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A Mathematical Model of a Zn/Br  Cell on Charge 

M. J. Mader and R. E. White* 

Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843 

ABSTRACT 

A mathematical  model of a parallel plate electrochemical cell with a separator and a homogeneous bulk reaction is 
presented. The model is based on the Zn]Br,~ redox couple and can be used as an aid for the design of an efficient 
rechargeable storage battery. It is shown that four independent  variables exist for the system at a fixed temperature: 
the effective separator thickness, the residence time, the channel width, and the potential driving force. Performance 
criteria of interest for the Zn]Br.2 battery are defined. Predictions of performance during the charging process are pre- 
sented. It is shown that the cell performance improves as the effective thickness of the separator is increased, despite 
the associated greater cell resistance. It is also shown that a change in the residence t ime has little effect on cell perform- 
ance. 

Several companies, including Exxon and Energy Re- 
search Corporation (ERC), are pursuing the development  
of a zinc/bromine (Zn]Br2) battery by building and testing 
various designs (1). A comprehensive mathematical 
model which can reasonably predict the performance of a 
Zn]Br.~ ba t te rycould  be of great use to these companies as 
a tool for des ign ing  a more efficient system. Such a 
model would reduce the need to build and test dozens of 
designs. 

A typical Zn/Br2 flow battery consists of stacks of alec- 
trochemical cells in which reversible reactions occur at 
the electrodes. An aqueous electrolyte Solution con- 
taining the  reacting species is circulated through each cell 
in a stack and stored in external tanks. To charge the bat- 
tery, a current or potential is applied to the stack while 
the fluid is fed to each cell from the external tanks. En- 
ergy is stored in the form of Zn and Br~ when zinc ions 
(Zn '-'*) in solution are plated a s  solid Zn on the cathode 
and bromide ions (Br-) react within a porous layer on the 
anodes to form Br2, a liquid which is soluble in the aque- 
ous solution. However, any Br.~ that reaches the Zn elec- 
trode reacts electrochemically, thereby causing a loss of 
charge. To help prevent this undesirable reaction, either a 
separator or a complexing salt which causes an inert, in- 
soluble Br2-rich phase to be formed, or both, are included. 
An additional reaction which occurs, in the bulk of the 
electrolytic solution, is the partial complexation of Br2 
and Br -  to tri-bromide ions (Brs-). The battery is dis- 
charged by circulating the stored electrolyte through the 
cell stack with the terminal leads of the cell stack con- 
nected to an appropriate load. The reverse of the electro- 
chemical reactions occur at each electrode and energy is 
released. 

In the work presented here, an at tempt has been made 
to include as many of these features as possible into a 
comprehensive two-dimensional Zn/Br~ cell model. The 
goal is to create a cell model from which a greater under- 
standing of the physical p h e n o m e n a  affecting cell per- 
formance can be obtained and which gives reasonable 
performance predictions. The model presented, therefore, 
is derived to the greatest extent possible from scientific 
first principles, with a de-emphasis on empirical relation- 
ships such as mass transfer coefficients. The scope of 
this work does not a l low all the f ea tu re s  of a typical 
Zn]Br~ cell design to be included. Only a charge mode for 
a single cell in the stack is considered. The electrochemi- 
cal energy storage reactions producing Br.~ and Zn are in- 
cluded, but the Br2 electrode is modeled without a porous 
layer. The undesirable Br., reaction competing with the 
Zn reaction at the cathode is included in the model. A po- 
rous separator placed between the two electrodes is in the 
model, but the second, Br2-rich phase has not been con- 
sidered. Finally, the complexation of Br2 and Br -  to Br:~- 
has been included in the model. In addition, a one-dimen-  
sional model, called a one-step model, which requires sig- 
nificantly less computation time, yet compares very well 
to the two-dimensional solution, has been developed. 

*Electrochemical Society Active Member. 

Analysis of the mode] provides a set of independently 
adjustable parameters which are shown to control the 
performance of the system. To study the effect of phys- 
ical phenomena on cell performance, performance criteria 
are defined and the independently adjustabl e parameters 
are varied. Results of the variations lead to an under- 
standing of the complex interaction of kinetic, thermody: 
namic, and transport properties within the cell. 

The Zn/Br2 cell model presented is the first model de- 
veloped which predicts product conversion, energy effi- 
ciency, and other quantities of practical interest to a cell 
designer, for a separated cell in which multiple electrode 
reactions occur. White et aL (2) developed a mathematical 
model o f  a parallel plate electrochemical reactor (PPER) 
which Can predict  similar quantities of interest but does 
not include a separator. Their work is the most desirable 
from which to develop a Zn]Br2 cell model, because they 
start from first principles and include many of the same 
features present in a typical Zn/Br=, cell. Lee and Selman 
(3, 4) developed a comprehensive model of a Zn]Br~ cell 
but their work does not address at all the objectives de- 
sired in this work. Van Zee et al. (5) developed a Zn]Br~ 
battery model which determines an energy efficiency for 
the entire battery but cannot predict product conversions. 
Fedkiw and Watts (6) developed a comprehensive model  
of the iron]chromium (Fe/Cr) redox battery, which, unfor- 
tunately, cannot be used for the Zn]Br2 battery presented 
here. 

White et al. (2) developed a mathematical  model of an 
electrochemical reactor which, with a few modifications, 
is useful in developing a model of a Zn/Br~ cell. The 
model of White et al. (2) consists of parallel plate elec- 
trodes and an electrolyte in laminar flow between them. 
Their model uses a differential mass balance in two di- 
mensions and can handle multiple electrode reactions, as 
well as homogeneous reactions in the electrolyte bulk. 
Additionally, their model can be used to predict current 
efficiencies and conversions per pass of each species in 
solution. The model of White et al. (2) is extended here to 
treat the Zn]Br~ battery. 

Lee and Selman (3, 4) modeled the Zn]Br2 system with a 
separator, with the particular interest of studying den- 
drite growth due to uneven plating of Zn. They consider 
the Zn]Br~ cell as a complete unit. However, their model 
does not address the goals described above for the follow- 
ing reasons. First of all, they consider cell performance 
only at fixed, typical states of charge and do not vary de- 
sign parameters ,  such as electrode length or separator 
thickness. Second, Lee and  Selman propose corrosion of 
Zn as a possible reaction during charge, while it is felt 
here that corrosion could not  occur on charge due to cath- 
odic protection. Finally, Lee and Selman characterize 
their separator with parameters such as porosity and a 
mass-transfer coefficient which are difficult to deter- 
mine experimentally. Van Zee (7) has shown that the 
MacMullin number, Nm, is an easily determined character- 
istic of a porous separator  which, with the separator  
thickness, can completely describe its transport 
properties. 
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Van Zee  et al. (5) deve loped  a s imple  ZtYBr2 bat tery 
mode l  in which  they  es t imate  cell res is tances  and total  
energy  r equ i r emen t s  to run the  battery.  They have  found  
that  by vary ing  the  separator  th ickness  the  energy effi- 
c iency may be increased  by at least  1%, which  is a consid-  
erable energy  savings for an of ten-cycled  battery. Their  
mode]  is ]trotted, however ,  because  it does not  inc lude  the  
capabil i ty of  p red ic t ing  p roduc t  convers ion.  Also, the i r  
mode l  does not  inc lude  the  effect  of  fluid flow rate on 
cell per formance ,  such  as h o w  the  flow rate affects the  
cou lombic  losses caused by the  r educ t ion  of  b romine  at 
the  zinc e lec t rode  on charge. 

F e d k i w  and Watts (6) have  s imula ted  an e lec t rochemi-  
cal cell which  inc ludes  a separa tor  and mul t ip le  e lec t rode  
react ions,  bu t  they  focus on the Fe/Cr  r edox  sys tem 
which  uses porous  packed  bed  electrodes.  Their  mode l  
inc ludes  s tudies  at var ious  states 0f  charge,  and they  fol- 
low concen t ra t ion  changes  as wel l  as local  current  densi-  
ties. Because  they  s tudy the Fe/Cr sys tem and have  done  
only a small  a m o u n t  of  work  vary ing  des ign  parameters ,  
their  work  is not  helpful  in unde r s t and ing  the  Zn/Br~ sys- 
tem. Also, they  have  prefer red  to s tudy power  require-  
ments  and cur ren t  f low ra ther  than  concent ra t ion  
changes,  wh ich  are of  in teres t  in this work.  

Model Development 
The as sumpt ions  needed  to deve lop  the  mode l  are pre- 

sented  first, fo l lowed by the govern ing  equa t ions  and 
boundary  condi t ions.  

A s s u m p t i o n s . - - A  schemat ic  of  a s ingle cell for  the  
Zn/Br~ bat tery  is p ic tu red  in Fig. 1. It  features  a parallel  
plate reactor  wi th  a porous  separator.  Elec t ro ly te  is 
p u m p e d  to each  side of  the cel l  f rom separate  tanks.  The  
aqueous  e lectrolyt ic  solut ion consis t ing  of  the  species 
Na ' ,  B r - ,  Br2, Br:~-, and Zn ~ flows laminar ly  in the  chan- 
nels on both  sides of  the  separator.  It  is a s sumed  that  spe- 
cies diffuse and migra te  t h rough  the  separator.  However ,  
to s implify the analysis,  it is a s sumed  that  the pressure  
drop per  uni t  l eng th  is ident ical  on bo th  sides of  the  cell, 
thereby  p reven t ing  convec t ive  flow th rough  the separa- 
tor. This  a s sumpt ion  is ach ieved  by se t t ing SA = Sc and 
Vavg : Vavg,A : Vavg,C. 

The length  (L) and wid th  (W) of  both  e lect rodes  are as- 
sumed  to be large relat ive to the  gap be tween  the elec- 
t rodes  (S). N g u y e n  et al. (8), in an ex tens ion  of  the  mode l  
of  White et al. (2), de t e rmined  that  i f  the  aspect  ratio (a = 
S/L)  is less than  0.2, then  ~he axial diffusion and migra-  
t ion flux te rms  may  be neglected.  It  is a s sumed  that  the  
mobi l i ty  of ionic species fol lows the  Nerns t -Eins te in  
equa t ion  (u~ = D~/RT) and that  the  But le r -Volmer  equa t ion  
can be used  to descr ibe  the  e lec t rochemica l  reactions.  In  
addit ion,  pseudo-s teady-s ta te  condi t ions  are a s sumed  to 
exist.  That  is, it i's a s sumed  that  because  of  a low conver-  
sion per  pass, t h~  concent ra t ion  of  the  feed to the  cells, 
wi th in  the  external,  s torage tanks,  changes  very  slowly. 

On charge,  the  react ions that  are a s sumed  to take place 
at the e lect rodes  are 

B r -  ~ 1/2 Br2 + e -  (anode, react ion 1) 

1/2 Br,  + e -  ~ B r -  (cathode,  reac t ion  2) 

1/2 Zn  ~* + e -  --> 1/2 Zn (cathode,  react ion 3) 

Reac t ion  1 and 3 are the  des i red react ions  which  lead to 
energy  storage. Reac t ion  2 is an undes i red  self-discharge 
react ion which  leads to ineff iciency and energy losses. 
Corrosion of  Zn by Br~ dur ing  charge  accord ing  to 

Zn + Br~ -~ ZnBr2 

has been  p roposed  by Lee  and Se lman  (3, 4), bu t  dur ing  
charge,  the  zinc is ca thodica l ly  protec ted ,  and thus  corro- 
sion is at least  negl ig ible  and probably  nonexis tent .  Due  
to the large vol ta ic  dr iv ing force, hydrogen  evolu t ion  at 
the ca thode  migh t  be proposed,  but  this react ion has a 
small  e x c h a n g e  cur ren t  densi ty  on zinc electrodes.  In  ad- 
dition, the  solut ion is a s sumed  to have  a large e n o u g h  pH 
that  there  is no apprec iab le  concen t ra t ion  of hydrogen  
ion. 

x 

(1) Br ~ 1 / 2  B r 2 + e  U,~= 1.087V 
f $ 

C . . . . . . . . . . . . . .  lJnl(X) . C,(X,y) ! A ~ C ( x=L )  ....... 

,~(x,y) I 

Cu.ea.C ~ vav~,c , Sc cLa'g'c(x=L) 

L 
(2) 1/2 Br2 + e- - - B r -  U~ = 1.087 V V= 
(3) 1/2 Zn 2+ + e - - 1 / 2  Zn LI3 e =  -0.763 V 

Fig. 1. Schematic of Qn individual cell in o Zn/Br~ bottery 

A h o m o g e n e o u s  complexa t ion  react ion p roduc ing  Br:~- 

Br2 + B r -  m Br3- (bulk, reac t ion  4) 

occurs  in the  solut ion bulk.  It  is a s s u m e d  this react ion is 
fast and, thus,  the  concent ra t ions  of  the  three  Species are 
in equ i l ib r ium th roughou t  the cell, accord ing  to the equi- 
l ib r ium cons tan t  g iven  by Eigen  and Kus t in  (9) 

K,q - cB,3- - 17M - '  = 17,000 (mol/cm3) -1 [1] 
CB r_ -- CBr2 

Governing equa t ions . - -The  cell  in Fig. 1 is d iv ided  into 
three  sections,  two e lec t ro lyte  f low channels  of  wid th  SA, 
and a separa tor  of  wid th  Ss. The  govern ing  equa t ions  for 
each section, as deve loped  in the  P P E R  m o d e l  of  White et 
al. (2), inc lude  the  e tec t roneutra l i ty  condi t ion  and a 
s teady-state  mater ia l  balance equa t ion  for each ' species. 
The  equa t ions  may  be used to solve for the  concent ra t ion  
(ci) and potent ia l  ((a) d is t r ibut ions  as func t ions  of the  axial  
(x) and radial  (y) posit ion.  

The  e lec t roneut ra l i ty  condi t ion  

zici = 0 [2] 
i 

ensures  that  there  is no bu i ldup  of  posi t ive  or  nega t ive  
charge anywhere  in the  electrolyt ic  solution.  For  s teady 
state, the  mater ia l  ba lance  equa t ions  for each species are 

-V  - Ni + R~ = 0 (i = B r - ,  Br~, Br:~-) [3] 

V �9 Ni = 0 (i = Na*, Zn '-'~) [4] 

where  

D i  
Ni = -DiVci - z i - ~  FciVcP + vci 

and 

(flow channels)  

[5] 

D i e  
N~ = -Dj.eV q - zi ~ FciVq~ (separator) [6] 

In the  separator,  an effect ive  diffusivity,  Di.e, is required ,  
g iven by Van Zee  (7) as 

D i  
D~,e  - [7] 

Nm 

where  Nm is the  MacMull in  number .  The  MacMull in  
n u m b e r  is a character is t ic  of  a porous  separator,  equiva-  
lent  to the  ratio of the separator 's  to r tuos i ty  to its poros-  
ity. However ,  un l ike  porosi ty  or tor tuosi ty ,  it is easily de- 
t e rmined  and not  a proper ty  of solut ion s trength,  as 
shown by Van Zee  (7). The  MacMull in  n u m b e r  is g iven by 
a resistivity ratio 

N ~ -  p [8] 
Po 

where  po is the  resis t ivi ty of  a solut ion wi thou t  a separa- 
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tor  in its midst ,  and p is the  resis t ivi ty  of  separa tor  and so- 
lut ion together�9 

The ve loc i ty  d is t r ibut ion  wi th in  the  flow channels  is 
a s sumed  to be wel l -deve loped  l aminar  f low as g iven  by  
(10) 

V~ = 0 ;  Vx  = 6Vavg  S A  S A  ~ [9] 

The mater ia l  ba lance  equa t ions  g iven  by Eq. [3] can be  
s impli f ied by a s suming  that  react ion [4] is at equ i l ib r ium 
so that  Rsr- = R ~ r ~  = - - R B r : ~ - .  For  the  species  B r -  and Br:~-, 
Eq.  [3] for each  can be added  to get  

( -V �9 N ~ -  + R~r-) + ( - V '  N~r:~- + R~r:~-) = 0 [10] 

wh ich  reduces  to a govern ing  equa t ion  consis t ing only of  
f lux t e rms  

V - N ~ -  + V �9 N B r : ~ -  = 0 [11] 

L ikewise  for species  Br~ and Br:~- 

V �9 Ns~.~ + V �9 Nsr:~- = 0 [12] 

S ince  the  n u m b e r  of  equa t ions  has been  reduced  by one, 
the  equ i l i b r ium express ion  of Eq. [1] is needed  to de- 
scribe the  sys tem fully. Therefore ,  Eq.  [1], [2], [4], [11], and 
[12] compr i se  the  set of  govern ing  equa t ions  needed  to 
so lve  the  sys tem for the  u n k n o w n  variables ,  c~ and (I). 

As pos tu la ted  by White et al. (2) and later  demons t r a t ed  
by Nguyen  et al. (8), w h e n  the  aspec t  ratio (a ~ S / L )  is 
small,  then  the  diffusion and migra t ion  t e rms  of  the  flux 
express ion  in t h e a x i a l ,  or flow, d i rec t ion  are negl ig ible  
c o m p a r e d  to the  radial  or normal  diffusion and migra t ion  
terms.  Thus,  u p o n  conver t ing  to the  d imens ion less  varia- 
bles 

= x / L  [13] 

H = y / S  [14] 

Y 0 < y < S A  

Y -  (SA + Ss) ( S A + S s ) < y < S  
Sc 

[15] 

Oi = ci/ci.~ [16] 

2Sv~v~ 
Pe  - - -  [17] 

the  d ive rgence  of  the  flux of  species  i in Eq. [4], [11], and 
[12] may  be rewri t ten  for the flow channe l s  as 

0'-' 0i Zi F [ cT-'qb 
S'-' (V �9 Ni) 0i 

ci.r~Di 0 H'-' RT  L 0 ~'-' 

00i0__~_ 0(I)0H ~] DI~ 00i + + 3 ~ P e -  (H' - H '~) ~ -  [18] 

and for the  separa tor  as 

eCi,refDi,-- (V - N i )  = - 
H---:; 

0 

ziF [ 0~q) __00i 04PJ [19] 
RT O~ OH'-' + OH 077 

Note  tha t  two  d imens ion less  radial  var iables  are used  
in Eq.  [18]. The  var iab le  H is m a d e  d imens ion less  by the  
total  e lec t rode  gap S, and is used  to define the  step size 
in any sect ion w h e n  conver t ing  the  different ial  govern ing  
equa t ions  to finite d i f ference  form. The  var iable  H' is 
m a d e  d imens ion less  by the  flow channel  wid th  SA, and is 
needed  to express  posi t ion wi th in  the  flow channels ,  
s ince the  local e lec t ro ly te  ve loc i ty  depends  on the  re la t ive  
posi t ion wi th in  the  channel .  Note  also that  the  Pec le t  

1299 

n u m b e r  is def ined here  in te rms  of  S (Eq. [17]) ins tead of 
SA, wh ich  wou ld  be more  appeal ing  physical ly;  however ,  
s ince no d imens ion less  analysis is p re sen ted  in this pa- 
per, the  defini t ion of  Pe  is arbitrary. 

In i t ia l  and boundary  condi t ions . - -To  comple te  the  sys- 
t em of equat ions ,  t he  initial and bounda ry  condi t ions  
mus t  be  specified.  Condi t ions  are specif ied at the  cell 
entrance,  the  e lect rodes ,  and the  e lec t ro ly te /separa tor  in- 
terface.  

The  init ial  condi t ions  at the  cell  en t rance  and boundary  
condi t ions  at the  e lec t rodes  are the  same as specif ied by 
White et al. (2). At  the  cell  entrance,  the  feed concentra-  
t ions are known,  and the  e lec t roneut ra l i ty  condi t ion  mus t  
hold 

at ~ = 0 0j = 0L~,a; ~ z~c~.~fO~.f~,d = 0 [20] 
i 

The  boundary  condi t ions  at the  e lec t rodes  are that  the  
e lec t roneut ra l i ty  condi t ion  holds  and that  the  rate  of con- 
sumpt ion  or p roduc t ion  of a species  by e lec t rochemica l  
react ion at the  e lec t rode  is equal  to the  ne t  normal  f lux of  
the  species  toward  or  away f rom the  e lectrode.  That  is 

Sil~nl 
at V = 0 (anode) - Nni [21] 

n~F 

and 

si2in2 
- -  = N n i  

n~F 
at H = 1 (cathode) [22] 

- -  = N n i  
n:~F 

where  i,j is the  cur ren t  dens i ty  for react ion j, s~ is the  
s to ichiometr ic  coeff ic ient  for each  species  in the  electro- 
chemica l  reaction,  nj is the  n u m b e r  of  e lect rons  trans- 
ferred in the  react ion,  and N,~ is the  ne t  normal  flux of  
species i, in wh ich  the  der iva t ives  are def ined to be  in the  
posi t ive  y direct ion.  It  should  be  po in ted  out  that  the  
signs used  for N,~ in Eq. [21] and [22] are consis tent  wi th  
the  conven t ion  that  pos i t ive  cur ren t  leaves  the  anode  to 
enter  the  e lectrolyt ic  solution,  and nega t ive  current  f rom 
the  solut ion enters  the  cathode.  

The  normal  c o m p o n e n t  of  the  current  densi ty  for reac- 
t ion j, inj, is g iven  by t h e  But le r -Volmer  equat ion ,  as g iven  
by White et at. (11) 

in j  = ioj . ref  (0i,o) pij exp  \ RT Hj 

( - a c J F  H0} [23] - H (6~.~)"'~ exp  \ R T  
i 

where  0~.o is a d imens ion less  local surface  concen t ra t ion  
and Vj is the  react ion overpotent ia l ,  def ined  as 

Hj = V~ - qbo~ - Uj,ref [24] 

In  Eq. [24], V~ is t he  e lec t rode  potent ia l  (ei ther V~ or V~), 
q)o~ is the  potent ia l  of  the  solut ion at the  surface of  that  
e lec t rode  (either qbo~ or ePo~), and Uj.,~ is the  local open- 
c i rcui t  potent ia l  of react ion j at the  re fe rence  concentra-  
tions. The  open-c i rcui t  potent ia l  is a t h e r m o d y n a m i c  pa- 
ramete r  of  the  solut ion g iven  by 

(ci, f) 
Uj.r~f= Uj ~  U~E 8 -  njF ~ s i j ln  

RT i ( ci.,~: ~ 
+ nl~eF ~ si.i~E In \ do / [25] 

wi th  the  subscr ip t  RE  referr ing to an arbi t rary reference  
electrode.  V~, ~Poe, UJ ~, and U ~  e are all def ined relat ive to a 
reference  e lectrode.  

The  boundary  condi t ions  at the separator /e lect rolyte  in- 
terface are that  the  e lec t roneutra l i ty  condi t ion  holds  (as it 
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does  e v e r y w h e r e  in the  reactor) and  tha t  the  no rma l  flux 
of  each  spec ies  is c o n t i n u o u s  across  t he  interface.  That  is, 
at the  anoly te / separa tor  in ter face  

at y = SA Nni , a  = Nni , s  [26] 

E x p a n d i n g  wi th  t he  no rma l  flux t e r m s  in Eq. [5] and  [6] 
and  conver t ing  to d imens ion l e s s  quant i t ies ,  this  bound-  
ary cond i t ion  b e c o m e s  

_ (O0, I z~F Oe) 

Table I. Fixed parameter values for the Zn/Br~ cell 

Kinetic and thermodynamic (T = 298.15 K, V~ = 0.0V) 

ioj, ref a Ujo I) Vj, ref c 
Reaction O) (A/cm-') a~j c~j nj (V) (V) 

1 0.0031 0.5 0.5 1 1.087 1.783 
2 0.0031 0.5 0.5 1 1.087 1.783 
3 1.00 0.5 0.5 1 -0.763 0.0 

Reaction 4 (Homogeneous, bulk) K~,, '~ = 17000 (moYcm:~) -~ 

1 (00i~ ziF 1 / 0 0 ~  

w h e r e  00JB~ and  0*/B~ are eva lua ted  at the  interface,  
bu t  whol ly  wi th in  the  reg ion  of the i r  r e spec t ive  subscr ip t .  
Note  tha t  Di has  b e e n  cance led  f rom this  equat ion ,  bu t  
the  MacMull in  n u m b e r ,  N~, does  no t  cancel.  At  the  
separa to r /ca tho ly te  interface,  the  b o u n d a r y  cond i t ion  is 
similar.  

In an effor t  to cu t  d o w n  on calcula t ion t ime,  a s imp le  
mode l  was  d e v e l o p e d  in w h i c h  only one  s tep  was  t aken  in 
the  flow d i rec t ion  [see Mader  et al. (12)]. This mode l  as- 
s u m e s  tha t  i,j is a cons t an t  a long the  l eng th  of  the  reac tor  
and  the re fo re  no t  a func t ion  of  ~ as in t he  prev ious  ease. 
Similarly,  c~ and  q) b e c o m e  func t ions  of  ~ only. In this  
way, the  cell acts  m u c h  like a CSTR in the  flow direct ion.  
At  a g iven va lue  of  7, t he re  is only a s t ep  change  in con- 
cen t ra t ion  of  a spec ies  f rom its feed  value  to its exi t  value,  
ins tead  of  a gradual  concen t r a t ion  g rad ien t  d o w n  the  
l eng th  of the  reac tor  as in the  more  compl i ca t ed  model .  
(To d i s t ingu i sh  the  two models ,  the  s imp le  one  will be  
called the  one- s t ep  m o d e l  and  the  o the r  the  con t inuous  
model.)  

In the  one-s tep  model ,  a finite d i f fe rence  e x p r e s s i o n  
over  the  l eng th  of  the  reac tor  rep laces  the  axial concen-  
t ra t ion g rad ien t  in the  convec t ion  t e r m  of the  con t inuous  
mode l  

O C  i C i - -  Ci , foed  

Ox L [28] 

In d i m e n s i o n l e s s  coordinates ,  wi th  c~.~r = c~.f~, Eq. [28] 
b e c o m e s  

~Oi O i -  1 
- -  [29] 

@ 1 

All o the r  equa t ions  f rom the  con t inuous  mode l  remain  
the  s ame  in the  one- s t ep  model .  

Because  it essent ia l ly  b e c o m e s  a one -d imens iona l  
model ,  the  o n e - s t e p  m o d e l  is a less accura te  solut ion of  
the  e l ec t rochemica l  cell t han  the  two-d imens iona l  cont in-  
uous  model .  However ,  the  one-s tep  m o d e l  does  retain the  
concep t s  of  radial  g rad ien t s  across  the  cell and  the  possi-  
bili ty of  mul t ip le  e lec t rode  reac t ions  occur r ing  at each  
e lec t rode.  In addi t ion ,  the  one-s tep  mode l  requ i res  less  
c o m p u t e r  t ime  to solve. The accuracy  of the  one-s tep  
mode l  relat ive to t he  con t inuous  mode l  essent ia l ly  de- 
p e n d s  on the  conve r s ion  per  pass  of  t he  sys tem.  The as- 
s u m p t i o n  tha t  the  concen t ra t ion  in the  flow di rec t ion  is 
un i fo rm is r ea sonab le  for a sys t em only if  the  convers ion  
per pass is small, as is often the case for a ZrffBr2 cell. 

Parameters.--The parameters used in the model consist 
of the fixed parameters of the cell and the independently 
adjustable parameters. The fixed parameter values used 
in the Zn/Brx cell model are given in Table I. The system 
was set up to simulate as closely as possible the design of 
Exxon (5, 13, 14) from which the most design parameters 
were available. The feed composition at initial conditions, 
0~.f~a, is assumed to be the same in both channels, for con- 
venience. To determine the concentration of each species 
in the feed, it is first assumed that the solution is com- 
posed of Na*, Br-, Br~, and Zn ~ at the reference concen- 
trations listed in Table I, and that Br- and Br., are uncom- 
plexed. Then, an equilibrium calculation is done using 
the  t r i -b romide  c o m p l e x a t i o n  reac t ion  and  K~,~ to deter-  

Stoichiometry and electrochemical reaction orders 

Reactions [1] and [2] 
0= 1, 2) Reaction [3] (j - 3) 

Species (i) s~ PiJ qiJ s~j p~j qi~ 

Na  0 0 0 0 0 0 
Br- ~ 1 1 0 0 0 0 
Br~ - 1/2 0 1/2 0 0 0 
Zn'-" f 0 0 0 -1/2 0 1/2 
Br:,- 0 0 0 0 0 0 

Transport and reference concentrations 

D,~ ci. ,.c~ 
Species (i) zi (cm'-Ts) x 10 ~ (moYcm :~) • 10 :~ 0i. ~,~.~ h 

Na ~ 1 1.334 1.00 1.000 
Br- - 1 2.084 3.00 0.983 
Br~ 0 1.310 0.05 0.0203 
Zn ~" 2 0.754 1.00 1.000 
Br:, -1 1.310 0.10 0.510 

" Chosen to duplicate current densities reported in Ref. (13). 
"SeeRef. (15). 
~ The reference electrode is reaction [3] at the reference 

conditions. 
'~ See Ref. (9). 

Limiting reactant at Br~ electrode. 
f Limiting reactant at Zn electrode. 

See Ref. (16-18); D~,.:~- assumed equal to D,,..,. 
h At initial charging conditions, the feed to each channel is as- 

sumed to be the same, for convenience. 

mine  the  ad jus ted  concen t r a t ions  of B r -  and  Br~, and  the  
c o r r e s p o n d i n g  equ i l ib r ium concen t r a t i on  of  Br:~-. Af te r  
all o the r  p a r a m e t e r s  were  set, the  e x c h a n g e  cur ren t  densi -  
t ies i,,j.r~f were  p i ck ed  by trial and  er ror  to give cu r ren t  
dens i t i es  s imilar  to tha t  r ep o r t ed  by E x x o n  (13). When 
c o m p a r e d  to values  in the  l i tera ture  (19, 20), t he se  ioj.,.r 
were  wi th in  an o rder  of  magni tude .  

The mode l  i npu t  var iable  p a r a m e t e r s  are the  l eng th  of  
the  e lec t rode  (L), t he  average veloci ty  of  the  e lec t ro ly te  
(v,,v~), the  flow ch an n e l  w i d t h  (SA), the  t h i ckness  of  the  
separa tor  (Ss), the  MacMull in n u m b e r  (Nm), and  the  ap- 
p l ied  cell po ten t ia l  (E~e~ = V~ - Vr Note  tha t  the  total  
e lec t rode  gap (S) is a l inear c o m b i n a t i o n  of the  flow chan-  
nel w i d t h s  and  the  separa tor  th i ckness ,  and  is the re fore  
not  an inpu t  variable,  s ince it is comple t e ly  specif ied  by 
the  o the r  wid ths .  U p o n  rev iewing  the  govern ing  equa- 
t ions  and  b o u n d a r y  cond i t ions  and  analyz ing  the  mode l  
results ,  it is f o u n d  tha t  only four  i n d e p e n d e n t l y  adjusta-  
ble p a r a m e t e r s  ex i s t  in the  model ,  a l t h o u g h  six inpu t  vari- 
ables may  be specif ied.  A mean ing fu l  set  of i n d e p e n d e n t  
pa rame te r s  cons is t s  of the  r e s idence  t ime  of  the  electro-  
lyte in the  cell, L/v,v~ (which  appear s  as a ratio in the  t e rm 
Pea),  the  flow channe l  width ,  Sa (which  appea r s  a lone as 
the  d e n o m i n a t o r  in the  def ini t ion of  7'), t he  effect ive sep-  
arator  th i ckness ,  NmSs (which  appear s  as a p ro d u c t  in the  
d e n o m i n a t o r  of  t he  finite d i f fe rence  fo rm of  Eq. [27], as 
s h o w n  in Ref. (21)), and  the  cell potent ia l ,  Er (since V~ 
and  Vr are relat ive to the  same re fe rence  potential) .  Van  
Zee  (7) s h o w e d  in a separa tor  f low- through  e x p e r i m e n t  
tha t  the  p r o d u c t  NmSs is i m p o r t a n t  as a group,  and  no t  Nm 
or Ss separately .  In  the  case of  the  ZrdBr., cell, the  mode l  
ind ica tes  tha t  NmSs is also an i n d e p e n d e n t  var iable  for 
flow by a separator .  
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In  this s tudy,  each  of  the  ind iv idual  parameters ,  L, V~g, 
SA, Ss, Nm, and Ece u a r e  set at va lues  to be e x p e c t e d  in a 
typical  Zn/Br~ battery.  The  pa rame te r  L/Vav ~ iS var ied  by 
changing  e i ther  L or Va,~, or both,  b e t w e e n  runs. The  
length,  L, is var ied  be tween  20 and 30 cm in t h i s  s tudy,  
whi le  v ~  is va r ied  b e tween  2.0 and 1.5 cm/s. The  channel  
flow w i d t h  (SA) is ass igned values  b e t w e e n  0.005 and 0.10 
cm. Ei ther  Nm or Ss is v a r i e d  to alter N~Ss, with  Nm vary-  
ing be tween  1.5 and 10.0, and Ss b e t w e e n  0.02 and 0.12 
cm. For  Er Vc is set equal  to 0 V for conven ience ,  and V~ 
is var ied  be tween  1.85 and 2.025V. 

Solution Technique and Material Balance Closure 
Having  set the  fixed and var iable  parameters ,  the  sys- 

t em equa t ions  can be solved for the  concen t ra t ion  and po- 
tent ial  d is t r ibut ions  by us ing an impl ic i t  s tepping  tech- 
n ique  in the  axial  d i rec t ion  (for the  two-d imens iona l  
model)  and N e w m a n ' s  t e chn ique  (16) in the  radial  direc- 
tion. This  solut ion p rocedure  is d iscussed  by White et al. 
(2) and Mader  et al. (12). To ensure  that  the  average  cur- 
rent  densi t ies  p red ic ted  by the  mode]  are consis tent  wi th  
the  p red ic ted  average  exit  concen t ra t ions  of  each species,  
a mater ia l  ba lance  closure is done  on each species. At 
s teady state, the  molar  (or mass) rate of  consumpt ion  or 
p roduc t ion  of  a species  by e l ec t rochemica l  and homoge-  
neous  react ion wi th in  the  cell mus t  equa l  the ne t  molar  
(or mass) flow rate of that  species  t h rough  the reactor  
from ent rance  to exit .  A quant i ta t ive  eva lua t ion  of  the  
mater ial  ba lance  closure s ta tement  was done  for each 
case s tud ied  and the  mode l  predic t ions  were  found to be  
cons is ten t  each  t ime. Fur the r  informat ion  on this test  for 
cons is tency  can be  found  by referr ing to Mader  I21). 

Results and Discussion 
Once the  cons i s tency  of the  solut ion t e c h n i q u e  is veri- 

fied, the  concen t ra t ion  and potent ia l  d is t r ibut ions  can be 
used  to analyze the  Zn/Br2 cell  model .  First .  pe r fo rmance  
criteria of  specif ic  in teres t  to this cell are derived.  Then,  
N~Ss is ver if ied as an independen t  parameter .  Next .  the 
two-d imens iona l  mode l  and one-s tep  mode l  predic t ions  
are compared .  Example s  of  pe r fo rmance  predic t ions  that  
can be obta ined  f rom the Zn/Br._, cell  mode l  at initial 
charg ing  condi t ions  are then  presented.  Finally,  the  per- 
fo rmance  of  the  cell  as a func t ion  of  the state of charge  of  
the  sys tem is cons idered  for three  va lues  of  the  effect ive  
separa tor  th ickness ,  N~S~, and three  va lues  of the  resi- 
dence  t ime.  

Performance cr i ter ia .~o  deve}op a mean ingfu l  set of  
pe r fo rmance  cri teria for the  Zn/Br~ cell, the  desirable  
character is t ics  of a rechargeab le  bat tery  sys tem should  be  
considered.  First,  it is impor tan t  to keep  the  cell current  
at a relat ively low level  to p reven t  dendr i t ic  g rowth  of 
zinc dur ing  charging.  Second,  it is impor tan t  that  a re- 
chargeable  bat tery  can be  charged  quickly.-A third desira- 
ble character is t ic ,  dur ing  the  charging  process,  is a low 
a m o u n t  of  energy  c o n s u m p t i o n  re la t ive  to the  a m o u n t  of  
p roduc t  stored. Final ly ,  it is impor t an t  to have  a h igh  en- 
ergy efficiency,  indica t ing  the  energy  c o n s u m e d  has 
been  put  to useful  work.  

To moni to r  the  cell  current ,  the  average  current  dens i ty  
at an e lect rode,  ia~, is a useful  quan t i t y .  It  is def ined as 
the  sum of the  average  cur ren t  densi t ies  for each react ion 
at an e lec t rode  

i~v~ = ~ i,j .... [30] 

where  i ~ , ~  is an average  of  the  local  cur ren t  densi t ies ,  
i.j(x), over  the  l eng th  of  the  electrode.  The  va lue  of  inj.~v~ is 
so lved  for direct ly  in the  one-s tep model .  

The average  cur ren t  dens i ty  may  also be  def ined as the  
total  cell  current ,  I, per  surface area  of  e lectrode,  LW, so 
that  for e lec t rodes  of equa l  surface area, the  va lue  of  i ~  
mus t  be the  same  at bo th  electrodes.  

A second desi rable  character is t ic  is the  capabil i ty to 
charge  quickly.  In  o ther  words ,  for a g iven  area of elec- 
trode, it is impor t an t  to ach ieve  a h igh  p roduc t ion  rate of  

the  species wh ich  mus t  be  s tored to charge  the  battery.  
For  the Zn/Br2 cell  to charge,  Br~ m u s t  be  p roduced  at the  
anode  and s tored  in the  an01yte and Zn mus t  be pla ted at 
the cathode.  S ince  the  e lec t rode  mater ia l  is often one  of  
the  largest  costs in the  battery,  it is impor t an t  to charac= 
ter ize the  p roduc t ion  rate in t e rms  of  the  surface area of 
e lec t rode  required.  

B r o m i n e  is s tored  in the  anolyte  in two forms,  e i ther  as 
d issolved l iqu id  Br2 or as part  of  the  ionic comp lex  Br:~-. 
Br~ is p roduced  at the  anode  dur ing  charge  by react ion of  
Br - .  Most  of  the  Br2 p roduced  at the  anode  is c o m p l e x e d  
wi th  excess  B r -  to create  Br:c.  S o m e  of the bromine ,  
bo th  as l iquid  Br~ a n d  as the  c o m p l e x e d  Br:~-, may  diffuse 
out  of the  anolyte  into the  separator ,  whi le  some  may  en- 
ter  the  anolyte  f rom the  separator,  d e p e n d i n g  on the  con- 
centra t ion and potent ia l  gradients.  However ,  only the  bro- 
mine  wh ich  exi ts  the  reactor  in the  anolyte,  as e i ther  Br.., 
or Br:~-, is cons ide red  stored. The  Br~ p roduc t ion  rate per  
area of anode  is, therefore ,  def ined as t he  rate of  gain of 
Br2 in e i ther  form, in the  anolyte  alone, which  is formu- 
lated as the  p roduc t  of  the average  flow rate and the  
change  in average  concen t ra t ion  f rom ent rance  to exit ,  
per  area of  anode.  Thus 

PB,',2 = [(CBr2,avg.A 2- CBr3--,avg,A).r = L 

v~v~SAW [31] 
.__ (CBr2,feed,A 2- CBr3_ feed,A)] L W  

where  Ci,avg,A(X) is the  local average  radial  concen t ra t ion  
in the  anolyte  section. Taking into a c c o u n t  the  laminar  
flow of the  electrolyte ,  this average  concen t ra t ion  is [see 
Mader  et al. (12)] 

6 f s ~  y Y~)c~(x,y)dy [32] 
c~ ...... (x) = ~ , S ~  

A similar  def ini t ion may  be  wr i t ten  for the  local radial  
average concen t ra t ion  in the  ca tholyte  section. S torage  of  
Zn is a ccompl i shed  solely by p l a t i n g  Zn ~" ions on the  
cathode.  The  p roduc t ion  rate of  Zn, then,  can be found 
from the  rate of  the  zinc reaction,  i,~:~,~v~, as 

Pzn- (Sz'"-+':~)(in:~'~v~) [33] 
n:~F 

A third character is t ic  wh ich  is desi rable  in a bat tery,  
dur ing  the  charg ing  process,  is a low rate of  energy con- 
sumpt ion  re la t ive  to the  rate of  s torage of  the  product .  
The rate of  energy  consumpt ion  is the  p roduc t  of  the  ap- 
pl ied vol tage and the  total  cell current .  The  charging rate 
is equ iva len t  to the  rate of  product ion ,  P~LW. So, in gen- 
eral, the  energy  c o n s u m p t i o n  per  mole  of  p roduc t  s tored 
can be def ined as 

( Ecell)( iav~L W) [34] 
~oi -- PiLW 

Note  that  the  e lec t rode  area cancels  out. Subs t i tu t ing  Eq. 
[31] for the product ion  rate of  Br.z into Eq. [34] and  
rearranging yields 

(Er iav~ 
[35] 

r176 = SA ACBr~ 

where  Ac,~r,~ = (CBr2,avg,A 2- C ~ r . ~ - - , a v ~ , A ) . r  = L - -  (CBr2,feed,A -~ 
cBr:~-.feeo A). The  ene rgy  consumpt ion  per  mole  of  Zn s tored 
is def ined by us ing Eq. [33] for Pz,, g iv ing 

~Oz,( n'~F ) ( ~ 1  [36] 

A final character is t ic  desirable  in a rechargeable  bat- 
tery is a h igh  energy  efficiency, a quant i ty  re la ted to the  
energy  c o n s u m p t i o n  term.  The energy  efficiency is de- 
f ined as the  p roduc t  of  the  cou lombic  eff ic iency and the  
vol ta ic  eff iciency 

eT = ecev [37] 
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The  c o u l o m b i c  eff ic iency is a m e a s u r e  of  t he  f rac t ion  of  
c u r r e n t  p a s s e d  w h i c h  gives  t he  des i r ed  react ion.  At  t he  
anode ,  t he  Br~ reac t ion  r u n s  u n c o n t e s t e d  so t h a t  t h e  
c o u l o m b i c  ef f ic iency is uni ty .  T he  c o u l o m b i c  eff ic iency 
of  more  i n t e r e s t  is the  c u r r e n t  e f f ic iency at  the  ca thode ,  
w h i c h  is de f ined  as 

[in3.~d 
ec - - -  [38] 

iavg 

The  vol ta ic  ef f ic iency on  c h a r g e  is de f ined  as t h e  ra t io  
of  the  t heo re t i ca l  vo l t age  r e q u i r e d  for  cha rg ing ,  to t he  ac- 
tua l  app l i ed  vol tage .  The  theo re t i ca l  r e q u i r e d  vo l tage  is 
g iven  by  t he  open -c i r cu i t  po t en t i a l  of  t he  cell  b a s e d  on  
the  r e fe rence  cond i t ions .  T h a t  is, i t  is t h e  d i f fe rence  of  t he  
half-cel l  po t en t i a l s  fo r  t he  des i r ed  reac t ions :  Therefore ,  
t he  vol ta ic  e f f ic iency  on  cha rge  is g iven  by  

Ul,re f - U3,re f 
ev - [39] 

Ece|l 

The  app l i ed  cell  po ten t ia l ,  EteH, i n c l u d e s  t he  two  causes  
of  vol ta ic  ineff ic iency,  t he  ove rpo ten t i a l s ,  ~j,. de f ined  
ear l ie r  in  c o n j u n c t i o n  w i th  t h e  B u t l e r - V o l m e r  equa t ion ,  
a n d  t he  po t en t i a l  d rop  across  the  cell due  to o h m i c  resist-  
ance  of  t he  s e p a r a t o r  a n d  t he  e lect rolyte .  T he  po t en t i a l  
d rop  across  t he  cell, or I R  drop,  is de f ined  as 

IR drop = qbo~ - epor [40] 

where r and dPoc are the potentials of the electrolytic so- 
lution at the Br2 electrode and Zn electrode, respectively. 

Substituting the definitions of coulombie and voltaic 
efficiencies into Eq. [37], the total energy efficiency of 
t h e  cell on  c h a r g e  m a y  be  r e w r i t t e n  as 

eT : [41] 
(i.~)(E~,,) 

w h i c h  is t h e  f r ac t ion  of e n e r g y  app l i ed  to the  cell t h a t  
leads  to use fu l  s to rage  of energy.  Note  t h a t  th i s  def in i t ion  
of  t o t a l  e n e r g y  ef f ic iency does  no t  t ake  in to  a c c o u n t  en- 
ergy losses  e x t e r n a l  to the  c h a r g i n g  process ,  s u c h  as t he  
ene rgy  r e q u i r e d  to p u m p  t he  e lec t ro ly te  or t he  hea t  losses  
caused  by  fr ic t ion.  A p r o c e d u r e  for e s t i m a t i n g  s u c h  addi-  
t iona l  losses  is g iven  by  V a n  Zee  et al. (5). 

The  e n e r g y  ef f ic iency as def ined  in Eq. [41] m a y  b e  
u sed  to r ede f ine  t he  ene rgy  c o n s u m p t i o n  pe r  mole  of  Zn.  
So lv ing  Eq. [41] for  Er s u b s t i t u t i n g  in to  Eq. [36] a n d  
r e a r r a n g i n g  gives  

OJz, = [42] 
ET 

w h i c h  ind ica t e s  t h a t  t he  e n e r g y  c o n s u m p t i o n  pe r  mole  of  
Z n  is a f u n c t i o n  of  only  eT a n d  f ixed s y s t e m  pa r am e te r s .  
Note  pa r t i cu la r ly  t h a t  OJz, is a m i n i m u m  w h e n  t he  ene rgy  
eff ic iency is 100%. U s i n g  the  va lues  in  Tab le  I for t h e  
c o n s t a n t s  in  Eq.  [42] a n d  a s s u m i n g  100% efficiency,  t he  

Table II. Demonstration that the effective separator 
thickness is an independent parameter 

I n p u t  pa r ame te r s :  L/v.~g = 15s, E ~ .  = 1.9V, SA = Sc  = 0 . 0 6 5  cm 

Ss N~Ss S = SA + i ~  
N~ (cm) (cm) Ss + Sc e~ (mA/cm=') 

(cm) 

2.0 0.06 0.12 0.19 0.6322 20.54 
3.0 0.04 0.12 0.17 0.6322 20.54 
6.0 0.02 0.12 0.15 0.6322 20.54 

m i n i m u m  poss ib l e  e n e r g y  c o n s u m p t i o n  pe r  mole  of  Z n  
p r o d u c e d  is 344.1 k J / m o l  Zn.  A s imi la r  ca l cu la t ion  for Br2 
yie lds  t he  s a m e  v a l u e  of  m i n i m u m  e n e r g y  c o n s u m p t i o n  
of  344.1 k J / m o l  Br2, s ince  at  100% ef f ic iency  1 tool  of  Z n  
is p r o d u c e d  for eve ry  mo le  of Br2 s tored.  

Effective separator thickness.---A s i m p l e  ver i f ica t ion  
t ha t  the  p r o d u c t  NmSs is an  i n d e p e n d e n t  p a r a m e t e r  in  a 
cell  w i th  a separa to r ,  a n d  no t  Nm or Ss separa te ly ,  is g iven  
in  Tab le  II. Whi le  k e e p i n g  L/Vavg, Ecen, a n d  SA cons t an t ,  
t h e  r eac to r  p e r f o r m a n c e  is the  s ame  w h e n  Nm a n d  Ss a r e  
ad jus ted ,  as long  as t he  effect ive  s e p a r a t o r  t h i c k n e s s ,  
NmSs, is he ld  cons t an t .  Note  t h a t  Tab le  II  also shows  t h a t  
t he  to ta l  cell  gap,  S, m a y  be  a d j u s t e d  w i t h o u t  a f fec t ing  t he  
r e a c t o r  p e r f o r m a n c e ,  t h u s  ve r i fy ing  t h a t  S is no t  an  inde-  
p e n d e n t  p a r a m e t e r  for a s e p a r a t e d  cell. 

Comparison of  the one-step and the continuous 
models.--A c o m p a r i s o n  of p e r f o r m a n c e  cr i ter ia  for  t he  
Zn/Br2 cell  as p r e d i c t e d  by  the  one , s t ep  a n d  by  t he  con-  
t i n u o u s  m o d e l s  is p r e s e n t e d  in  Tab le  III.  The  c o n t i n u o u s  
m o d e l  for  t he  Zn/Br~ cell  emp loys  a va r i e ty  of  axia l  s t ep  
sizes in  o rde r  to s tep  d o w n  the  r eac to r  as qu ick ly  as possi-  
b le  a n d  still  r e t a in  accu racy  to t h r e e  d ig i ts  in  so lv ing  for  ci 
a n d  ~. To a c h i e v e  th i s  accuracy ,  s t ep  s izes  on  t h e  o r d e r  of  
5~ = 10 -~ are r e q u i r e d  at  t he  e n t r a n c e  due  to t he  la rge  
d r iv ing  force i n s t a n t a n e o u s l y  appl ied ,  wh i l e  in t he  las t  
60% of  t he  r e ac to r  l eng th ,  s tep  sizes of h~ = 0.01 are  ac- 
cep tab le .  The  a g r e e m e n t  b e t w e e n  t h e  one- s t ep  a n d  con-  
t i n u o u s  m o d e l s  is as good  as 1.3%, for IR  d rop  in  t he  case  
shown.  The  w o r s t  a g r e e m e n t  b e t w e e n  t h e  two  t e c h n i q u e s  
is for  ~T, at  5.6% in t h e  case  shown.  T h e  a g r e e m e n t  is ve ry  
good  for  t he  Zn/Br~ cell  b e c a u s e  t h e  f rac t iona l  c o n v e r s i o n  
of r e a c t a n t  is small ,  a b o u t  1.3% for B r -  a n d  0.8% for Z n  ~ 
w h e n  SA = 0.065 cm. As t he  c h a n n e l  wid th ,  SA, gets  
smal ler ,  t he  c o n v e r s i o n  inc reases  due  to a smal le r  r eac to r  
vo lume .  Accord ing ly ,  the  a g r e e m e n t  b e t w e e n  m o d e l s  
worsens ,  to a b o u t  10% for eT w h e n  SA = 0.02 cm, at  w h i c h  
t he  c o n v e r s i o n  for  B r -  is a b o u t  4.1% a n d  for  Z n  2 is a b o u t  
2.6%. B e c a u s e  t he  a g r e e m e n t  is good  a n d  t he  d i f f e rence  in  
c o m p u t a t i o n  t i m e  is so grea t  (up to 100 t i m e s  fas te r  for  
t he  one  step),  t h e  one-s tep  m o d e l  is u s e d  in  all subse -  
q u e n t  w o r k  to p r ed i c t  t he  p e r f o r m a n c e  of t he  cell. 

Performance predictions at the initial state of  
charge.--The Zn/Br~ cell mode l  can  b e  u s e d  to p r ed i c t  cell  

Table III. Comparison of the one step to the continuous model for the Zn/Br2 cell 

Input  parameters: L/v,v~ = 15s, Ete. = 1.9V 
SA = 0.065 cm, N~Ss = 0.18 cm 

One step Continuous 

% Difference 
(from 

continuous) 

iav~ 
IR drop 
PB~ 
Pzn 
E I, 
Computation 

time on 
CDC CYBER 
170/825 

(mA/cm ~) 
( m V )  
(moYcm~s) • 10 ~ 
(mol/cm~s) x 10 ~ 

(CPU s) 

19.69 
15.146 
10.307 
6.724 
0.619 

97.0 

20.02 1.6 
15.347 1.3 
10.495 1.8 

6.471 3.9 
0.586 5.6 

10,080. 
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Fig. 2. The effect of applied cell potential on the production rate 
per area of electrode, of Br2 and Zn, at initial charging conditions. 

performance at a specific state of charge as a function of 
any of the independent  parameters. Figures 2-5 show 
some of the performance predictions that can be made at 
the initial state of charge corresponding to the feed con- 
centrations listed in Table I. 

For instance, the predicted effect of E~H on PB,.~ and Pz,, 
at initial charging conditions, is shown in Fig. 2. Note that 

4 5 0 0  . . . : . . . ~ �9 ~ . . . ~ . . , . 

4 0 0 : 0  

3 

3 7 5 . 0  

3 5 0 . 0  

0 . 5 5  

N ~ S s  = 0 .18 cm  

L/Vavg = 15 S 

E~e,, = 1.9 V 

% 
x 

~E 

e 
eL- 

t h e o r e t i c a l  m i n i m u m  e n e r g y  c o n s u m p t i o n  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3 2 5 . 0  . . . .  i r I I J I I ' ' ] ' 

0.00 0.02 0.04 005  0.08 0.10 
S A (cm) 

Fig, 3. The effect of channel width on the energy consumption per 
mole of Br,: stored, at initial charging conditions. 

A 

E 20.0 

< 

E 

=*  1 9 . 0  
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/ 

SA = 0.065 cm 

Er = 1.g V \ 

2 5 , 0  

2 0 . 0  

1 5 0  00. 

5 , 0  

N m S s (crn) 

Fig. 4. The effect of effective separator thickness on the average 
current density and potential drop across the cell, at initial charging 
conditions. 

the rate at which Brz is stored is significantly different 
from the rate at which Zn is stored. It is important that 
P,~r~ is not greater than Pzn throughout all states of charge, 
since the amount  of product (Br~ and Zn) and of reactant 
(Br- and Zn ~) would become greatly mismatched 
quickly, causing battery failure. This problem is resolved 
when considering performance under charging condi- 
tions. Figure 2 also suggests that the battery can be 

0 . 7 0  . . . .  [ . . . .  L 

0 . 6 5  

~ -  0 6 0  

SA = 0 .065  cm  

Eceil : 1.g V 

0 . 5 0  . . . .  I . . . .  ~ . . . .  ~ . . . .  I . . . .  I . . . .  L . . . .  

0 0  0 1  0 . 2  0 3  0 4  0 . 5  0 6  0 . 7  

N m S s ( O r e )  

Fig. 5. The effect of effective separator thickness on the total en- 
ergy efficiency, at initial charging conditions (ev = 0.9384). 
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charged about as rapidly as desired, by increasing the ap- 
plied cell potential. However, since the amount of current 
passed will also increase with Ece~, the maximum allowa- 
ble value of current density to avoid dendrite growth 
must be carefully considered. 

In Fig. 3, the predicted effect of SA on the energy con- 
sumption per mole of Br2, ~Br2, i s  illustrated at initial 
charging conditions. The dashed line indicates the theo- 
retical min imum value of ~B,2, 344.1 kJ/mol of Br2. At 
values of SA less than 0.02 cm, the energy consumption 
per mole of Br~ Stored rises unacceptably high, while for 
values of SA greater than 0.05 cm, ~B~2 levels out to about 
363. kJ/mol of Br2. Figure 3 shows that, at the initial state 
of charge, the energy consumption per mole of Br2 is dra- 
matically and adversely affected by narrow flow chan- 
nels. It suggests that designing a cel l  with channel widths 
of less than 0.02 cm is not  advisable. 

Figure 4 illustrates the predicted effect of NmSs On the 
IR drop and o n  iavg , at initial charging conditions. Figure 4 
shows that the potential drop increases as NmSs increases, 
as expected, since the separator contributes to the overall 
cell ohmic resistance. Figure 4 also shows that the aver- 
age current density drops with increasing NmSs since the 
cell mass-transfer resistance is increased by the thicker 
separator. 

Figure 5 demonstrates the predicted effect of NmSs on 
the total energy efficiency at initial charging conditions. 
Because Er is fixed at 1.9V, the voltaic efficiency is 
fixed at ev = 1.783/1.9 = 0.9384. Thus, Fig. 5 is actually a 
measure of the change of coulombic efficiency with ef- 
fective separator thickness. At initial charging conditions, 
the relationship between e~ and NmSs is nearly linear, with 
the efficiency surprisingly dropping as the separator re- 
sistance increases. This performance suggests that, at 
least at the state of charge considered, the increased mass 
transfer and ohmic resistance of t h e  separator unfortu- 
nately influences the cell performance more strongly 
than does the beneficial aspect of preventing Br2 diffu- 
sion from the anode to the cathode. This trend is reversed 
as charging continues, as discussed below. 

Performance predictions at various states of 
charge.--Figures 6-11, in which the state of charge is fol- 
lowed for three values of NmSs (Fig. 6-8) and three values 
of L / v ~  (Fig. 9-11), resolve the problems found of mis- 
matched production rates and poorer performance as the 
effective separator thickness is increased at the initial 
state of charge. 

Although pseudo-steady state is assumed in the model, 
the concentration and potential distributions in the cell 
do change over long periods of time, and therefore the 
state of charge and cell performance also change. Bellows 
of Exxon (13) has  determined that a convenient parame- 
ter for following the state of charge of a ZrgBr~ battery is 
the amount of Zn ~+ which has been consumed and depos- 
ited as Zn. The percentage of Zn ~* plated as solid Zn, 

12.0 [ 
~. N ~ S s =  0 . 0 6  c m  L / v ~ g  = 1 5  s 

Ece,  = 1 ,9  V 

~ e.o :" 

m- 4.o " ' - . .  
�9 ) 0 1 8 c m  

�9 ~ 0 . 1 2  c m  

2.0 B r2  c m  
. . . . . . .  Z n  

o.oo . , , , , , ~o ,  , , , L o , , , , 4 o , , , , / o . o ,  ' / , . o ' " ' ~ , , . o "  1 ,  
% Z n  ~+ P l a t e d  

Fig. 7. The effect of effective separator thickness on production 
rote per area of electrode, under charging conditions. 

then, can be defined as the difference between the origi- 
nal amount  of Zn ~§ introduced as feed to the system and 
the amount of Zn 2§ currently entering the cell. The initial 
feed concentration of Zn 2. introduced to both channels of 
the cell is Czn2+,rer, while the amount currently entering the 
system is Czn2+.feed. A in the anolyte and Czn2+.feed. C in the 
catholyte. Therefore, the percentage of Zn ~§ plated rela- 
tive to the start-up concentration of Zn ~§ is 

%Zn '-'§ plated = 100% 

SA(CZn2+,ref  - -  Czn2+ feed,A) 4- Sc(Czn2+ ref - -  Czn2+,feed,C) ] 
x - s ~  + S~(czn'~,,oa " 

[433 

or, when SA = Sc. 

%Zn 2+ plated = 100% x [1.0 - 0.5(ez~§ + eZn2+.r~d.c)] 
[44] 

Bellows (13) claims that when approximately 70% of the 
Zn 2+ ions are plated, the system is fully charged. Because 
of the large amount  of computer  t ime  required to follow 
the state of charge, studies were limited to approximately 
25% of Zn '-'" plated. 

In order to follow the concentration distribution as a 
function of the state of charge, it is necessary to assume 
that the exit average concentration of each species in 
each channel, at a known state of charge, will be the feed 
concentration of each species for that particular channel 
at some later state of charge. That is, it is reasonable to as- 
sume that since the composition of  anolyte and catholyte 
is assumed to change slowly under pseudo-steady-state 
conditions, then the composition leaving the cell at any 
state of charge will eventually be duplicat"ed in the stor- 
age tanks and thus in the feed to the anolyte and catho- 
lyte channels. Also, it is assumed that the anolyte is 

0.9 ~ -  , i �9 h �9 i . . . .  , . . . .  r . . . .  i �9 

0.7 

0 6  

0.5 

0 4  

0 3  

0.2 0.0 
5 0  1 0 0  1 5 0  20 0 2 5 o  30.0 3 5 0  

% Z n  2+ P l a t e d  

Fig. 6. The effect of effective separator thickness on energy effi- 
ciency, under charging conditions (ev = 0.93841. 
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s e o o  o o  
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% Z n  2+ P l a t e d  

Fig. 8. The effect of effective seporator thickness on energy con- 
sumption, under charging conditions. 
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stored in a tank separate from the catholyte tank, so that 
the feed composit ion of each channel changes independ- 
ently. Although the assumptions that the process is under 
pseudo-steady-state conditions and that the exit composi- 
tion at one state of charge is the feed composit ion at a fu- 
ture state of charge are valid only for very low conversion, 
these assumptions at least present a rough estimate of the 
performance possible as a function of the state of charge. 

Cases studied under charging conditions include three 
effective thicknesses of the separator and three settings of 
residence time, under otherwise fixed conditions. For all 
cases, the start-up composition of the electrolyte is the 
same as that used to study initial charging conditions. 
The applied cell potential and channel are also fixed, 
with Er = 1.9V and SA = 0.065 cm. For the cases in which 
the effective separator thickness is varied, L/vavg is fixed 
at 15s and the three values of NmSs studied are 0.06, 0.12, 
and 0.18 cm. For the cases in which the residence time is 
varied, N~Ss = 0.18 cm and the three values of L/v~v~ stud- 
ied are 10, 15, and 20s. These cases were chosen as repre- 
sentative of typical cell designs. The performance of the 
cells with different separators under charging conditions 
is shown in Fig. 6-8 and the performance of the cells at 
different residence times is shown in Fig. 9-11. 

The predicted effect of NmSs on CT under  charging con- 
ditions is demonstrated in Fig. 6. For each of the three 
cases shown, e~ improves through the initial charging pro- 
cess, levels off at a maximum efficiency, and then drops 
steadily as the cell is charged further. At initial charging 
conditions, up to about 2% of Zn x* storage, the efficiency 
is best for the cell with the thinnest separator (0.06 cm) 
and worst for the cell using the thickest separator (0.18 
cm). This behavior is due to the differences in cell mass 
transfer and ohmic resistance for the three separators. As 
the charging process continues, however, e~ becomes op- 
t imum for the cell with the thickest separator and the 
lowest for the cell with the thinnest separator considered, 
as shown in Fig. 6. In addition, the discrepancy between 
cell designs becomes more pronounced as the amount  of 
charge progresses. Figure 6 shows, therefore, that the sep- 
arator overcomes the disadvantage of an increased cell re- 
sistance when the effective thickness of the separator is 
increased, by minimizing the amount  of Br~ which dif- 
fuses from the anolyte to the catholyte. Therefore, a 
thicker separator is necessary to improve the cell energy 
efficiency, especially when the cell is to be driven to a 
high state of charge. For inStance, if it is desired to keep 
eT above 0.5 through a state of charge of 30% Zn ~ plated, 
then NmSs must be greater than 0.18 cm. 

The response of P ~  and Pz, to the three cells of various 
effective separator thickness, as charging progresses, is 
shown in Fig. 7. Again, for the lowest states of charge, the 
cell with the separator of width 0.06 cm shows the best 
performance, having the highest production rate for ei- 
ther Br._, or Zn, but as charging continues, the production 
rate drops to the lowest of the three cases considered. 

oB~ . . . .  , . . . .  , �9 , �9 , 

rose 
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Fig. 9. The effect of residence time on energy efficiency, under 
charging conditions (ev = 0.9384). 
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Fig. 10. The effect of residence time on production rote per area of 
electrode, under charging conditions. 

Likewise, the thickest separator, at 0.18 cm, has the 
slowest production rate at initial charging conditions, but 
shows the best performance at the highest states of 
charge. 

At initial charging conditions, Pzn is significantly less 
than PB,2, but as the state of charge increases to the mod- 
erate to high range, Zn is deposited faster than Br., is 
stored, for each of the cells considered. This behavior is 
important to the success of the Zn/Br~ battery. Because 
the battery is a closed system, it is necessary that in a 
complete cycle of charge and discharge, Br2 is not pro- 
duced in excess of the amount of Zn deposited, and vice 
versa. Figure 7 shows that although Br,~ is initially pro- 
duced faster than Zn, fortunately the relative rates re- 
verse so that through a full charging process, the amounts 
of each gtored species will be approximately equivalent. 
Integration of P,,~ and Pz, over the length of charge will 
indicate whether Br2 or Zn ='~ is lost in each cycle, allowing 
predietion of the number  of cycles until the concentra- 
tions are badly mismatched. 

In Fig. 8, the energy consumption based on both Br2 
and Zn is illustrated as charging progresses, for the three 
values of NmSs. As the cell is charged, (o~,~.~ increases quite 
dramatically and is particularly sensitive to the thickness 
of the separator. At an initial state of charge, the value of 
(o,,= is identical for every value of NmSs, but as the state of 
charge progresses past 20% of the Zn'-'" ions deposited, the 
energy required to produee and store a mole of Br~ when 
NmSs is 0.06 cm is more than double that required when 
NmSs is 0.18 am. The value of ~oz, is likewise sensitive to 
the effective thickness of the separator. 

As with the production rates, it is important  that the en- 
ergy consumed to produce and store each of Br~ and Zn 
be equivalent for a full cycle of the battery. Figure 8 dem- 
onstrates that over a large 'amount of charging, the energy 
consumption per mole of Zn is about the same as the con- 
sumption per mole of Br~. 
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Fig. 11. The effect of residence time on energy consumption, under 
charging conditions. 
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Considera t ion  of  Fig. 6-8 as a whole  shows that  of  the 
three  separators  considered,  the  th ickes t  one, wi th  NmSs = 
0.18 cm, is by far the  best. This th ickness  gives the  
h ighes t  eff iciency and produc t ion  rates of Br2 and Zn per  c~ 
area of  e lectrode,  over  the  range of  charge  considered,  Ci,avg.A 
and provides  a dramat ica l ly  lower  energy  consumpt ion  
per  mole  of bo th  Br2 and Zn. In  addit ion,  w h e n  N,,Ss has a el,fee d 
va lue  of 0.18 cm. Fig. 6-8 sugges t  that  to ach ieve  the  best  C~.ref 
battery,  charg ing  should  be begun  approx ima te ly  w h e n  D~ 
the  status of  the  bat tery is at a state of  charge  of  5% Zn ~ D~.~ 
plated, ra ther  than  at a fully d i scharged  state, and that  the  
bat tery should  be charged up only to a 20% deposi t  of  do 

DR Zn ~* ions. Within this range of  charge,  er, Pz,, and C0z,, all Eo,,I 
reach  o p t i m u m  va lues  and PB~ and ~B~ deter iorate ,  but  at F 
acceptable  rates. On the o ther  hand,  at states of  charge  I 
lower  than 5% Zn 2+ plated, ~t, Pz,, and ~z~ exis t  at decid- iav~ 
edly nondes i rab le  values,  whi le  at states of charge h i g h e r  
than  a 20% depos i t  of Zn 2. ions, pe r fo rmance  criteria be- i,j 
gin to deviate  f rom the i r  o p t i m u m  values  rapidly.  

In  Fig. 9-11, a change  in res idence  t ime  on cell perform- inJ'avg 
ance under  charg ing  condi t ions  is shown to h a v e  little ef- . 
feet. F igure  9 shows that  vary ing  the  res idence  t ime  be- Z~ 
tween  values  of  10, 15, and 20s has only a sl ight effect on 
eT, and the  d ive rgence  that  occurs  is most  p r o n o u n c e d  at 
initial charging states or w h e n  the  bat tery  is charged for L 
ex t ended  per iods  of t ime. L/Vavg 

In  Fig. 10, again there  is very  little var iance  in produc-  N~ 
tion rates of  e i ther  Br.~ or  Zn  as the  res idence  t ime  is nj 
changed.  Pe rhaps  mos t  r emarkab le  is that  at the  h ighes t  N~ 
states of  charge  i l lustrated (above 15% depos i t ion  of  Zn-'~), NmSs Nnl 
the  p roduc t ion  rate of Brz per  surface area of  anode  is 
equ iva len t  for all th ree  res idence  t imes.  Note  that  Pz,, p~ 
starts out  at an initial state of  charge  very  low relat ive to 
the rate of  s torage of  Br~. Pz, rises sl ightly and then  drops p~j 
off  s lower  than  PB~, wi th  Zn eventua l ly  be ing  p roduced  at Pe  
a rate h igher  than  Br~ is stored. Such  behav ior  again is de- q~ 
sired, because  over  a cycle of charge  and discharge,  it is R 
impor tan t  that  ne i ther  excess  Br.2 nor  excess  Zn be  R~ 
produced.  S SA 

In Fig. 11, t h rough  all states of charge,  ~0,~r~ d iverges  Sc 
very lit t le due to di f ferent  va lues  of L/v~v~. On the o ther  s~j 
hand,  ~z, is shown to be unaf fec ted  by L/V~v~ only w h e n  Ss 
the  energy  c o n s u m p t i o n  is at its mos t  op t imum,  be tween  T 
a 5% and 10% depos i t ion  of Zn-". A res idence  t ime  of 20s U~ ~ 
provides  the  m i n i m u m  value  of  ~OZn for all states of  charge.  Uj,ref 

Considera t ion  of  Fig. 9-11 shows that  a change of  resi- 
dence  t ime  has li t t le effect  on overal l  cell per formance ,  v y~ 
whethe r  efficiency, p roduc t ion  rate, or energy consump-  V~v~ 
tion. This is especial ly  t rue  relat ive to the  change in per- Vr 
fo rmance  undergone ,  as charging progresses,  w h e n  NmSs V~ 
is varied. The  o p t i m u m  value  of  L/v~v~, a m o n g  the  three  v.~. 
values  cons idered ,  is the  largest  t ime,  20s. The t rends  
shown sugges t  that  l eng then ing  the  res idence  t ime  be- W 
yond  20s will fur ther  enhance  the  p red ic ted  performance ,  x 
I f  the  charging  process  is res t r ic ted be tween  5 and 20% of Y 
Zn ~" pla ted as d i scussed  earlier, however ,  then  Fig. 9-11 z~ 
indicate  that  the va lue  of L/v~v~ used  has v i r tua l ly  no ef- Greek  
feet  on eT, P~, or ~o~. 

Conclusions a~ 
Q~eJ 

The Zn/Br~ cell  mode l  p resen ted  is a useful  tool to aid Ac,~ 
in the design of  a comple te  bat tery system. Its ability to 
predic t  accura te ly  the  pe r fo rmance  of  cells wi th in  bat- 
teries current ly  unde r  d e v e l o p m e n t  by Exxon ,  ERC, and 
others  is un tes t ed  because  data  are ve ry  l imi ted  for pro- 
prietary reasons.  However ,  it is a versa t i le  mode l  which  
can be e x t e n d e d  easily or modif ied  to fit a s sumpt ions  
not  used here. In addit ion,  the  mode l  can be used  in con- 
junc t ion  wi th  a pa ramete r  es t imat ion  t echn ique  and ex- 
pe r imenta l  resul ts  f rom a work ing  cell  to de te rmine  un- 
known  sys tem constants  such  as diffusivities,  D~, 
exchange  cur ren t  densit ies,  io~.,,f, and react ion t ransfer  co- 
efficients, a~, and a~j. 
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L I S T  OF S Y M B O L S  

concen t ra t ion  of species i, moYcm 3 
average concen t ra t ion  o f  species i in the anolyte  
channel ,  moYcm 3 
feed concen t ra t ion  of  species  i, moYcm '~ 
reference  concen t ra t ion  of  species  i, moYcm ~ 
diffusion coeff icient  of species i, cm~/s 
effect ive di f fus ion coefficient  of  species i in the  
separator,  em~/s 
dens i ty  of  pure  solvent,  kg /cm 3 
diffusion coeff icient  of l imi t ing reactant ,  cm2/s 
appl ied  cell  potent ia l  (= V~ - Vo), V 
Faraday ' s  constant ,  96,487 C/tool 
total  cell  current ,  m A  
average  cur ren t  densi ty  at an e lec t rode  (= I/LW), 
mA/cm-' 
normal  c o m p o n e n t  of  cur ren t  dens i ty  due  to reac- 
t ion j ,  mA/cm-' 
average  normal  current  dens i ty  due  to react ion j, 
mAYem ~ 
e x c h a n g e  cur ren t  densi ty  of reac t ion  j, mA/cm ~ 

IR  drop potent ia l  drop across the  cell  (= qSoa - ahoy), V 
K~ equ i l ib r ium cons tan t  for t r i -b romide  react ion,  cm3/ 

mol  
e lec t rode  length,  cm 
res idence  t ime  of  the  reactor,  s 
flux vec tor  of  species i, moYcm~-s 
n u m b e r  of  e lect rons  passed in reac t ion  j 
MacMull in  n u m b e r  in the  separa tor  
ef fec t ive  separa tor  th ickness ,  cm 
normal  c o m p o n e n t  of  the  flux (y- or q-direct ion) 
of  species  i, mol/cm~-s 
p roduc t ion  rate of  species i pe r  e lec t rode  area,mol/  
em2-s 
anodic reaction order of species i in reaction j 
Pecle t  n u m b e r  (= 2Sv~JDR) 
ca thodic  react ion order  of species  i in react ion j 
gas law constant ,  8.314 J /mol -K 
h o m o g e n e o u s  react ion rate, mol/cm3-s 
total  e lec t rode  gap, cm 
anolyte  channe l  width,  cm  
catholyte  channe l  width ,  cm 
s to ich iomet r ic  coefficient  of species  i in react ion j 
wid th  of  t he  separator,  cm 
tempera tu re ,  K 
s tandard  half-cell  potent ial ,  V 
open-c i rcui t  potent ia l  of react ion j based on the  
reference  concentra t ions ,  V 
e lec t ro ly te  ve loc i ty  vector ,  cm/s 
anode  potential ,  V 
average ve loc i ty  of the  e lectrolyte ,  cm/s 
ca thode  potential ,  V 
potent ia l  of e lectrode,  V 
veloci ty  c o m p o n e n t  of  the  e lec t ro ly te  in the x-di- 
rect ion,  cm/s 
b read th  of  the  electrode,  cm 
axial  coordinate ,  cm 
normal  coordinate ,  cm 
charge  n u m b e r  of  species i 

aspect  ratio, S/L 
anodic  t ransfer  coefficient  for react ion j 
ca thodic  t ransfer  coefficient  for reac t ion  j 
d i f ference in average concen t ra t ion  of  bromine-  
carrying species (Br~ and Br:,-) f rom ent rance  to 
exit,  mol / cm :~ 

ec cou lombic  eff iciency 
eT total cell  energy  efficiency 
ev vol ta ic  eff iciency 

d imens ion less  axial coord ina te  (x/L) 
d imens ion less  normal  coord ina te  (y/S) 

~j overpoten t ia l  at e lec t rode  surface  (V~ - q~o~ - U~,r~f), 
V 

7' d imens ion less  normal  coordinate ,  specific to a 
f low channe l  

0~ d imens ion less  concent ra t ion  of  species  i (cj/cj,~f) 
0~.~,ed d imens ion less  feed concen t ra t ion  of species i 
0i,o d imens ion less  concent ra t ion  of  species i at the  

e lec t rode  surface  
p resist ivi ty of  separator  and its su r rounding  elec- 

trolytic solution,  ~ - c m  
po resis t ivi ty of  the  pure  e lectrolyt ic  solution,  ~ - c m  
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r solution potential, V 
CPoa solution potential at the anode, V 
@oc solution potential at the cathode, V 
@oe solution potential at electrode, V 
~i energy consumption per mole of product stored, 

kJ/mol 
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The Lithium Surface Film in the Li/S02 Cell 

K. M. Abraham* and S. M. Chaudhri 

EIC Laboratories, Incorporated, Norwood, Massachusetts 02062 

ABSTRACT 

Evidence is presented which suggests that the Li surface film in the Li/SO~ cell comprises a complex mixture of 
products which include Li~S and several Li sulfur-oxy compounds. Elemental analysis, IR spectral, and XPS data indi- 
cate that the Li sulfur-oxy compounds may be Li~S~O4, Li~SO:~, Li~S,O,~, and Li=,S~O~. 

Lithium batteries, particularly those containing liquid 
electrolytes, owe their stability to protective films on the 
Li anode surface. These films, formed by spontaneous re- 
action of Li with the electrolyte solution, have been 
identified to affect such battery properties as voltage de- 
lay (1), anodic polarization (2), self-discharge rates (3), 
rechargeability (4), and safety (1, 5). 

One of the most extensively studied interphases be- 
tween the Li anode and a liquid electrolyte is the LiC1 
film in the Li/SOCl~ cell (1, 3). Studies of the morpholog- 
ical and electrical properties of this film have led to the 
recognition of it as a solid electrolyte interphase (SE!). 
Such an interphase, while allowing the migration of LF 
across it, behaves as an electronic insulator preventing 
self-discharge and serves as a barrier to further reactions 
between the Li anode and the electrolyte. It is now ac- 
cepted that a SEI or a conceptually similar film exists in 
all liquid electrolyte Li batteries and the film is formed 
instantaneously upon contact of the Li anode with the 
electrolyte. This compact SEI is believed to be the "pro- 
tective" film. The latter is often covered by a coarse po- 
rous film whose thickness is determined by, among other 
factors, the length of exposure of the Li electrode to the 
electrolyte. The chemical composition and physical prop- 
erties of Li surface films have also been studied in 
PC/LiC104 (6), THF/LiAsF,, (7), and Li~S,, (8). 

It has been believed all along that the Li surface film in 
the Li/SO~ cell solely comprised Li._,S~O4 (1). However, 
recent studies have begun to indicate a more complex 
composition for the film. Auger spectroscopic results of 
Nebesny et al. (9) of fresh Li surfaces after exposure to 

* Electrochemical Society Active Member. 

low levels of SO~ indicated the presence of Li~S and LifO. 
X-ray photoelectron spectroscopic (XPS) studies of simi- 
lar Li surfaces by Hoenigman and Keil (10) showed the 
presence of Li sulfur-oxy compounds in addition to Lifo 
and Li~S. The latter authors also found only Li._,O and Li~S 
at low levels of SO~ exposure. With longer SO~ exposure, 
however, they observed the evolution of XPS peaks at 
168.8, 166, and probably 163.2 eV. Considering that only 
1.3 eV separates the 163.2 eV peak from the Li~S main 
peak at 161.9 eV, the former could be the 2P1/2 transition 
of the sulfide. The sulfur 2P1/2 �9 3/2 doublet separation, 
evaluated from the spectra of a number  of Li sulfur-oxy 
compounds, is -1  eV. The peak at 168.8 eV was assigned 
to Li~SO:~. No assignment was given to the peak at 166 eV. 
Recently we reported (11) on the composition of the Li 
surface film found on the anodes of partially discharged 
and stored Li/SO~ cells. Infrared (IR) spectral and XPS 
analyses of the film indicated the presence of several Li 
sulfur-oxy compounds including Li~S~O4 and Li~S,Q. 
Lately, we have examined by SEM, IR, and XPS, the Li 
surfaces of a large number  of Li /SQ cells after they have 
been subjected to various regimes of discharge, such as 
partial and full discharge at low to moderate rates, high 
current pulse discharge, and forced overdischarge. The 
results of these studies have led us to conclude that the Li 
surface film in the Li/SO._, cell comprises a complex mix- 
ture of products including several Li sulfur-oxy com- 
pounds and Li~S. Our results are reported in this paper. 

Experimental 
All the experiments involving manipulation of air sensi- 

tive materials were carried out inside a Vacuum Atmo- 
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