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I. INTRODUCTION

The electrical impedance of a ch emical system over a broad f requency

range provides an important source of information on the rates and mecha-

nisms of electrochemical reac tions as well as the physical properties of

conducting media. In recent years,  impedance meas ur ement~ have been

1-4particularly useful as probes of dynamic behavior in electrochemistry,

solid state technology, ~ 6 and corrosion chemistry. 7, 8 However , ver y

little work has been done util izing b roadband impedance meas u rement s

to study the kinetics of processes occurring in practical battery sys tems.

This situation arises from experimental difficulties related to the extremely

low impedances typical of battery cells , as much as fro m the intrinsic

chemical and physical complexity of the cell sys tem. However , recent

applications of broadband impedance studies to LeClanche cells , 9 lead-acid

cells, 10 , 11 and nickel cadmium button cells 12 point out the usefulness of

impedance characterization for study ing cell propert ies .

Traditionally, the impedance of an electrochemical system is o btained

for a sinusoidal steady state at a particular frequency from the amplitude

and phase relations between the cur ren t  and voltage . However , wi th recent

technological advances in computerization and di gital processing, it is

becoming more common for impedances to be measured using Fourier

transform8’ 13 or transient’4’ ‘5 tecbniques. These techniques employ

transform methods to obtain the impedance from the time dependent response

of the system to pink or white noise 8 or a transient stimulus.15 
Transient

-3-

~~~
(I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . . .5~~~~~ --- - .



_ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — .- — . ,

techniques in particula r are expected to offer noteworthy advantages

over classical alte rnating current  methods in terms of application to

battery cell measurements .

Foremost among these advantages is the applicability of t ransient

techniques to arbitrari ly low frequenc y measurements .  Thi s is par t icu-

larl y useful in studying the kinetics and properties of hi gh capacity storage

cells where  extre mely slow diffusion processes are often important .

Fur t hermore , a sing le transient measurement allows the impedance to

be obtained at all frequencies represented in the experimental time domain

response of the system under investi gation. At low frequencies in parti-

cular , thi s results in significantly less time being required for experi-

mental measurements than in the case of alternating current  methods ,

where sepa r ate impedance measur ements mus t be mad e at each f re quenc y

of in te res t .  Finally, problems due to changes in the state of a ce ll

arising from charge or discharge during the course of a measurement

may, in special cases , be treated explicitly for transient  methods .

In thi s r eport we present a general theor etical and experimental

formalism for the application of t rans ient  impedanc e measurements  to

battery cells . Much of the formalism is based on relatively well unde r-

s tood t ransform methods , 16 and therefore will onl y be treated brie fl y.

However , a detailed treatment of the application of these methods to

measurements on electrochemical energy systems will be presented.

II. FORMALISM

If a time dependent stimulus e(t) is applied to a system, the irnpe-

danc e of the system to this stimulus is given by

-4- 
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z ( t )  e( t ) / i ( t ) ,  ( 1)

where  i(t )  is the response of the  s y s t e m  to th e  s t t m u l u s .  For .111

r ica l sys tem , the s t i m u l u s  and response  ar e  ty p i c a  l i v  the  v o l t a g e  and

c u r r e n t . U s i n g  Eq. 1, a t i m e  dependent  i m p e dan c e  t t t a v  bc d i t e r l n i t t e d  I r o t u

~olLtge  an d  c u r r e n t  t r a n s i e n t s .  U owev c ’r .  it  is ti ~~u5t l i v  t i i o i  c o i i ~ e l l i e nt

to St udv he mp edanc e as a t unc  I t O l l  ot t l eqile lie y ra the  r t h a n  t i  Inc .  Thi s

is . t cco tnp l is  lied b~ ins  fo r tnt ti~~ the  st I niul  us and re S potts t’ t i t t i c  1 iOU s

t r o u t  t h e  t i fl~~ dotii~~ ~I i to t he  t r i q u e n c  v donia iii  wlte r eup ot i  t hot  ~ r a t i o

i es the  t r e q ue t ic  y d ’  pende it t  t t i ip eda nt c

~:(w)  I 1(~j ) . ( ,~)

The t ra us to  r mat  ton  ot a t t ine dependent  tunc  11011 f( t )  . to  the  C r  t qu t  ii~

i l l  I t  ~ be done b~ h u t  us of the  Lap lace  t r . t t u s  for t iua t l o u .

F(~~) f ( t )  exp  (- ~wt )  ~1t .

U s i t u  ~ Equa 1 b I t  .~ , t h.’ i i tup e d anc  e of bat  t o t  v cli  ~ ma v b .h’i .~ r mi t ie d

by . ip it i ~~i i u ~ .t c t i r r e l i t  or  I ) O t e t t t i a l  s tep  to the  c e l l ,  and obse F \  u iu ~~ t he

r es ul Ia I t t  Ii me d e p e n d e n t  vol t .t ge or C u t  r e l i t  re s pet I t  vo l  \ . l i t  I t o  t •v ~
- o i l s

Iv p ic  a l l y belia ye l ike La rge cap a c i tor  ~ a t  low f r e q u e nt  u • and t h, rc  to  Vt

i t  i s  t i to  51 c otu ye t i l ent  at  tow C r c q t t i ’tt t  1 e s to c 0111 i’ol I lie c u t •  i I I I  1 tid olus .. v

t h e vo l t .1 ~~o c ha nge rt ’ s u i t i n g  f rom a cu r  r e n t  sI c  p . The t mpeda tic e obi i t  t i e d

(ruin t li~’ $ \ 510111 10 $ 1)01180 It) .1 C Ui~ t e n t  s to  p gene  r i  I lv 1i t Iers  t r o  i t t  t he

I t np ed a  Itt’ e’ obt.t i htetI .11 .1 Si n u s O i d a l  s I  ea dv s ta te .  Iii t he  c a se  o I a h i  I t o  *‘v

c ~ l I . the  i n ip edanc 0 \V ill , in go lie r a t ,  v i  t~ \ \vt th th~ it  i t t’ 1 t on  ot  c ur  t ’e i t t

( l ow  The i mpeda tic .’ for  a c ha rg i t t  ~ cu r  ren t  ivi II  no t  be the sam e  as t h at

(01~ i d i s c ha r g e  c u r  r en t  un le ss  the  processes c o n t r o l  I i  t~g the  s. i nipeda tic

a r e  r e v e r s i b l e .  In the  rev,’ rs ib le  c ,.se. ga lva  1105 t a t ic  t r . i t i 5  1 t I l t  I mpe —

. l ances  .i re equ i v . i l en t  to the a l t e r n a t i n g  c u r r e n t  i n ip ed a n c e .

- S.
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Processes related to diffusion often occur quite slowl y in b a t t e ry

cells , and therefore  voltage t r ans ien t s  must  be moni tored for periods of

time up to several hours .  In thi s case,  the cell wi ll be somewhat  charged

or discharged during the measurement , and a na tura l  vol tage change

aris ing f rom the chemical changes associated wi th  energy  st o r a g e  or

dissipation will appear superimposed on the t ime dependent voltage of th e

cell .  The cell voltage may be sepa rated into the na tu r a l  behavior

and t he t ransient behavior e t (t) . provided the c u r r e n t  s t ep  p er t u rb s  the

state of the ce l l only sli ghtl y. 17

S e( t ) = e N (t) + et (t ) . 
(4)

We fu r the rmore  assume that for  a small  pe r tu rba t ion  the na tu r a l  behavior

is linear with t ime ,  an assumption which is expected to be qui te  good for

capacity c hanges of less than 1% of the remain ing  cell  c a pa c i ty .  Eq. 4

now may be wr i tte n

- 
e( t) e~(t )  + C t  + D

where C and D are constants  descr ibing the na tu ra l  cell response, and

wil l va ry  with cu r r e n t ,  s t a t e  of charge , t e m p e r a t u r e ,  ari d d i rect ion of

c u r r e n t  flow.

The transient  impedance may be expressed in t e rms  of tFe t ime depen-

dent voltage et (t) obtained when a cu r r en t  step 1 , is applied to the cell.

Z~
(w) E

~(w)/ I (w) = 

~ f° et (t) exp (-j wt )  dt, (6)

where 1
~ is the negative for discharge and positive for charg ing c u r r e nt s .

For examp le. a typical t rans ient  response of a cell to a small discharge

-6-
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current is illustrated in Figure 1. From this fi gure it may be seen that

et (t) e(t) - (E0 + eN(t)) (7)

where E0 is a positive constant. The instantaneous change in et (t) at zero

time represents the frequency independent resistive component of the

irnpedanc e.
The Laplace transform in Eq. 6 may be evaluated numerically by

assuming exponential behavior for et (t) between successive data points .

et (t) exp (-jwt)  dt ~~~ exp (- at 1) f
~i+l ex~~[-t (a + iw~) dt, ( 8)

where

a = 

~~~ 

[: + l) / e  (t .) ]

a~td it is assumed that in the interval between t~ and ~1 + l. e~(t) may be

represented by an exponential ,

e~ 
(t

1) = B1 exp (-at 1) . (10)

This assumption , of course,  requir es that the sampling i nterval be

made sufficiently small . Equation 8 may be evaluated to give

E
~ 

(ii?) 
~~ B1 

[exp (_ t
1 

(a + jw) ) - exp (- t 1 + 1(a + Jw) )]  
. (11)

~ 
a + 3 w

From thi s expression and the magnitude of the current , Equation 6 may
* be used to evaluate the impedance at all frequencies for which adequate

time domain sampling of the voltage and current  is available. Thi s

sampling rate is primarily determined by the time interval over which

the system response may be closely approximated by an exponential.

-7-

- ~ •



—‘~~-:- 
--
~ 

‘ ‘  
~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~; 

- - ‘— S  ~~~~~ -- -5-’—-- 

~~ ~~~~~~~~~~ 

—

i~ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _

e~(t)

t =  0
TI ME

Fig. 1. I l lustration of a Typical Voltage Response of a Cell to a
Step Discharge Current  In i tiated at Zero Time. The over-
all voltage response is e (t )  (—) , and is comprised of the
Natural response eN (t) (-  - - -) and the transient  response
e
~

(t) (— . — .)
~
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III. EXPE RIMENTAL

A brief outline of the expe rimenta l method emp lo yed for  low f requenc y

impeda nce measurements  wil l  be presented here ,  and some exper imenta l

data for a 10 ampere-ho ur nickel cadmium cel l  will be p r e s e n t e d .  Exper i  -

mental l y ,  it is most convenient  to cont ro l  c u r r e n t  ra the r than vol tage  for

ba t ter y cel ls , there fore a c u r r e n t  s tep  f u n c t i o n  was app lied !“ ~~e ba t t e ry

cell  and the  voltage response func t ion  was measu red .  Fi g u . e  2 p resen t s

a block d iagram of the exper imenta l apparatus  used in making these

measu remen t s.

I m p o r t a n t  f ea tu res  of the exper imenta l  appara tus  in Fi g u t e  2 a re  the

re qui rements  that the t e m p e r a t u r e  of both the cell  and th . ’ o f f s e t  v o l t ag e

ha ve a long t e rm stabi l i ty of about +0.  01°C. This is n e c e s s a r y  because

nic kel cadmium cells have rathe r la rge  t empera tu re  coef f i c ien ~s
18

(-0.  5 mV/ °C), and the offset  voltage batteries and res is tors  also have

substantial t empera tu re  coe f f i c i en t s .  The chopper - s tab i l ized  amp l i f ie r

mus t  have hi gh the rmal s tabi l i ty  (0. 5 ~ V/ °C) and d r i f t  of less than  1 ..
~ V

per day. Since we are  p r imar i l y concerned he re wi th  f r equenc ies  of less

than 1 Hz , a standard togg le switc h was used to in i t ia te  a d i scharge  c u r  r e n L

of about 1 mA for a 10 ampere hour nickel cadmium sate l l i te  cell . The

voltage response was recorded at an overall sensit ivi ty of 10 V per

inc h , with a time resolution of about 0 .2  sec . The impedanc e at fre-

• quencies hi gher than roug hl y 0. 1 to 0. 5 Hz was therefore  not obtained,

but could be measured by using a hi gh speed switch, a hi gh speed arn pli-

f ier ,  and measuring the fast  c u r r e n t  and volt age time responses on

an oscilloscope .

-9-
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I

I- —I
CELL

~~~~~~~~~~~~~~~~~~ ‘
~ LJ f”~~~~ ~~~~~

J v j  T -

Fig. 2. Apparatus Used for Measuring the Voltage Response of a
Battery Cell to a Current Step Function. PS is a 10 volt
power supply, RL a variable load resisto r , SW is the
switch for turning on the current  step, A a milliarnrneter ,
V is a voltage offset , CA a low drift  chopper-stabilized
amplifier , R is a recorder; the dashed line encloses T ,
the constant temperature bath regulated to ±0 .0 1° C
drift per day.
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The t e L l  being s tud ied  was dt ~ t -h ~ rged at  I - 113 in A ( t i t ’  about  ~ hun vs

• before I t s  voltage assumed a l inear  dcc i•ease w i t h  d i sch a r g e ,  The c e l l

capacity dtscharged d u r i n g  t h is ex p er im en t  was about  0. ()O’t a m pere

hour s , or 0. OS% of the  cel l  t’apa c I I v ,  A lines  r 114111 i’al i-e s  p o i t s e  1$ a s s  u t o d

over this  st i t~ L L chang e  in the  c ~ l I s t a t e  of ~-ha Igo The v o l t a g e  r esp ons e

of the n ick e l  ca d t n i t i n t  t e l l  Is shown i t t  Fi gu r e  3 1..,’ a 1,11  t i t .-\ .11 s~

cu r r en t  ~ t ~~~~~ . O~ ° ’ ‘r he ce l l  vo l t ag e  dcc t e a s e d  a t o t a l  .at I .  .~ itt

d u r i n g  the  t’ ourse  I th i s  expe t’ I t t t e n t  . The I vans  Ic l i t  c e l l  i’es puns.’ • e 1 ( t )

i t t  Equat  I ..n 7. ace u t t i lt  ed lot ’ I) . t S l  tn V of t h i s  doe rca so ,  wi t i  1.’ t lie y e —

t t i a i i i d e v  wa s  a i t r ib u t e t to the  n a t u r a l  c e l l  r e sp t t n sr .  The 1 .Ip l a c r  I t’.-t n s f or m

of t he t ran s i e n t  vo ltage t’os potts e in  Fi gure  1 t t t a  v be us ott  i i i  i - : tt u ~i t i t i t  ti

along w t i l t  I hr  ma gnit t i . l e  t i t ’ t he  d isc  ha t’ go c u r  t e n t . I g iv e  t he  t el l  I t i t l t t’

da nce as a tune t ion of t re quc i t w v . ‘I’he cel l  I t i t p~ t1~ ttt ’r is pres  ~nt~~d in

F igure  4 u s in g  .1 ( olo — Cole p Lot .t (  I’C$ 1s t  y e  vs • * ‘cac l i v e  t t i t pe d at i c  ci c ompo —

nent s at  each t’vequenc y .  In t h i s  type  of pl o t ,  t he  t t ’ c’qu e t t c  v ~i)ot ’t r u n t  sweeps

out  a t’ u r v e  which  is t’ha r ac’ t o r t s  t i t ’ of the  e lect  r i c a 1  prope t ’l t r ’S of t h e  sy s t e m .

The I tnp edsne e I y ot n  LI ) — ~ to  0. I I Is was oht ~~ine d t r o u t l i t . ’  cia IA i t t

l”Igur e  I t m s % t i g  t i l e  t r a t i s i e t i t  ntct t l to d . u i t l i t t c ’ d in  u r i s  t’c’po t I .  i- ’..r c o t n pa t ’ t —

st~n, the t t t t p c c l a t t t c’ f ru n i  It ) l i x  to ,~() ( )  Kits was  t ’ t i l . i t u t r c i  t t $ u I t t ~ a s t , i t u l a  rd

a l t er n a t i n g  c u r  rent  method emp loying a gain — Ititase n t r t c ’ i’ . 
II The t t - e q u o u i c  V

dependence of the impedanc e dete rmined  by theso two methocls is in ag t ’ t ’r

ment ,  showing a smooth t r an s i t i  ott  f rom a hig h f re q uen t ’ y i t t t t t i c  t t v c ’ I ’ ci gion

to capaci t ive  behavior at low f requencies .  ‘l ’hts a g r e e nt eu t  shows th a t

these two techniques  f ur  me *sur tng  t t t t p e d a n c e  ar e  con ip lemnent a  t ’v . each

being partic u larl y well su i ted  I t t  a sp ci t’ l f t c ’ t’vequonc y r e g u t t l o .  The o v er a l l

frequenc y depend ence s hown in FIgure  4 may b~ qn s i l t a t i v e i v  i n t e r p ret ed

in t e rms  of the cell propert ies .  At hi gh f requenc ies  a net sel l  t n d t i t ’I~t nc .’
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results from the structure of the porous electrodes. This type of sel f

inductance has previousl y been disc u ssed in r e l a t i o n  to l e a d - a c id  ce l l s

and nickel cadmium cells.  L It is expected to be quite si gnificant for

sinte red plaque electrodes such as  those in n icke l  c a d m i u m  c e l ls ,  and

should show l i t t l e  change wi th  s ta te  of cha rge .  At low f r e q u e n c ie s  a

skewed capaci t ive arc  u~ observed, Thus b ehavior  is coi t s i s t e n t  w i t h  an

impedanc e a r isi ng f rom a di f fusion  l a y e r  of fi n i t e  t h i c k ne s s .  1~ i f l u s i o n

control of thus type is e’-~i e c t e d  to  g ive a more or less  l i n e a r  Cole-  Cole’

plot having a slope of 4~
0 on t h e hi g h f r equ e n cy  s ide  of t h e  c a p a c i t i v e  iU’c,

In th i s  f r equency  reg ime the d i f fus ion  is s e m i - i n f i n i t e  and is  de s c r i b e d  as

a Warburg imI’odance. 
14 

However , as the f r eq uen c y  becomes ~‘er ~’ low

( less than 0.0000 1 Hz in Fi g u r e  4) , dif fus iona l  re laxa t ion  i 5  l i m it e d  b y

the f i n i t e  size of the system , and t h e im pedance smoot hl y beco mes , m

~emic ircu la r  a rc .  Impedances of th i s  kin d a r i s i n g  (ron-i a f i n i t e  N cr n s t i a n

di f fus ion  layer have been observed in o the r  e lec t rocheniica l  svs ten i s 1 ~~~‘ ~~~~

at lo w f requencies .

The impedance presented in Fi gure 4 for the nickel  cadniiurn t e l l  i s

the sum of the impedances  of both the n i c ke l  oxide and c a d m i u m  t’lcc t u’ude s .

and sinc e the re laxat ion  ra tes  of the processes  at each of t hc s ’  e l e c t r od e s

are likely to be d i f f e r e n t , devia t ions  from the ideal b ehavior  ou t l in ed  i n

the previous paragraph are likel y to occur .  These dev ia t ion s  a re  exh ib i t ed

In the exper imenta l  data of Figure  4 as a noticeable c u r v a t u r e  in the impe-

dance plot between 0. I and 0. 000c H~ , whereas a s t r a i g ht l i n e  hav ing  a

slope of 45° is idea ll y expected assuming tha t  f in i t e  p lane di f fus ion  is

the predominant controlling process. Impedanc e measurement s lot’ a

single electrode should simplif y data such as that  in  Flgut ’e 4 . however .

iuc h measurements  involve the use of .i third electrode (or reference

-14-
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purposes. and therefore requi re  special  cel l  c o n s t r u c t i o n .  I t  15 aL so

like ly that  the low frequenc y im pedanc e depends on c u rr e n t  at id tempera-

ture, as well as state of charge . Such e f fec t s  r e m a i n  to be i n ve s t i ga ted .

A key assumpt ion  which we have made in the t r a n s i e n t  n it ’ th od whi t ’ h

has been presented is that the n a t u r a l  and t r a n s i e n t  cell  r espot i ses  a it ’

independent of eac h other as expressed by Equation 7. The n a t u r a l

respons e is p r im a r il y due to the  overall changes in  elec t r o l v t e ’  and

e l ect ro~~ ac t iv i t i e s  associa ted  w i t h  tir elec t ro ch e ’t t i i c a l  cha t ’ge or  t t i s c l i a  r t ~t-

react ion,  while the t r a n s i e n t  response a r ises pri  ma ri  i v  f r o m  c h a n ge s

in local concent ra t ion  and double — layer e’ha ra cte ’ n a  t i c s  a t  t h e ’ e lec I rode

i n t er f a c e .  It is reasonable tha t  the r e su l t an t  sma l l  t ha nges tn elect r o lv t  e

concent ration (which arise from the  extremel y low disc ha r~~’ c u r  r e n t )  w i L l

have l i t t le  effec t on diffusiona l and interfacial properti es. In addi-

tion , a linear natural response  is ass tired by the  ext ret iielv s tttal I per —

tu r bat ion to wh~~h the cel l  is suibj et - ted by the  low di sc ha rge ~ u r  t- t ’ u i I

The t ippe r f requenc y Ii u n i t  of 0. 1 l iz  on the  iu i i p eda  itt ’ t’ o b l a  u t i ed f r on t

the data in Fi gure  3 res tilts from the ’ t i me  c ems t a u t  of th e ’  data re~ o rd in g

a ys tern, and could be easil y i n ip  roved 10 a bout I () K I w t  t h  f l u ’  i t s ,’ of .e

hi gh speed a u-n pl iu ier  atid an osc i l losc ope or t tu ic rtiprot’c’sstir (or  dat a

acquisition. A microprocessor systetu is c u r r e n t l y being obt ained  lo t -

t hese measu r et i -t ent s .

IV. CONCLUSIONS

A t echni que has been developed which is wel l  sui ted for ye  t’v

frequenc y impedanc e measurement s on b a t t e r y  s yst e m s . Impedances  at

frequencies from l0 _ 6 
to 0. 1 Hz may be measured  wi thou t  special ized

equi pment , and if a n-tic roprocessor data acquisition s~’steuii is available,

_____________ ____ ___________ -~~~ - -
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frequencie s up to 10 KHz are easily accessible. These measurements

appear to offe r a usefu l approach to the study of slow chemical and phy sLca l

processes in battery cells , as well as the relat ionships of these  processes

to cell pe r formance character is t ics.
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results from the structure of the porous electrodes. This type of self

induc tance has previously been discussed iii relation to lead-acid cells

and nickel cadmium cells. 12 It is expected to be quite significant for

sintered plaque electrodes such as those in nickel cadmium cells , and

should show little change with state of charge. At low frequencies a

skewed capacitive arc is observed. This behavior is consistent with an

impedance arising from a diffusion layer of finite thickness. Diffusion

control of this type is expected to give a more or less linear Cole-Cole

plot having a slope of 45° on the high frequency side of the capacitive arc.

In this frequency regime the diffusion is semi-infinite and is described as

a Warburg impedance. 
14 

However, as the frequency becomes very low

(less than 0. 00001 Hz in Figure 4), diffusional relaxation is limited by

the finite size of the system, and the impedance smoothly becomes a

semicircular arc. Impedances of this kind arising from a finite Nernstian

diffusion layer have been observed in other electrochemical systems’9’ 20

at low frequencies.

The impedance presented in Figure 4 for the nickel cadmium cell is

the sum of the impedances of both the nickel oxide and cadmium electrodes,

and since the relaxation rate s of the processes at each of these electrodes

are likely to be different, deviations from the ideal behavior outlined in

the previous paragraph are likely to occur. These deviations are exhibited

in the experimental data of Figure 4 ag a noticeable curvature in the impe-

danc e plot between 0. 1 and 0. 0005 Hz, whereas a straight line having a

slope of 45° is ideally expected assuming that finite plane diffusion is

the predominant controlling process. Impedance measurements for a

single electrode shou]d simplify data such as that in Figure 4. however ,

such measurements involve the use of a third electrode for reference
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