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Mathcmatic:il  moclc]s  of alkaline rcclmgcablc  nickc] ccl] systems (e.g., Ni-Cd,
Ni-112 anti Ni-Mf 1) have so fw been dcwclopcd based m the assumption that the active
Inatcria]  at Ni clcctrodc  exists primarily in a single phase as ~-Ni(X)l 1 - [iNi(ol 1)2,
despite enough cxpcrimcnta]  cvidcncc  for the second phase, i.e., y-NiOOl 1 - ct-Ni(ol  1)2,
csl)ccially  unclcr conditions of cxtcndccl  overcharge. 1 lcrc, wc have incorporatcc] the
additional couple of y-NiOol  1 - cx-Ni(ol  1)2 into the modeling, of the Ni clcctmdc.  ‘1’hc
lcaction  schcmc  includes an clcctrochcmic,al  rcdox reaction of fi-Ni([)l 1)2 - [3-Ni(X)l 1,
~l~]iciircdional  conl’crsion  of [3- Ni(X)l 1 to y-Ni OOl 1, clcctrod]clnical rcclox  reaction u-
Ni(Ol 1)2 - y-Ni(X)l 1 and a chemical conversion of a-Ni(ol 1)> to ~3-Ni(ol 1)2. Changes in
Ihc clcctmnic co]]cluctivitics, proton col]ccl]tratiolls,” and the states of charp,c arc
lnonitorcd  il~dividual]  y :il~d  coupld  al)prol~riatcl  y 10 obtain  tllc ] csponsc  of the nickel
clcctro(ic under wiricty  of simulated test conditions. ‘1 ‘Ilc multi-phase mdcl has
~)rovidc(i  sitnulations  of Ni clcctrmic bel]avior  with improvd  accuracy an(i ag,rccmcnt
with the cxpcrimcnta]  data.

lN’lRO1)[JCTJON

Mathematical mcxicls would bc p,rcatly helpful in predicting the performance of
batteries and providing guidc]incs  for a proper managcmclll  of power subsystcm  on
sj)acccraft. ]n sp;icccrafl, nickel-based rccllargcablc  b:tttcrics arc being used almost
cxclusivc]y.  .1I’1, l~as been involved for the past fcw years in the clcvclopmcnt  of first-
pril]ciplcs mathematical nlodc]s for acl ospacc, scalc(i Ni-C(i ami Ni-112 rccl~argcablc
bat(crics. ‘1’ilc c:irlicr versions of these n~micls were buiit aroul~[i  the CC1l  mcxicls
(icvclopcci  by \Vhitc ct al,’-” utilizing, IIN Ill:ic]ol]ol]]C~{{c]lcoLIs  approach of Ncwman5  for a
(icscriptio]]  of porous  clcdmics.  ‘1’hc more rcccnt bat[cry  mcxicls  at J]’], utilize rclativcl  y
silllplific(i  trcalmcllts  with respect to mass transport proccsscs  il~ clcctmlytc.  Rcaiiz,ing
tlmt the concentration changes in Iiqui(i phase arc relatively less prominent comparc~i  to
gg a~iic]lls  in solici  phase  (clcctrmics), tl)c imrous clcctruic  lIcatmcnt has bccII simplific(i



assuming a planar  clcc.trodc geometry, wi[h [i lmmogcnmus reaction  on tk clcctrodc.
(Jndcr  these conditions. a scl]li-:it]:il}’tic:il  solutiol] can be obtaimcl for the diffusion of
protons :icross the positive active material layer.(’ ‘1’l]is  modification has ICXU]tC(] ill

considerable simpliiica[ion  with respect to co]l~l>l]t:itioll:tl”  ncccis, enab]ing  them 10 be
operational on pol l:iblc computers. l;urlhcm]orc,  [he predictions from the simplified
model arc generally consistent with Ihe results from the complex porous clcctmdc
models, expect  at very high rates of discllarp,e,  where the mass transporl  processes in
liquid phase should be treated more Ilmroup,hly. “1’hisapproach istllcllasis oftllcc(]rrclll
work, and has allowed an extensive modclin:j  of’ Ni electrode model by incorjmrating  a
trc:ilmcnt of multiple phases of active matcria].

Our earlier studies on the Ni-Cd boiler plate cell,’ indicate that the shape of
discharge curve changes appreciably on cycling. ‘I’hcclischarg  cprofiles  in thcbcginning
of cyc]inp,  arc rather ilal, whcreiis  those after cycling arc distinctly sloping. ‘lhc sloping
nature of cycled Ni oxide clcctrdc  may be cxplaincct  by a possible gcmration  of a
different phase of nickel  oxyhydroxidc  during  extensive cycling and/or  overcharge.
Nickel hydroxide or oxyhydroxidc  exists in lilultiple  phases, i.e., u. and [t forms of
Ni(ol 1), :ind /3 and y- forms of Ni(K)l 1.8 ]n tk normal course of cycling, fi-Ni(ol 1)2 gets
c.onvcrlcct 10 [3-Niool”  1 on charge and vice versa on discharge. On prolonged charging
or on ovcrchargc,  f)-Niool” 1 is co]~vcrld to y-NiOol  1. A larger numb of electrons
(about  1.5- 1,75) arc cxclmn:,ccl  per Ni atom (juring tjlc u< >y re(jox  cycling. 1 lowcvcr,  cx-
Ni(ol 1)2 is unstable ad transfcnms to its [hnalog,uc  on stand. I)clall:iyc-Vidal  et al.’)
sug,p,cstc(j  thal ct-hli(()] I)> conttiins  tjw salnc sl]ccts of Ni(ol 1)2 in the lattice as the ~-
from, but in a disoricnte(i  manuer  along the c axis (hence termed as turbmtratic)  ami with
larger intcrlamcllar  spacing (jue to incorporation of clcctrolylc  spccics. l:urljlcrmorc,  tj]c
u-form converts by (jiss(~l~ltio]l-]  ~]ccil>itati[)~l  mechanism into thin platelets of [LNi(ol 1)2,
which eventually gtow to the usual thick platelets, ‘1’hc rcvcrsiblc  potentials of tksc two
p]l:iscs  arc not known accurately, though  et-y couple  has reportedly a lower potmtial  than
the (3-(3  couple. ‘0’11 \~alucs of ().39 and 0.44 \? vs. 1 1:,/1 1:,0 for the reversible potentials of
u-y :ind ~}-[1 couples, respect ive ly , h:ivc been rcporlccj.  1) ‘1’0 acjct to this complexity,
co]lsidcrab]c  hys[ercsis  of 60- j 00 m\r Ilas been I cporlc(j bctl~’ccn  oxidation an[j rc(juction
potct]ti:ils,8

II) the incorporation of the above ]nultip]c phases of active matelial  at Ni
clcclrmjc,  we have employed a similar reaction scheme. Aceor(jingly,  two phases of
NiOol  l/Ni(O1 1)2 react i]l(jcpcnctcntly  as

(1,)



/7- NiOOll -~ O.Se” :>y - NiC)OII (3.)
It should  bcnotcd  tlMt thcabovc  rcadion  is imvcrsiblc. ‘Illccolivcrsion  of’ [t-

NioC)llt(~y-NioolI  il~vol~~cs  c(~-il~lcrc:tl:itiol~  (~ fclcctr(~lytc s]>ccics  illt{)tl~c  latticcof  y-
Ni(X)l 1, but is not jncludd  in this treatment.

}’inally,  ct-Ni(oll)l  undergoes a chemical transformation into amorcstablc[l-
Ni(oll)J by Ostwa]d’s  ripcmjng,  i.e., a lllorjlllc)l(~g,ical  transition from thin platelets to
thick] )l:itcsl  ~ycliss(>llllic)ll  -]lrcci]>it:iti  oll]~lc)ccss;

(4.)

Apart from tk above rcac{ions, there wc scvmal  j~arasitic  reactions involving
clcctro]ytc. l:or example, oxy[),cn evolution occurs during charp,c ad during  sclf-
dischrgc  at the Ni clcc.tmclc as:

‘1’hc above reaction is :issamcd (0 occur indepcndcmtly,  similar to the reactions (1)
and (2), at a-Nj(oll)l  and [3-Ni(Oll)l. lkx~mbinatioa  of oxygcm,  whjch is a rcvc]sc  of
tllc abovcrcaction  occursat  the negative clcctrodc,  cjthcr(kl, IIl(forthc present case of
Ni.llll]lo(lcl),  orll~ctall ~y(lriclc,z  il(~llp,~~itlltl  ~cIllaitlrc  acti{)Il :

‘1’hc self-discharge of Ni clcctrodc  induced by hydrogen is similar to the ccl]
(Iischargc reactions, cxccpt that both the reactions occur on the positive clcctroctc.

MOI)lC1, lhll’1,lI:hllCN’1  ’A’l’loN

1 n orclcr to Coml)utc  c.cll currcl~t (or polcntial)  on app] yjng [i potential (current)
pcl [urbation,  a set of (ii ffcrclltial  cqaations  have been formulakxi bascct  on the apl)lication
of princip]cs  of mass balance for cacll of the spccics  in the above rcactimls,  cmrrcnt
baiancc,  energy balatlcc,  nlass transport, tl]cllllociyl~all]ics,  ami kinctjcs.  In this mmicl,
tllc  mass transport of ])lotons tlirou[~,h  soli(i phase is Ircate(i  by a scl))i-al]:ii)~tic:li  solution



o f  l:ick’s second law.(’ ‘1’hc rcsultiap, st)lutioll  rcquim the IIulncrica! s o l u t i o n
intcgra] h determining the proton diffusion ~l,t  adicmts. ‘1’hc primary equations arc
usinp,  a (iaussian elimination method.

Proton  l)iffusion

of all

Solvd

11 l~as been long rcali~.cd  that slow diffusion of protons in the Iatticc of the positive
clcclmic material might  c.ontr’ibatc  to mass transfer polarization which in turn affects the
utilization of the positive clcctrdc  at high discharge rates. l’roton concentration in the Ni
oxide isc.alculatcd  by solving, l;ick’s second lawas:6

wllcrc T is the lime :illd x is the distance in dilllcnsionless
thusmonitorccl inthcu-yancl  ~~-[j])llascs  itl(ic]lcll(lclltly.

form. ])roton concentration is

Conducth’ity  of the Adivc Matcritil

conductivity of the positive clcc[mdc

ltlcdronic

‘1’llc is a strong function of the slate of
clmrgc of the clccttodc; the conductivity of rcduccci  phase is orders  of ma~,nitudc. Iom’er
than the c.onduelivity  ofoxidizcd  phascll. A lnociificd  empirical expression, similarto
lhat used ii~tl~c  Ilickcl-lly(llcJgcl~]  ~~()(lc113 isuscd  todcfillc  lllccoll(ill(:ti~  ’ity, i.e.,

(4’.)

wl]crc A is the conductivity of the oxidiy,cd phase, 6’ is the state of charge and /1 and (;
a r c  c o n s t a n t s  cllalactcriz.ing,  the change ia the con(iuctivity  of Ni clcctmclc  ciuring
(iischarg,c.  ‘1’hc gradient of protons throup,h tllc active material is usc~i to calculate the
collciuctivity  at each point, an(i the resistance across the film thickness is cxprcsseci as an
inlcp,ral.  A]llJlictltifJll  [) f()]lllls's  l:ll\`:icl'()ss t]lcs[)]iCi J>]l:tscyic]ds:

(9.)

Similttr expressions have Iwc{l  usui fo~ both lhc a-yan(i ~}-~1  phmcs.  Since, the
Iwo phases arc assLancci to bc situatc(i parallel to each other along the c]cctrodc  sarfidcc,
the effective film rcsistal]c.c  and transfer clmctlt  arc paralic]  cx)nlbi[lations  of in(iivi(iua]
rcsistanccsan~i  Ilallsfcrclllrcllts.



SclIoftky lhrricr  l’otcntial

A t  t h e  Ni clc.c.trodc  (Iw Ni substratt  c.urrcnl  col!cctor i s  scpfiratcd f r o m
llyclr(Jxi(ic/cJxy  llyclr(Jxi(lc  active m:itcria] by a scl]li-c{)ll(illctiil~,  barrier tcrmccl  as Schottky
l~y~,.ld A junction potential, twmcd as SCllottky junction potcl~tinl,  is thus crcatccl  at the
tI)clal/metal oxide intcrfacc. ‘1’hc Scholtky  junction potcnlia]  consists of a relaxation term
to control  lhc on-sol of Ihc ovcrpotmtial durit]f,  cll:irg,c/cliscl)  algc and a second term
(]lltllltifyillg  lllc(~vcrl>(~tclltial  as shown below:

[1
//,
J 1’<,,,  * lyi’)[h

+.1,/,,c/lo/, ‘“ Ls,,l)sw’ - 1“ q)”) *

(1 0.)

11 is assumed here, as a first :ij~])loxilllatioll, ll~at  t h e  Schottky  junction
cl)araclcristics  of both u-y and (t-[t p]mcs  arc identical, as may bc cxpcctcd  from the
idm]tical values fol their (clcc(rcmic) condudivitics  in the oxidix.ccl  as wdl as rcducd
state. A single Schottky  layer thus separates the Ni s~lbstralc  from the active material in
(x-y  and p-p phases.

Mass balance

‘1’lIc  general exprcssiotl  for lhc mass balance

L‘ .J,
)fi , - “ + l), V(’,

/7, /“

ofa spccics  in thcclcctlo!ytc  is

(10)

where the first term is the co11sll1131>tio11  /g,cllcr:]tioll  of(.’j dllc to clcctlocllcl]lic:tl  reaction,
Jj, the sccol](i  corresponds to the difJilsiml of’t]lc spccics  duc to collcclltlatioll”  .gradicnt
V(;; (l~j is the diffusion cocfficicnt)  an(i tl]c third term dmcribcsthc  tral)sporl through
IIli{tration  under :i potc.ntial  gradient of \t~Y,,,,,,,,,,, (Z; is the charge ald l~i is the mobility).
Spccifjc  1 lquations  fir tl]c mass balalwc  Of h ydroxidc  ions, oxygen  and proton arc



all(l
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rcs])cctivcly. ‘1’hc 13 cocfiicicl)ts  :irc nu]ncl idly  Cvtiluatcxl  patamclcm  as
earlier. (’ Sill~ilar  cx]~rcssiol~s  llat~cbccl~tlsc(l for tllc]l]:tss l):il:ttlcc  of fl]c~~rot(~]]
pbasc :is Well.

(/3)

dcscribc~l
in tbc u-y

‘1 hc kinc[ics of clcctrocllcmica]  process are p,ovcmccl  by llullcr-Volf~)cr  cqwdion  wbicb is
p,cl)cral]y cxprcsscd  as :

wlwrc  tbc ovcrpolential  is given by:

(14)

(1.5)

a]d the cxchal~gc current density is p,ivcn by:

11)

‘() j () : ‘() j I,,/
]  ]  ~jj ~’

,. , ,,. (16)
i /,?<’

1 ~,xprcssinp, the rcvcrsiblc.  potential in tcl ms of O, tbc mole fr:iction of rcduccd Niool” 1 (or
concentration of proton):

‘Ilw last tmn ill the above equation is i]]colj)[)]:it~’cl  (o explain (lie lwn-Ncrmtian bcbavior
ill {bc inlucalation  potcntia]s  of I)mton it) Ilickc] o x i d e s .  ” 111 otl]cr woJds, i t  is  an
clllpirical  fit to the observed clc.ctr(dc potential.



incorporation cqu:itiol”ls (15), (16) and (17) into equation (14) gives IIIC
(:xprcssio~~ fortl]cclcctrokitlctics”  of thcrcdox  reactions involvinp,  Ni oxidcsas  :

4 q,,,Ihi,,r, 2[],l,t,, J,,,Jt (- (‘;,; ’(4\,,. -d,l.4,,, h.,)- ,- ((, )“c.:f(@”,,.4,,. @,,,.,J ~18)q,,,+, )( ;,,,,,,,,,f(1 - q),,t,k ,,,,,f,,,it, (l q,,,$,)) c’”

The corresponding equations for oxy~),c]]  and IIydrOglCn  reacliol]s  arc:

1(’,1,J,, ,,,,, z [I,,,,,,,lo,, ),,,,,, -(()” c ()“;<:’(4,,,.4,,.4 <,,,,,) (’(,, “;,; ‘(4,, -4,, A,,,,, )-.
( ;),,, (;,:,,,,, “ (20.)

and

Jh ,l,.,\,/,,N,[[;::,,)2((.,;,]`'[`'('''(;;;;[4.@ld) ,,;;’(6.4,,.,,,,,] (2,,

Sillli]al’  cxl>l’cssiolls  have been llsd to dcscri[)c tlIc KxIctions of gaseoLls Spccics at [)oth

illc (1-y  and  p-p phases. ‘I’l~cratc c~ftl~c clccil(~cllc.l~lical  co}~icrsi(~l~of~-Niooll”  into y-
Niooll” [Jllo~~crcll;trgci  scx]>rcssc(ias:

J
~ i 1“[’’’’(+,,,,,,4,,- 4,,,,.,) - ~-

h’] ,[~y ‘ 2[1,,,,,,,10,,,Y  C,,,, ,,,,,,[(l -  O,,,v)c  “f,, (22)

‘1’llc above is unidirmtional; Illcrc  is no conversion of the gamma phase to the beta unless
lhlough  the rcducd form of (~-Ni(ol 1)2, l:inal]y, tllckillctics oftl]ccllclllical  cmlvcrsion
process of ct-Ni(oll)l  to (3-Ni(oll)j arc cxprcsscd by [i first o~dcr Arrhcnius  -type rate
equation as:

wllcrc XY is the phase fraction of Ihc (x-y phase.



other (;ovcrning  ICquaiions

ollw  ancillary collations u(ilizcd in the mmicl arc

(27)

l{ I{: SIJ1,’I’S

of Ni-(:d  i~]l(l  Ni-112 CCIIS

been pcrfornwd  with tllc above two-phase model  umicr discharp,c

l)ischargc  behavior

Silnulations have
and charg,c  conditions. l:igs. 3 an(i 4 shows the dischgc  curves of Ni-Cd and Ni-llz CCIIS
floln ]llo(lclscc)]ll]):Ircci  with Illccx]>clilllclltal  data. ‘lhcsc sillllllatiolls  lvcrccatficd  out
with a marginally slower kindics  f(wthc (x-y c.cJLI])lcccJIl]]>arccl  101IN ()-P couple (- 80
ald 200” }IA/Cm2,  rcspcdivcly). ‘1’hc rest of the mode] parameters in the model  arc
dcscribcd  ill o~lrc:itlicrl~  ll[llicatioll,  14 Asisclca]  frollltllc fig~lrcs,  tllcagrccll)clit  bctwccn
[Ilc cxpcrimcntal  (iata ad tile s i m u l a t i o n s  h a s  significmtiy  itnprove{i, upon t h e
illc{)rl~c)l:itiol~  ofthc sccomi couplcat  tl~c Ni clectmic.

(.’l~arging

l<cp,al(iil~g  tl~ccllarp,c  ]>roccss,it llasl>ccj~c)l>scrlc(i  fro]llo  ~lrtcstillgof  :i50Alll;  aglc”
l)ichcr, aerospace Ni-lll  ccl] tl]at  at low tclnpcratares  (~ -?.()(’(;), the charge profile
col]sists of an ad(iitiomi  piatcau,  bcfc)rc the roll-over (I:ip,. 3). ‘I’his may bcattributc{i  to
IIN cmnvcrsion  of (3-Ni(X)lJ to y-NiOoll,  which  i s  not a s  p r o m i n e n t  a t  hip,hcr
Icl]ll>cltitllrcs{illct{)  tile it}tcriklill~~oxyp,cll  cvoiutioll  reaction. WC ]l:il~c(ic{llollstlatc~i  this
lmt(i with simulations, lisillp,  ttlctw~o-]~llasc  lllo(icl (l:i~,.4). ‘lhc inciivi(iuai  partial-current
dcllsitics  ul](icr  tilcsc con(iitions,  i.e.., corrcs~mntiin~,  to the mail) reaction ami oxygen
cvoiution  at botil  the phases ,  (3-Ni(X)ll to y-N 100 II cx)nvclsion ami (Y.- Ni(ofl)z  to &



Ni(ol  ])2 tt’allsfc)rlll:itic)ll  sLIppor[ the above (Icduction. Apparently, the kinetics of oxygen
c.volutiol~  prmxss  arc relatively slup,gisb such tbal the clcctrocllclllic:il  conversion of [\-
Ni(X)l 1 [o y-NiOol  1 is facilitate at low tcmjwraturcs. ‘1’his wou](i  Icsult in an incrcasc
in the capacity ofthc Ni-112 ccl], (itic (o a llip,l~cI  spcciijc  capacity of y-Ni(X)l  1.

l:iwilly, in an cfforl to furtbcr v:i]i(iatc  tile  two phase reaction schcmc, lhc existing
mocic]s  of Iilc  I]ickcl  clcctmic  were mmiific(i  [0 simlila{e cyclic volt:immctric  behavior,
by so]ving  for the current [it a Iilllc-(icl)cll(icllt  vo]tag,c.  AiIy form of Voltage  sweep sLIc.h

as ]incar,  trianglilar  etc. can bc a(ioptcci,  witi] sclcctc(i scan rates aIIci number of cycles,
I:ig. 5 shows ti]c typical cyclic l(}llalllll~o:,ral~~  obtaillc(i from Ihc modci. Stwiics  arc
Limicrway  10 c o r r o b o r a t e  tilcsc vollalllllloglal~ls” with cxpcrimcntal  observations,
cspccial]y  un(icr conditions favortib]c to both tbc pbascs.

(X) N(:1.US1ONS

‘1’hc mo(ic]  incorporating tbc multip]c phases of tbc active m:itcrial at the Ni
clcctro(ic in Ni rcchargcab]c  CCIIS provi(ics  simulations with improvc(i  acculacy ad
c.loser to lhc cxpclinlcnt:i]  (iata, cspcci:illy  ullcicr  f:ivor:iblc  con(iitions  such as cxtcnsivc
cyciing,  ovcrchar!,c  ami low lmpcratwc cil:ir:,ing. ‘Ihc reaction scilcme include.s two
mlox  mupics  of [\-Ni OOl 1/[\ -Ni(ol  1)2 and y- NiOOI l/u-Ni(Ol  1)2, :iII clcctlocl~clllic:il,
uni(iirc.ctiona] conversion of [\-Ni(X)l 1 to y-Ni Ool 1 an(i a chemical tral~sforlll:itiol~”  of /u-
Ni(ol 1)2 10 [3-Ni(ol 1)2.

‘l-his work was carricci  out at tbc .lct l’roj)ulsioll I ,:iboratory,  (~alif(mlia lnstitutc of
‘1’cchnology,  un(icr contract with tile Nationai  Acronalltics  ami Space ACilllillislt’ali(Jll  aid
was sponsored by (.lxic All, Office of NASA’s (;bicf  llnginccr’s  office.
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l;i~~.  1 : (hmp:irison  of 1 ) simulatc(i  discharge curve (bold lim) of a 50 AII ‘I’OI’I;  X cell
with ?) cxpcrimcnt:tl  data (d:ishcd lillc)  at (;/2 and 25(’C.
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l;ig. 2: (hmpaIisoIl  of 1 ) simu]atcd dischar{),c cLIrvc  (bold lit~c) of a 5(I All l;l)l CCII  with
2) cxpcrimcnla]  CIatii (dashed line.) at (Y2 and 25’’(;.
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Iig:.  3 : l;xpcrimcljt:tl  cl]:ir~c curves of a Ni-111 ccl] at (YI O atd at wuious  tcnlpcratuIcs  of
I ) ’35, 2) 20, 3) 10, 4) 0, and 5) -10 and 6) -2(I “(’, rcspcctivc]y.
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l~ig,. 4: Simulated charge claws of a Ni-1 lj ccl] ai C/1() and at various tcmpcraturcs.
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I;I:,. 5: ‘1’ypical simulalcd  IX; cyclic volt:in]]l]ctric CLIIVC of Ni o x i d e  clcctIodc  jli 7 M
K()] 1.


