha t  the  po ten t ia l  in 
the act ive  ma te r i a l  obeys Ohm's law. E q u a t i o n  28 indicates  
tha t  the f lux  of pro tons  into the  act ive  ma te r i a l  f rom the  
e lec t ro lyte  is equal  to the  nickel  reac t ion  rate.  

The bounda ry  condi t ions  at the  in te r face  of the  act ive  
ma te r i a l  and the  n ickel  subs t ra te  (y = 0) are  

- D  OCH 
Oy ~:0 = 0 [29] 

(~lly_0 -- d)su b [ 3 0 ]  

Equa t ion  29 indicates  tha t  the f lux of pro tons  into the 
subs t ra te  mus t  be zero. At  this in terface,  the po ten t ia l  of 
the act ive  ma te r i a l  must  be  equal  to tha t  of the nickel  sub-  
s t ra te  (Eq. 30). 

Separator . - -  The separa to r  is mode led  in one space di-  
mension,  x. The govern ing  equa t ions  are bas ica l ly  the  same 
as those posed for  the  posi t ive  e lect rode in the x -d i r ec t ion ,  
bu t  here  there  are  no e lec t rochemica l  react ions  

Mater ia l  ba lance  on the  e lect rolyte  (KOH) 

 (0c) Oc = e~ ~ Do~ ~ [31] 

Mate r ia l  ba lance  on oxygen  

0Co2 -- ~ 2  ~ 02Co2 
e~ ~ - -  ~ ~o~ Ox ~ [32] 

Modif ied  Ohm's l aw  for  the l iqu id  phase  

i~ 0~b2 2 R T ( 1  t ~ - c )  Oc 
Ke~ ~ - Ox c F  - + 2 C o  ~ [33] 

Poten t i a l  in the  solid phase  

(b~ = 0 [34] 

Curren t  in the  e lec t ro lyte  

i~ = i~n [35] 

Equa t ions  31 and 32 represent  the  mass t ransfer  of elec-  
t ro ly te  and oxygen  in the  absence of e lec t rochemica l  reac-  
tions. The current  dens i ty  in the l iqu id  phase  is equal  to the  
cell's current  dens i ty  (Eq. 35), because  the  solid mate r ia l  in 
the  separa to r  is an e lect r ica l  insu la tor  (Eq. 34). As in the 
pos i t ive  electrode,  the  current  density, the  potent ia l ,  and 
the  concen t ra t ion  of e lec t ro ly te  in the  l iqu id  phase  are  re-  
la ted  by Ohm's  l aw (Eq. 33). 

Negat ive  e lec t rode . - -The  negat ive  electrode is mode led  
in one spat ia l  dimension,  x. The govern ing  equa t ions  are 
the same as those posed for the  pos i t ive  e lect rode in the 
x -d i rec t ion .  In addi t ion  to these equat ions ,  the  conserva-  
t ion of charge and the  var ia t ion  in porosi ty  are in t roduced.  
The equat ions  for  this e lect rode are those presen ted  by Fan  
and White  4 

Mate r ia l  ba lance  of e lec t ro lyte  (KOH) 

o(%c) o / ~ ~ oc ~ (t ~ - 1 )  oi2 
Ot - ~ ~03 --O~ Ox)  + F ~x [36] 

Mate r ia l  ba lance  of oxygen 

0(e3Co2) O (e~3 ~ 0Co2~ 3 
Ot = O~ --02 Ox ] + J4 [37] 

Modif ied  Ohm's l aw for the l iqu id  phase 

i2 0,~ 2 R T (  t~ - ~c~) Oc 
~e~ ~ -  Ox cF 1 - + ~ [38] 

Conservat ion  of charge 

& - crcd0~ 0dh = i ~  [39] 

Transfer  current  

Die 
0x = J3 + J4 [40] 

Poros i ty  va r i a t ion  

1 Moa o   /j [41] 
Ot 2F Pcd Pca(om2 / 

In these equa t ions  % is the  porosi ty  of the nega t ive  elec-  
trode, ~ is the  tor tuos i ty  fac tor  associa ted to the  poros i ty  of 
the electrode,  crcd is the  conduct iv i ty  of the solid mate r ia l  in 
the electrode,  ON is the state of charge of the  nega t ive  elec-  
t rode  (see below), ~ is the tor tuos i ty  fac tor  associa ted to the 
porosi ty  of the  solid mate r ia l  in the  c a d m i u m  electrode,  js 
and j4 are  the cadmium and oxygen reac t ion  currents  per  
uni t  of volume,  M~ is the  molecu la r  we igh t  of species i, and  
p~ is the  densi ty  of species i. 

The conserva t ion  of charge  is represen ted  by Ohm's l aw  
in the solid phase  (Eq. 39). The poros i ty  of the nega t ive  
electrode varies  as the  solid mate r ia l  changes f rom Cd to 
Cd(OH)2. Therefore,  the ra te  at wh ich  the  poros i ty  changes 
is considered to be  p ropor t iona l  to the  ra te  of the  cadmium 
reac t ion  (Eq. 41). 

The kinet ic  express ions  for the  c a d m i u m  and  oxygen  re-  
act ions are  

+' {(c) 2 [~a3F ] [ c%aF 1~ 
J~ = acaeN%3,ro~ __ _ ~  exp t ~ 3 j  - exp [ - ~ - ~ j ~  [42] 

J3 = acd0N~o~.~ef exp L ~ n 4 j  

[ ~ F  11 _ ( C o 2 )  exp L - ~ - n q j  [43] 
\Co~,ref/ 

The local state of charge of the negative electrode, @N, can 
be expressed as a function of electrode porosity 

ON = e~ - es,min [44] 
E3,ma x - -  E3,mi n 

The porosity of the electrode takes its maximum value, 
e3,ma~, when the electrode is fully charged. When the elec- 
trode is completely discharged the porosity takes its mini- 
mum value, ~3,mm" 

The overpotentials in Eq. 42 and 43 are 

~13 = ~bl - ~b2 - g3,ro~ [45] 

~h = r - (be - U4.ref [46] 

in which  U3.r+~ and U~,re~ are  the  equ i l ib r ium poten t ia l s  at 
reference  condi t ions  for  react ions  3 and 4, respectively.  The 
equ i l ib r ium potent ia ls  are expressed wi th  respect  to an  Hg /  
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H g O  r e f e r e n c e  e l e c t r o d e  i n  t h e  s a m e  w a y  a s  w e  d i d  fo r  
r e a c t i o n s  1 a n d  2 i n  t h e  n i c k e l  e l e c t r o d e .  T h e  e q u i l i b r i u m  
p o t e n t i a l s  f o r  r e a c t i o n s  3 a n d  4 e v a l u a t e d  a t  r e f e r e n c e  c o n -  
d i t i o n s  a r e  g i v e n  b y  

U~,~e~ = U~ - U ~  [47] 

U~ ~e~ = U~ - U ~  + R T  , ~ I n  Po2,reI [48] 

where US and U~ are the standard potentials for reactions 3 
and 4, respectively. In Eq. 47 we have assumed that the 
activity of the solid species Cd and Cd(OH)2 is unity at the 
reference conditions. In Eq. 42 and 43 we have assumed 
that the orders of reaction for OH- are consistent with the 
stoichiometry of reactions 3 and 4. As mentioned before for 
the positive electrode, the order of reaction for oxygen used 
in Eq. 43 is assumed to be 1.0 because the rate of oxygen 
reduction varies linearly with oxygen pressure. 2 

The boundary conditions at the interface between the 
negative electrode and the separator (x = l~ +/2) are 

~c ~c 
e~ ~ x  = e~ ~ [49] 

x=/1+/2 x:-[ 1+1~ 

e~ ~ OCo~ = e~ ~ aCo~ ~h+;~ 
ox ~=h+~- ~  [50] 

0+~ = 0 [51] 
OX X=ll+12 

Ox ~a+;~ Ox ~=;~+;~ [52] 

i~1~_~+~ = i o ~  [ 5 3 ]  

0 % _  1 ( M c d  MCd(OH)~]jca [54] 
Ot 2 F  \ Pcd PCd(OH)2 / 

T h e  b o u n d a r y  c o n d i t i o n s  a t  t h e  c e n t e r  o f  t h e  n e g a t i v e  
e l e c t r o d e  c u r r e n t  c o l l e c t o r  (x  = l) a r e  

Oc = 0 [55] 

aCO~ox x=4 = 0 [56] 

o x  ~ = JCd + Jo2 [57] 

0520x ~ t  = 0 [58] 

i~1~=~ = O [59] 

Oe~_ 1 (Mc~ MCdIOH)~) Jcd [60] 
Ot 2 F  PCd PCd(OH)2 

E x c e p t  f o r  t h e  c o n d i t i o n  o n  t h e  e l e c t r o d e  po ros i t y ,  t h e  
b o u n d a r y  c o n d i t i o n s  a t  b o t h  e n d s  o f  t h e  n e g a t i v e  e l e c t r o d e  
a r e  t h e  s a m e  a s  t h o s e  i n  t h e  p o s i t i v e  e l e c t r o d e .  

T h e  e q u a t i o n s  f o r  t h e  m o d e l ,  a s  d e s c r i b e d  a b o v e ,  w e r e  
s o l v e d  u s i n g  f i n i t e  d i f f e r e n c e s  w i t h  a n  i m p l i c i t  s t e p p i n g  
t e c h n i q u e  fo r  t h e  t i m e  d e r i v a t i v e s .  T h e  v a l u e  f o r  t h e  
p a r a m e t e r s  i n v o l v e d  i n  t h e  e q u a t i o n s  a r e  l i s t e d  i n  T a b l e  I. 
T h e  r e l a t i o n s  p r e s e n t e d  i n  Eq .  61 -67  w e r e  u s e d  to  e s t i m a t e  

s o m e  p h y s i c a l  p a r a m e t e r s  o f  t h e  n i c k e l  a n d  c a d m i u m  e l ec -  
t r o d e  p r e s e n t e d  i n  T a b l e  I. E q u a t i o n s  62 t h r o u g h  65 w e r e  
p r e s e n t e d  b y  M a o  e t  a l .  ~ a n d  w e r e  d e r i v e d  a s s u m i n g  t h a t  
t h e  p o r o s i t y  f o r  t h e  n i c k e l  s u b s t r a t e ,  Coy, a n d  t h e  t h e o r e t i c a l  
c h a r g e ,  Q . . . .  a r e  k n o w n ,  a n d  t h a t  t h e  n i c k e l  s u b s t r a t e  c o n -  
s i s t s  of a collection of cylinders covered with a layer of 
active material (see Fig. i) 

Maximum proton concentration 

-- PN~(OH)2 [61] 
CH,ma x -- MNi(OH)2 

P o r o s i t y  o f  t h e  n i c k e l  e l e c t r o d e  

qmax 
61 ---- 6o,P Fell.max ll 

R a d i u s  of  t h e  n i c k e l  s u b s t r a t e  i n  c y l i n d r i c a l  s h a p e  

2(1 - Co,e) 
yo= 

ao 

Thickness of the active material 

l~ = Yo ~/1 + 2(eo,~ - e~) _ Yo 
u yoao 

S p e c i f i c  a c t i v e  s u r f a c e  a r e a  o f  t h e  n i c k e l  e l e c t r o d e  

aNi = ao ~ 1 - eo,e 
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[62] 

[63] 

[64] 

[65] 

M i n i m u m  p o r o s i t y  o f  t h e  c a d m i u m  e l e c t r o d e  

Table I. Value of the model parameters used in the simulations. 

Paramete r  Value Source 

aca 4000 cm 2 cm 3 
aN~ 3864 cm 2 cm -3 Eq. 65 
ao 2000 cm 2 cm -3 
Cre~ 7.1 X 10 .3 mol cm -3 
CH . . . .  5.209 X 10 -z toO1 cm -3 Eq. 61 
ell,re f 0.5 C H max 
Co~,~ 10 -7 mol cm -3a Ref. 25 
DK 4.6 X 10 -11 cm 2 s 1 Ref. 8 
FDo~ 10 -3 c m  2 s -1 

96,487 C mo1-1 
ioi,~ 6.1 x 10 -5 A cm -2 Ref. 18 
~.o2,~ 1.0 x 10 -n  A c m  -2 Ref. 2 
Zo3,r~f 6.1 X 10 s A cm -2 
~o4,~ 1.0 • 10-14 A cm 2 

0.101 cm (/1 + 12 + 13) 
l~ 0.036 cm Ref. 1 
12 0.025 cm Ref. 1 
13 0.040 cm Ref. 1 
l 1.4 x 10 -4 cm Eq. 64 
~c~ 2.3 g of Cd(OH)2 Ref. 1 

112.4 g mol -~ 
MCd(OHh 146.4 g mo1-1 
Mm(om, 92.71 g mol 
Po ,~f 1 a tm  
Q~'~ 74.16 C cm -2 of electrode Ref. 1 

(20.6 x 10 3 Ah cm -2 of electrode) b 
R 8.3143 5 mol -~ K -~ 
T 298.15 K 

0.0983 V 
~ E _  U ~  0.427 V 
U~ 0.401 V 
Ui -0 .808  V 

0.401 V 
U1 ~ 0.427 V vs.  Hg/HgO 
U2:~ 0.3027 V VS. Hg/HgO 
U3 ~ -0 .9063 V vs.  Hg/HgO 
U41~-~ 0.3027 V VS. t Ig /HgO 
yo 1.5 X 10 -4 cm 
~a~ 0.5 
(~o~ = 1 - ( ~  0.5 
c%2 1.5 
ac2 = 2 - C~a2 0.5 
cq3 1.0 
c~a = 2 - C~a3 1.0 
a~4 1.5 
a~  = 1 - a~4 0.5 
B 0:5 
%,p 0.85 Ref. 1 
eo,N 0.80 Ref. 1 
el 0.44 Eq. 62 
e2 0.68 Ref. 1 
e3 . . . .  0.64 Eq. 67 
e3,~ 0.42 Eq. 66 
4~ub 0.427 V (arbi trary value) 
~ 1.5 
72 1.5 
73 1.5 
Pcd 8.64 g cm -3 Ref. 1 
Pcd(om~ 4.79 g cm -3 Ref. 1 
P~,(oH)~ 4.83 g cm 3 Ref. 1 
~ca 1.4706 x 10 ~ S cm -I~ Ref. 23 

1 

Ref. 22 
Ref. 20 
Ref. 22 
Ref. 22 
Ref. 22 
Eq. 13 
Eq. 14 
Eq. 47 (Rei. 22) 
Eq. 48 (Ref. 22) 
Eq. 63 

a Solubil i ty of oxygen in a 35% weight  KOH electrolytic solut ion 
in equi l ibr ium wi th  an oxygen a tmosphere  at 1 atm. 

b Corresponds  to a loading of approximate ly  2.0 g of Ni(OH)2/cm 3 
void. 

c Conduct iv i ty  of pure  cadmium.  
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Table II. Properties of the electrolyte (KOH aqueous solution). 

Diffusion coefficient, Do~ 
Using experimental data reported for the integral diffusion coefficient at 25~ for electrolyte concentrations in the range 0.103 to 
13.719 • 10 -3 mol cm -*, 2, we obtained 

Doll = exp (-10.467 - 8.1607 c I/2 + 286.2 c - 2539.8 c 3j2 + 7207.5 c 2) 

The regression had an average relative error of 0.36%. The differential diffusion coefficient, ~6'2~ which is the one we need in Eq. 5, 31, and 
36, is given by 

DoH=DoH(C~+ 1)=DoH(1.O--4.0804Cl/2+ 286.2  C -  3809 .7  e3/2 + 14415 .0  C 2) 

Specific conductivity, K 
The following expression was obtained for the specific conductivity of the free-electrolyte using experimental data for the equivalent 
conductance at 25~ for electrolyte concentrations in the range 0.06081 to 10.611 • 10 -3 mol cm 32~ 

K = c exp (5.5657 - 6.1538 c ~/2 + 13.408 c - 1075.8 c ~/2) 

The regression had an average relative error of 0.16%. 

Ratio of electrolyte concentration to water concentration, C/Co 
Using experimental data for the density of the electrolyte at  25~ 2~ we obtained the following expression for c/co 

c - -  = exp (-6.8818 + 118.75 c 1/2 - 1030.5 c + 4004.7 c 3/2) 
Co 

The experimental data used for the regression is for electrolyte concentrations in the range 0.3617 to 13.449 • 10 -3 mol cm -3. The regression 
had an average relative error of 1.67 %. 
The transference number, t2 is constant and equal to 0.78 for electrolyte concentrations in the range 2.89 to 10.04 • 10 -3 tool cm -3. 2 

e3,~, = eo.N ( 1 -  L - - ~  / [66] 
Peal(OH)2 / 

Maximum porosity of the cadmium electrode 

e, . . . .  =eo.~ (1 - L~e~ M c ~ /  [67] 
PCd MCd(OH)2 / 

The  p r o p e r t i e s  Do~, K, a n d  c/co a re  f u n c t i o n s  of t he  e lec-  
t ro ly t e  c o n c e n t r a t i o n ,  c. We o b t a i n e d  co r r e l a t i ons  for  these  
p r o p e r t i e s  b y  f i t t i ng  p o l y n o m i a l s  on  c ~j2 to t he  l o g a r i t h m  of 
each  proper ty .  The  r e s u l t i n g  co r r e l a t i ons  a re  p r e s e n t e d  in  
Table  II. The  in i t i a l  c o n d i t i o n s  u sed  for  c h a r g e  a n d  dis-  
c h a r g e  s i m u l a t i o n s  a re  l i s t ed  i n  Tab le  III. 

Sensitivity Analysis 
We p e r f o r m e d  a sens i t iv i ty  ana lys i s  to d e t e r m i n e  t he  ef-  

fec t  of t he  va r i ous  p a r a m e t e r s  i n c l u d e d  in  t he  mode l  on  t he  
s i m u l a t e d  cel l  behavior .  The  p rocesses  a s soc ia t ed  w i t h  
t hose  p a r a m e t e r s  w i t h  t he  l a rges t  sens i t iv i t i e s  are  the  m o s t  
i n f l u e n t i a l  in  p r e d i c t i n g  cell  behavior .  We h a v e  u sed  th i s  
m e t h o d  to e v a l u a t e  t h e  i m p a c t  of i n c l u d i n g  t he  p r o t o n  d i f -  
fu s ion  a n d  o h m i c  d rop  in  the  ac t ive  m a t e r i a l  of t he  n icke l  
e l ec t rode  in  a m o d e l  for  a n  N i - C d  cell. 

F i rs t ,  we  n e e d  to def ine  w h a t  we cal l  t he  b e h a v i o r  of a 
cell. The  m o d e l  c an  b e  used  to s imu la t e  severa l  r e sponses  of 
a n  N i - C d  cell, such  as, c o n c e n t r a t i o n ,  po ten t i a l ,  a n d  cur-  
r e n t  p rof i l es  ins ide  t h e  cell. We choose  two  r e sponses  of the  
cel l  t h a t  c a n  b e  s i m u l a t e d  w i t h  t he  m o d e l  a n d  t h a t  are  of 
p r a c t i c a l  in te res t ,  t h e  p r e d i c t e d  cel l  vo l t age  as a f u n c t i o n  of 
t i m e  a n d  the  a m o u n t  of c h a r g e  p r e s e n t  in  t he  n icke l  e lec-  
t r ode  a t  t he  end  of a n  o p e r a t i o n  (charge  a n d  d i s cha rge  effi- 
ciency).  We c a l c u l a t e d  sens i t i v i ty  coeff ic ients  for  t he  
p a r a m e t e r s  i n v o l v e d  in  t he  a p p r o p r i a t e  equa t ions .  The  
l a r g e r  t he  sens i t i v i ty  coeff ic ient  of one  p a r a m e t e r  w i t h  re-  
spec t  to  those  of the  o t h e r  p a r a m e t e r s ,  t h e  l a r g e r  is t he  
effect  of t h a t  p a r a m e t e r  on  t he  r e sponse  b e i n g  cons idered .  
The  p rocesses  b e i n g  cons ide red  a n d  t h e i r  a s soc i a t ed  
p a r a m e t e r s  a re  l i s t ed  in  Table  IV. 

The sensitivity coefficient of parameter p on the cell 
voltage, V~11, is S v and is defined as 

a Voe11 S ~ -  ap/p (V) [68] 

F o r  each  of t he  p a r a m e t e r s  i n c l u d e d  in  Table  IV, the  coeffi-  
c ien t  S v is c o m p u t e d  over  t i m e  d u r i n g  cha rge  a n d  d i scha rge  
opera t ions .  

The  sens i t i v i ty  coeff ic ient  of p a r a m e t e r  p over  the  
a m o u n t  of c h a r g e  ( a m o u n t  of NiOOH) p r e s e n t  in  t he  n icke l  

e lec t rode  a t  the  end  of a d i s cha rge  or  cha rge  o p e r a t i o n  is 
de f ined  as 

aQ/Qmax [69] sQ= Op/p 

in  w h i c h  Q is the  a m o u n t  of c h a r g e  in  t he  n icke l  e lec t rode  
a n d  is c a l c u l a t e d  as 

(1 - e l ) F  (==ll Q= 

C 
2~r(y + yo)(C~ . . . .  - cH)dydx ( c m  2 of e l ec t rode)  [70] 

The  coeff ic ient  S Q is c o m p u t e d  a t  t he  cutoff  vo l t age  of 0.9 V 
for  t he  d i scha rge  o p e r a t i o n  a n d  a t  a g iven  t ime  d u r i n g  over-  
charge.  To c o m p u t e  t he  s ens i t i v i t y  coeff ic ients ,  we use  t he  
fo l lowing  a p p r o x i m a t i o n s  

v _ h Vcel, 
Sp - Ap/p [71] 

AQ/Qmax [72] 
sQ= Ap/p 

in  w h i c h  h p  is a sma l l  c h a n g e  in  t he  p a r a m e t e r  p w i t h  
r e spec t  to  i ts  b a s e  value ,  a n d  AVoell a n d  AQ are  t he  r e s u l t i n g  
changes  in  V~oI1 a n d  Q, respect ively.  The  b a s e  va lue  of al l  t he  
p a r a m e t e r s  is s h o w n  in  Table  I. The  c h a n g e  in  the  p a r a m e -  
t e r  was  chosen  such  t h a t  a f o r w a r d  (Ap > 0) a n d  b a c k w a r d  
d i f fe rence  (Ap < 0) f rom the  b a s e  va lue  gave  t he  s ame  com-  
p u t e d  sens i t iv i ty  coeff icient .  In  m o s t  cases,  t he  c o m m o n l y  
u sed  1% c h a n g e  on  t he  b a s e  va lue  of t he  p a r a m e t e r  24 was  
a p p r o p r i a t e .  

Results and Discussion 
Seve ra l  of the  p lo t s  p r e s e n t e d  he re  a re  g iven  as  a f u n c t i o n  

of t he  s t a t e - o f - d i s c h a r g e  a n d  s t a t e - o f - c h a r g e  of t he  N i - C d  
cell, w h i c h  we def ine  as fo l lows 

S t a t e - o f - d i s c h a r g e  d u r i n g  a d i s cha rge  o p e r a t i o n  

- i~nt S O D  = ~ w i t h  ic~11 < 0 [73] 

S t a t e - o f - c h a r g e  d u r i n g  a c h a r g e  o p e r a t i o n  

S O C  = ~ i l t  w i t h  i~n > 0 [74] 
~max 

The s t a t e s  of d i s cha rge  a n d  cha rge  are  de f ined  as t h a t  of the  
n i cke l  e lec t rode  because  the  N i -Cd  cell  is pos i t ive  l imi ted .  
The  p r e d i c t e d  cell  vo l tage  is de f ined  as fo l lows 

v~H = ~ (x  = o, y = o) - ~ (x  = ~) [75]  
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Table III. Initial conditions used in the simulations. 

1515 

Positive electrode Separator Negative electrode 
Variable charge/discharge charge/discharge charge/discharge 

c 7.1 • 10-z/ 7.1 • 10-3/ 7.1 • 10 3/ 
7.1 X lO -3 tool cm -3 7.1 x 10 -3 tool cm -3 7.1 • 10 3 tool cm 3 

% 10-2o/10 20 mol cm -3 10-2~ -2~ mol cm -~ 10-~~ -2~ tool cm -3 
z2 0/0 0/0 0/0 
~2 solve Eq. 9 for j~ = 0/ same ~b~ as in positive/ same qb2 as in positive/ 

solve Eq. 9 forj~ = 0 same ~2 as in positive same ~b 2 as in positive 
(b 1 f~sub/(~sub 0/0 solve Eq. 42 for J3 = 0/ 

solve Eq. 42 for j~ = 0 
cn 5,1569 • 10-3/ - -  - -  

1.0418 • 10 -z mol cm -z 
e - -  - -  0.47/0.64 

In Eq. 75, the first term is the potential in the nickel sub- 
strate at the center of the nickel electrode and the second 
term is the potential in the solid phase at the center of the 
cadmium electrode. 

Discharge characteristies.--Figure 2 presents curves for 
the predicted cell voltage during discharge for three dis- 
charge rates. The curves are consistent with the real behav- 
ior of a cell during discharge in regard to the decrease of the 
discharge potential as the discharge rate is increased. Fig- 
ure 3 shows the same discharge curves as a function of the 
SOD of the cell. These curves show the characteristic de- 
crease in the SOD at the end of the discharge operation 
(cutoff voltage of 0.9 V) as the discharge rate is increased. 
This behavior is caused by a slow proton diffusion process 
relative to the electrochemical reaction (Eq. i) that takes 
place on the surface of the active material in the nickel 
electrode. During discharge, the proton concentration at 
the surface of the active material (y = ly) increases because 
of the main electrochemical reaction (Eq. i). As the proton 
concentration increases, the overpotential of the nickel 
electrode increases causing the cell potential to decrease, 
and when it reaches the maximum proton concentration, 
cr~ ..... the  cell  po ten t ia l  d rops  sharply. The accumulation of 
protons at the  surface  of the act ive  mate r ia l  depends  on the  
re la t ive  ra te  be tween  the  e lec t rochemica l  reac t ion  and the  
p ro ton  diffusion into the bulk  of the  ac t ive  mater ia l .  As the 
discharge ra te  is increased,  the e lec t rochemica l  reac t ion  
ra te  (J0 increases,  the pro ton  concent ra t ion  at the  surface 
of the  act ive  ma te r i a l  reaches CH,~a~ sooner, and a sharp 
drop in the  po ten t ia l  of the  cell  occurs earlier. Thus, in-  
creasingly more act ive  mate r ia l  is left  unreac ted  in the  
n ickel  e lect rode as the  d ischarge  ra te  is increased.  

Figure  4 shows the  sensi t iv i ty  coefficient  of var ious  
pa ramete r s  on the  p red ic ted  cell  vol tage  as def ined by 
Eq. 71. The sensi t iv i ty  coefficients  are  given as a func-  
t ion of the  SOD for a discharge opera t ion  at C/2.1 ra te  
( - 1 0  mA cm-2). In this p lot  we show only the results  for the 
paramete rs  tha t  have  the largest  sensit ivit ies.  At  the begin-  
ning of discharge the largest  sensi t iv i ty  is tha t  of the ex-  
change current  densi ty  of the main  reac t ion  in the  nickel  
electrode,  io~,~. As the  d ischarge  proceeds,  the  sensi t ivi ty  
coefficient  of the  t ransfer  coefficient  ~a~ increases unt i l  -it 
becomes  the  largest .  Therefore,  the kinet ic  pa ramete r s  of 
the main  react ion of the nickel  e lectrode (Eq. 1) has the  
larges t  effect on the  discharge vol tage dur ing  a lmost  the 
ent i re  operat ion.  However ,  t oward  the end of d ischarge  

Table IV. Model parameters used in the sensitivity analysis. 

Process Parameter 

Nickel reaction in the positive electrode ioi ~, and ~al 
Oxygen reaction in the positive electrode zoz.r~ and c~a2 
Cadmium reaction in the negative electrode io3.ref and ~a3 
Oxygen reaction in the negative electrode zo4.~ and c~4 
Proton diffusion D~ 
Ohmic drdp in the active material in the crN~ 

nickel electrode 
Ohmic drop in the electrolyte ~ and t_ ~ 
Mass transfer of electrolyte Doll and t ~ 
Mass transfer of oxygen Do~ 

(SOD = 0.95) the sensi t ivi ty  of the pro ton  diffusion coeffi-  
cient  becomes  impor tan t  also, and the  p red ic ted  cell  
vol tage is affected by bo th  the  kinet ics  of the nickel  reac-  
t ion and pro ton  diffusion into the act ive  mater ia l .  If  the cell  
is d ischarged at  a h igher  ra te  (C/0.7), the  sensi t ivi ty  coeffi- 
cients for the  var ious  pa ramete r s  exhibi t  a s imi lar  behav io r  
as those for a C/2.1 rate.  In Fig. 5 we can  see the resul ts  for 
the  largest  sensi t ivi ty  coefficients for both  rates,  and these 
are  those  for iol,re~, %1, and DH. As the  ra te  of d ischarge  is 
increased,  the sensi t ivi ty  coefficients become larger, but  the 
most  impor t an t  pa ramete r s  are the  same for  bo th  rates. 
However,  the sharp  increase in the  sensi t ivi ty  coefficient  
for the p ro ton  diffusion coefficient  takes  p lace  at a smal ler  
SOD for the C/0.7 ra te  (SOD = 0.9). This means  tha t  the 
por t ion  of the discharge opera t ion  dur ing  which  the pro ton  
diffusion affects the  cell  vol tage widens  as the ra te  of dis-  
charge is increased.  

In addi t ion  to the  p red ic ted  cell  vol tage  dur ing  dis- 
charge,  we considered the  amount  of charge lef t  in the 
nickel  e lectrode at the end of discharge as a response of 
interest ,  because it  reflects the discharge efficiency. The 
sensi t ivi ty  coefficient  of a pa rame te r  on this response is 
g iven by Eq. 72. F igure  6 shows the results  for the largest  
sensi t iv i ty  coefficients for  discharge rates  of C/2.1 and 
C/0.7. The most  impor t an t  pa rame te r  is the  p ro ton  diffu-  
sion coefficient  D~, fo l lowed by the anodie  t ransfer  coeffi-  
c ient  of the  nickel  react ion,  aal. This means  tha t  the  dis- 
charge eff iciency is most ly  affected by the pro ton  diffusion 
process and the  kinet ics  of the nickel  react ion wi th  the 
pro ton  diffusion having  the largest  effect. Both processes 
affect the discharge eff iciency of the cell, and thei r  re la t ive  
impor tance  varies  wi th  opera t ing  condit ions.  For  example ,  
in Fig. 6 we can see tha t  the sensi t ivi ty  of DH for a discharge 
ra te  of C/0.7 is app rox ima te ly  2.5 t imes  tha t  for a C/2.1 
rate;  however,  the  sensi t ivi ty  of c~,1 for C/0.7 is approx i -  
mate ly  f ive t imes  tha t  for  C/2.1 rate.  Thus, the  re la t ive  
effect of DH and aal on the discharge eff iciency changes wi th  

1.5 

> 

5 
> 

�9 

L9 

1.4 

1.3 \ 

1.2 ~ ~  C/2.1 

1.1 

C/0.7 
1.0 

0.9 
0 2 

C/10 

8 --1o 

Time (h) 

Fig. 2. Predicted cell voltage as a function of time during a dis- 
charge operation for three discharge rates (C rate = 20.6 mA cm 2). 
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Fig. 3. Predicted cell voltage as a function of the SOD during a 
discharge operation for three discharge rates. The SOD is defined in 
Eq. 73. 
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Fig. 5. Largest computed sensitivity coefficients on the predicted 
cell voltage during discharge for two discharge rates: (-- -) C/2.1 
and (--) C/0.7. 

the discharge rate, and the effect of DH is larger at the 
higher discharge rate. The sign of the sensitivity coeffi- 
cients indicates that the amount of charge left in the nickel 
electrode at the end of discharge decreases as Ds increases 
and it increases as %1 increases. There is more charge 
drained from the cell if the proton diffusion process is 
faster relative to the rest of the processes, especially rela- 
tive to the rate of the nickel reaction. 

In summary, the kinetic parameters of the main reactions 
in both electrodes and the proton diffusion coefficient are 
the most important  parameters affecting the predicted cell 
voltage and efficiency during discharge. The kinetics of the 
main  reaction in the nickel electrode is the leading factor in 
predicting the cell voltage during discharge, with the pro- 
ton diffusion having a smaller effect limited to the very last 
portion of the discharge process. However, the proton diffu- 
sion is the main factor influencing the predictions for dis- 
charge efficiency, that is, the total charge drained from the 
cell during discharge. 

Charge characteristics.--Simulations of the charge oper- 
ation are readily obtained using the same model and chang- 
ing the sign of the applied current density. Figure 7 shows 
predicted charge curves for three different rates. The 
curves exhibit the characteristic overcharge plateau to- 
ward the end of the charge process due to the oxygen evolu- 
tion at the nickel electrode and reduction at the cadmium 
electrode�9 As the charge rate increases, the cell potential 
rises more sharply, and the overcharge voltage increases. 

Also, the roll-over of the voltage curve at the beginning of 
overcharge becomes apparent as the charge rate increases. 
This is caused by the large overpotentials of the oxygen 
evolution at the nickel electrode and that of the oxygen 
reduction at the cadmium electrode right after reactions 2 
and 4 begin. As the electrochemical reduction of oxygen 
proceeds in the cadmium electrode, the oxygen concentra- 
tion decreases, and the overpotential decreases (see Eq. 43); 
thus, the cell voltage is reduced. 

We computed the sensitivity coefficients for the same 
parameters and responses as for the discharge operation. 
Figure 8 shows the results for the parameters that have the 
largest sensitivity coefficients on the cell voltage during 
charge at C/2.1 rate. Before the oxygen evolution reaction 
begins (SOC -~ 0.9), the voltage of the cell is mostly affected 
by the kinetics of the nickel and cadmium reactions, as 
shown in Fig. 8. When the oxygen evolution reaction begins 
(SOC > 0.9) the sensitivity of the transfer coefficient for 
oxygen evolution (c%2) increases rapidly as the other sensi- 
tivity coefficients tend to zero. Thus, the predicted cell 
voltage during overcharge is affected almost exclusively by 
the oxygen reaction. For a larger rate of charge of C/0.7, the 
largest sensitivity coefficients correspond to the same set of 
parameters as for C/2.1, as shown in Fig. 9. 

Figure i0 shows the largest sensitivity coefficients of the 
parameters on the amount of charge at the end of charge. 
The end of charge was considered to be at t = 2.52 h for a 
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Fig. 4. Largest computed sensitivity coefficients on the predicted 
cell voltage during discharge at C/2.1 rate. 
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Fig. 6. Largest computed sensitivity coefficients on the amount of 
charge left in the nickel electrode at the end of discharge (0.9 V) for 
two discharge rates. The gray columns are for C/2.1 rate and the 
white columns are for C/0.7. 
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Fig. 7. Predicted voltage of the cell as a function of time during a 
charge operation for three charge rates. 
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Fig. 9. Largest computed sensitivity coefficients on the predicted 
cell voltage during charge for two charge rates: (-- -) C/2.1 and (--) 
C/0.7. The SOC is defined in Eq. 74. 

charge rate of C/2.1 and at t = 0.84 h for C/0.7; that is, an 
overcharge of 20% over the theoretical time that it would 
take to charge the nickel electrode fully. The results shown 
in Fig. 10 indicate that the transfer coefficient for the oxy- 
gen evolution, a~2, has the largest effect on the amount of 
charge present in the nickel electrode by the end of charge. 
The next most important parameter is the transfer coeffi- 
cient of the nickel reaction, ~ai. Also, the sign of the sensi- 
tivity coefficients indicates that the amount of charge de- 
creases if ~,2 is increased and it increases if cq~ is increased. 
The larger the rate of oxygen evolution the larger is the 
amount of current used in this reaction, and thus, the cur- 
rent used in the main nickel reaction is smaller leading to 
less charge in the electrode. 

Conclusion 
The incorporation of proton diffusion in the nickel elec- 

trode in the mode] for an Ni-Cd cell improves the simula- 
tion capabilities of the model, particularly for the dis- 
charge process. For the operating conditions considered in 
this work, the magnitude of the ohmic drop in the active 
material is small compared to the overall potential drop 
in the nickel electrode and was shown to have a negligible 
effect on cell behavior during charge and discharge opera- 
tions. The most important factors affecting the discharge 
behavior are the kinetics of the nickel reaction and the 
proton diffusion process. The discharge efficiency (utiliza- 
tion of active material) is mostly affected by proton diffu- 
sion. For the charge operation, the kinetics of the nickel 

and cadmium reactions affect the predicted cell voltage 
almost equally. These two reactions are the most important 
factors in determining the cell voltage during charge before 
oxygen evolution begins at the nickel electrode; at which 
time the kinetics of the oxygen evolution become the only 
relevant process affecting the cell voltage. Likewise, the 
amount of charge that is input  into the cell at the end of a 
charge operation (charge efficiency) is mostly affected by 
the oxygen evolution kinetics. The effect of mass transfer 
and ohmic drop in the electrolyte during charge and dis- 
charge is considerably smaller than those just mentioned. 
In view of these results, one may consider the option of 
neglecting the mass transfer and ohmic drop in the elec- 
trolyte for an approximate and simpler mathematical 
model of an Ni-Cd cell. However, if one is interested in 
predicting the electrolyte concentration and potential dis- 
t r ibution inside the cell, these processes must be included 
in a model of an Ni-Cd cell. From the results presented 
here, it appears evident that any modeling effort for an 
Ni-Cd cell benefits largely from any improvement in the 
representation of the electrode processes: main electro- 
chemical reactions, oxygen evolution reaction, and proton 
diffusion. 

The model presented here can be used to estimate the 
parameters that were shown to have the largest sensitivi- 
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Fig. 8. Largest computed sensitivity coefficients on the predicted 
cell voltage during charge at C/2.1 rate. The SOC is defined in 
Eq. 74. 
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Fig. 10. Largest computed sensitivity coefficients on the amount of 
charge present in the nickel electrode at the end of charge operation 
for two charge rates. The end of charge is taken at t = 2.52 h for a 
rate of C/2.1 and at t = 0.84 h for C/0.7 (equivalent to 20% of 
overcharge). The gray columns are for C/2.1 rate and the white 
columns are for C/0.7. 
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ties on the cell behavior. The experimental data must be 
collected for conditions under  which the parameters have 
their largest sensitivities. Also, this model can be used to 
predict battery performance during charge and discharge 
operations. Therefore, it can assist battery designers and 
engineers in studying the effect of various design parame- 
ters on battery performance. 
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LIST OF SYMBOLS 
acd specific active surface area in the cadmium (nega- 

tive) electrode, cm 2 cm -3 
a~ specific active surface area in the nickel (positive) 

electrode, cm 2 cm -3 
ao specific surface area of the nickel substrate in the 

positive electrode, cm 2 cm -3 
c concentration of the electrolyte, KOH, tool cm -~ 
co concentration of water, tool cm -3 
c~ reference concentration of the binary electrolyte, 

KOH, mol em -~ 
c~ proton concentration in the active material, mol 

am -3 

cH,~a~ proton concentration in the active material at fully 
discharge state, mol cm -3 

cH.~ reference proton concentration in the active mate- 
rial, tool crn 3 

Co2 effective oxygen concentration, tool cm -3 
CO2.r~ effective reference oxygen concentration, tool cm 3 
D H diffusion coefficient of protons, cm 2 s -~ 
Do~ diffusion coefficient of KOH, cm 2 s -~ 
Do2 apparent diffusion coefficient of oxygen, cm 2 s -I 
F Faraday's constant, 96,487 C tool -~ 
i2 current density in the liquid phase based on the pro- 

jected electrode area, A em -~ 
i ~  applied current density, A cm 2 
io~.~f exchange current density of the nickel reaction at 

reference conditions, A cm -2 of active surface area 
io2.~ exchange current density of the oxygen reaction in 

the nickel electrode at reference conditions, A c m  -2 
of active surface area 

ioa,rei exchange current density of the cadmium reaction 
at reference conditions, A c m  -2 of active surface 
area 

io4,~f exchange current density of the oxygen reaction in 
the cadmium electrode at reference conditions, 
Acm -2 of active surface area 

jl nickel reaction current per unit  volume of positive 
electrode, A cm -3 

j~ oxygen reaction current per unit  volume of positive 
electrode, A c m  -~ 

j~ cadmium reaction current per unit volume of the 
negative electrode, Acm -~ 

j~ oxygen reaction current per unit  volume of negative 
electrode, A c m  -~ 

l total thickness of the cell unit, cm 
I~ half thickness of the nickel electrode, cm 
4 thickness of the separator, cm 
4 half thickness of the cadmium electrode, cm 
I~ average thickness of active material in the nickel 

electrode, cm 
L ~  loading in the cadmium electrode, g of Cd(OH)~/cm ~ 

of void 
M~ molecular weight of species i, g mol 
Po~.r~f reference oxygen pressure, arm 
p a parameter 
Qm~ maximum theoretical charge in the nickel electrode, 

C cm -~ of electrode 
Q amount of charge present in the nickel electrode at 

the end of charge or discharge operations, C cm ~ of 
electrode 

R universal gas constant, 8.3143 J mol -~ K -1 
S Q sensitivity coefficient of parameter p on the amount 

of charge Q present in the electrode at the end of a 
charge or discharge operation 

sZ 
SOC 
SOD 
T 
t 
t o- 

Ci,ref 

uU•E 
Vcell 
3g 

Y 

Yo 

sensitivity coefficient of parameter p on the cell 
voltage V~II, V 
state of charge defined in Eq. 74 
state of discharge defined in Eq. 73 
temperature, K 
time, s 
transference number  of the anion OH- with respect 
to the solvent velocity 
equilibrium potential  for reaction i at reference 
conditions measured with respect to an Hg/HgO 
reference electrode, V 
standard potential for reaction i, V 
standard potential for the Hg/HgO reaction in alka- 
line media, V 
cell voltage defined in Eq. 75, V 
spatial distance from the center of the positive elec- 
trode, cm 
spatial distance from the nickel substrate surface, 
cm 
radius of the nickel substrate in cylindrical shape, 
c m  

Greek 
~ai anodic transfer coefficient for reaction i 
~ci cathodic transfer coefficient for reaction i 

tortuosity factor associated to the porous solid ma- 
terial in the negative electrode 

eo,v porosity of the nickel substrate in the positive elec- 
trode 

eo,N porosity of the substrate in the negative electrode 
el porosity of the positive electrode 
e2 porosity of the separator with a 90% saturation 

level or wetabili ty 
e3 porosity of the negative electrode 
ea,m~x porosity of the negative at fully charged state 
ca.rain porosity of the negative at fully discharged state 
(b~ potential in the solid phase, V 
~b 2 potential in the liquid phase, V 
~bsub potential in the nickel substrate, V 
~]1 tortuosity factor associated with the porous positive 

electrode 
~/2 tortuosity factor associated with the porous separa- 

tor 
~3 tortuosity factor associated to the porous negative 

electrode 
~i overpotential for reaction i, V 
K electrolyte conductivity, S cm -I 
ON state of charge of the negative electrode 
0p state of charge of the positive electrode 
p~ density of species i, g cm -3 
~ca conductivity of the solid material in the negative 

electrode, S cm -1 
aN~ conductivity of the active material in the positive 

electrode, S cm -~ 
exponent for the local state of charge of the negative 
electrode included in the kinetic expressions de- 
fined in Eq. 42 and 43 
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Doped PrMn03 Perovskite Oxide as a New Cathode of 
Solid Oxide Fuel Cells for Low Temperature Operation 

Tatsumi Ishihara,* Takanari Kudo, Hideaki Matsuda, and Yusaku Takita 
Department of Applied Chemistry, Faculty of Engineering, Oita University, Dannoharu 700, Oita 870-11, Japan 

ABSTRACT 

Cathodic overpotentials of Lno.6Sro.4MnO~ (Ln = La, Pr, Nd, Sm, Gd, Yb, and Y) were studied for a new cathode of solid 
oxide fuel cell (SOFC). Cathodic overpotentials as well as the electrical conductivity strongly depended on the rare earth 
cations used for the A sites of perovskite oxide. Strontium doped PrMnO3 exhibited the highest electrical conductivity 
among the examined perovskite oxide containing Mn for B sites. Moreover, overpotentials of Sr-doped PrMnO3 cathode 
maintained low values in spite of decreasing the operating temperature. Consequently, almost the same power density of 
SOFC with Lao.~Sro.4MnO3 cathode can be obtained at about i00 K lower operating temperature by using Sr-doped PrMnO3 
as the cathode. The overpotentials and electrical conductivity decreased and increased with increasing the amount of Sr 
dopant in PrMnQ, respectively, and the lowest overpotential was attained at x = 0.4 in Pr1_xSrxMnO3. Comparing with 
Lao.~Sro.4MnO3 oxide, the reactivity of Pro.~Sro.~MnO3 with Y203-stabilized ZrO2 is much less than that of Lao.6Sro.4MnO3 and 
furthermore, the matching of thermal expansion of Pro.6Sr 04MnO3 with Y203-ZrO~ was satisfactorily high. Therefore, 
perovskite oxide of Pro.6Sro 4MnO3 has a great possibility of the cathode materials for decreasing the operating temperature 
of solid oxide fuel cells. 

Introduction 
Solid oxide fuel cell (SOFC) is a new electric power gen- 

eration system with less emission of pollutant, low noise, 
and high energy conversion efficiency. In  particular, it is 
reported that the energy conversion efficiency is attained 
as high as 90% by combining with the heat recovery and 
steam turbine system. Furthermore, the steam reforming of 
fuels such as methane can directly proceed on the anode of 
SOFC, since the operating temperature is high. Decreases 
in the cost per unit  electrie power generated and the en- 
hancement of reliability as a generation system are the cur- 
rent subjects for the practical application of SOFC. Al- 
though the operation of SOFC is generally studied at 
1273 K, i the advantages of SOFC listed are obtained by 
operating the temperature above 973 K and moreover, re- 
fractory metal alloys can be used for cell stacking by de- 
creasing the operating temperature of SOFC down to 
973 K. Therefore, the decreases in the operating tempera- 
ture of SOFC without decreases in the power density make 
it possible to eliminate the problems of cost and reliability 
in SOFC system. However, the rate of chemical reaction at 
the electrode decreases remarkably with decreasing oper- 
ating temperature, and consequently, the overpotential of 
electrode becomes the main cause for the voltage drops of 
cell when the cell is operated in the low temperature range. 
On the other hand, the apparent activation energy of the 
La0.6Sr0.4MnO3 cathode which was estimated from the tem- 
perature dependence of overpotential is 74 kJ/mol, which is 
larger than that of Ni anode, 64 kJ/mol. Therefore, it is 
expected that the decreases in the voltage drops due to the 

* Electrochemical Society Active Member. 

overpotentials of electrode, particularly, cathode are of im- 
portance for decreasing the operating temperature of 
SOFC without decreasing the power density. Perovskite 
type oxides of Sr-doped LaMO3 (M = Mn, Co, Cu, Fe) have 
been studied as cathode materials; 2-4 however, these 
cathode oxides except for doped LaCoO3 were examined at 
the operating temperature of 1273 K. The doped LaCoO3 
oxide is studied as a cathode material for SOFC operating 
at intermediate temperature, 4 while there are many diffi- 
culties for the application of LaCoO3 for the cathode of 
SOFC. 1 On the other hand, almost all studies on cathode 
materials use La 3+ cations for the A site element in per- 
ovskite oxide, ABO3. In our previous study, we investigated 
the effects of rare earth cations in the A site upon the ca- 
thodic overpotential of perovskite-type oxide containing 
Mn for B site cations, and it was found that A site cations 
have a great influence on the cathodic property of per- 
ovskite oxide. 8 In the present study, the effects of A site 
cations as well as the dopant for A site on the cathodic 
property were studied in further detail for the development 
of a new cathode with low overpotential in a low tempera- 
ture region. The thermal.expansion property and the reac- 
tivity of PrMnO3 with YSZ electrolyte were also studied. 

Experimental 
Perovskite-type oxide of Ln0.6Sr0.4MnO~ (Ln = La, Pr, Nd, 

Sm, Gd, Yb, and Y) was prepared by the evaporation to 
dryness of the calculated amount of aqueous solutions of 
commercial Ln203 (99.99% pure), Sr(NO3)2, and 
Mn(CH3COO)2. The consequently obtained powders were 
calcined at 1473 K for 3 h and then applied to one face of 
YSZ disk (5 mm in diameter) as a cathode. YSZ disks 
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