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DETECTION GF ELEMENTARY ~F~OCES SES W iiH J~ POROUS ELECTR OD ES

S. Szpak , T. ~\ J t c i O
Naval Ocean Syste~s Ceti te l, San Diego , CA 92152

Loc~I t~ d Missil e .5 & Space Co., Inc.
Lockheed Pa lo Alto R&se d~’ch Lab , Pa lo  A l t o , CA 94304

ABSTRI~CT

• Proble~s in ele ~‘~mJt~ modelin g a re reduced i f parti-
c ipating processes are recognized and experime n tally
def ined . Diff ’~cult ies in treatin’~ comp lex i n t e r play
between elemenLry processes with~ confi nes of a changing
porous structure ~~ minimi zed throug h application of
simple concepts , e.g.., ~‘~‘net ratior depth and a structural
unit characteristi c of ~ porous electrode . A systemati c
approach to the determin ation of relevant ~ ocesses and to
spe cification of electrode s t.ru’:ture for a prescribed per-
formance is exami ned. The ana1~’sis is applied to the
Ag/AgC~. system in 1 N KC~ ~.ic~rating at 23°C.

In work conce rned wi th eleLt. odes for electrochemi cal systems,
particularly in the field of energy tonve rsion and storage, two deci-
sive design factors have eme~qtd; eticti on intensity profile and
thickness of the porous electrode . This gene alization applies
equally to fuel ce l ls , to various hybrid systems as well as to conven—

• tional batteries . This seems to imply that a rational electrode design
should proceed via an electrode modeling approach.

The mathemati c~ of elL -tr3d~ model ing has advanc~± 1 to a hi gh
degree of sophist ication . To .L’.’ ’s models , chiefly due to efforts of
Benn ion and Newman anJ Ui~ir co-worke~’c(l), are applicable to complex

F situations. These models a~’e capable of hand ling such factors as
changes in surface morphol ogy, reaction kineti cs dnd the transport
properties. These factors howeve r, must be determined experimentally
so that correct computer inputs can be p ovided for the various sys-
tems unde r consideration . The ~sresent status may be s~wmari zed asfol l ows: the mathematics of electro de modeling are wel l developed but
the realistic , experimental , inputs required for meaningful modeling
are lagging behind.

It is the purpose of this COfIlllUni Cätl JO to ~~~1ine methods bywhich elementary processes ope -ating wi thin the porous structure can be
detected and identi fied. The emphasis is on the use of a concept of
penetration depth and the examination of surface morpholo qy . The
analysis is applied to the A g/AgC~ system in 1 N KC2. operating at room
temperature .

~~~~~~~~~~~~—- ——~~~~- • ,—— -~~~-~~~~~~~~~~~~~~~~~~~~
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‘1~
ELECTRODE ANALOGS AND SIMULAT ION OF OPERATION

Studies of the dynami cs o’~ ~.i rous electrode operation suggest
that structural analogs can be constructed to i rovide useful tools in
guiding the deve lopment of practical battery electrodes .(2 ,3) To ii-
lustrate , consider Fig. 1 wher e a set  of elementary pr~cesses usuallyassociated with an electrochemical reaction , Fig. lb , are taking place
wi thin the confinements of a pore, Fig. la . If we accept the premise
that the characteristics of a porous electrode can be represented by a
set of events on planar electrode s which operate subject to local con-
straints on the reaction path , then the search for correct inputs for
the electrode modeling may be accelerated.

Consider Fig. 2 to relalL the experimentally simulated reaction
intensity profile to that associated with the operation of a real
porous electrode . In particular . Fi g. 2a represents a real electrode
structure. For the purpose of construction of an analog, we selec t a
vol ume element sufficiently large compared to the individual grains ,• but smal l enough compared to the penetration depth . The electri c cir-
cui t analog is shown in Fig. 2b while the experimental arrangements,
or the structural analogs , are shown in Fi gs. 2c and 2d. Specifically,
Fig. 2c shows a small section of an electrode structure generated by a
loose packing of metallic spheres while Fi g. 2d illustrates the prin-
ciple and construction of a segmented electrode .

The concept of an electri c ci rcui t an ilog is introduced here to
• provide a basis for an elementary treatment of porous electrodes.

Thus , it is assume d that in ~t~8l porous e lectrodes , the pos i t i on de-
pendent current i ( x )  and potential u(x) in the electro lyte phase are
related by Eqs. (1) and (2)

‘I, = 0 (1)

( 1 (2)

The solution of Eqs. (1) and (2) exhib its a: exponential behavior with
a curvature which is dependent on the numerical val ue of K2 = R/Z.
For a sufficiently thick electrode , the solution is

y(x) A exp(-Kx) (3)

where y(x) stands for either 1(x) or u(x) ari d A is determined from the
applicable boundary condition . Howe”er, because j = —ai/~x and, for a
conducti ve matri x, u(x) n (x) ~ const., it fol lows that y(x) yiel ds
the reaction intensity profile , j(x), as wel l as the di stribution of

¶ the driving force, the ove rpotential , ri(x).

The characteristic number , K , governing the distribution functions
wi thin the porous structure has been converted to a useful engineering 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ .
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number. It has been used in tne des qn •~~~~ • ? u ~r i ca I reactors since
1939 and was defined simply as tsi~ ra tio ~ t, dI sport resistance to
the reaction impe dance.(4) It wa in this form that Bro and Kang(5)
applied it to describe the behavior of s inte red cadmium electrode .
In electrochemical engineering its si i ifi arice was clearly expressed
by Wagner(6) and it gained ~rc~~t1 ie~ i i  the 1960’s in connection with
the design of fuel cell elect~ ‘!es .

A selected set of the .i.srarte ri 5t ic number , together with
respective author ’s formulation and nomenclature , are presented in
Table I.

TABLE I.

Selected Examples of Formulation of the Characteristic Number —

Author Formulation 
•__

Nomenclature

Bro and Kang (5) f~
on~c .im~eda~ce 

- = B2 electrochemica lara aic impe ance Thie le  modulus

Wagner (6) k polarization param—
C ac eters

Nanis (7) N2 = L(S/VJ throwing power

Grens and Tobias (8) = .~ _i
2 

transfe r current
nFIJ c distribution param-

k k  eter

. 2 i0 nF aL2
Gidespow and = f,, . —.-—- dimensionless

Baker (9) ~~ K exchange current

Alkire and 2nFL2 dimensionless
Mi rarefi (10) = 

R T R0K reaction velocityg parameter

Winsel (11 ) = effecti ve depth of
V Jo penetration

Ph sical meanin of the characteristic number. The characteris-
tic num er can be formulated either as a dimensionless numbe r, in a
form indicating the curvature of the distribution function , or as a
measure of penetration of the reaction zone tnto the e lec trode

_ _ _  _ _ _ _ _ _  _ _ _ _-  •
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structure . It also can be viewe d as a product of quantities associate d
with the electrode reaction , inclusive of transport and properties of
electrode structure . This is apparen t  in Nanis ’ (7)  formulation.

To illustrate the kineti c nature of the penetration depth and to
relate it to the electrode structure , consider Fig. 2d and apply
Eq. (1) to an element dx , in a form

al(x ) = -a adu/dx (4)

where a is the spacing between the electrode segment and the glass
cover, and a is the electrolyte conductivity . Eq. (4) together with
an expression for charge conservation

d(ai )/dx + j = 0 (5)

yields , upon substitution of Eq. (5) into Eq. (4), a differential
equation

- j 0  (6)

Assuming for simplicity a constan t a and a , and linearizing the Tafel—
like j(rj) relation , we obtain the familiar equation

dX 2 taaF
J
0j

n1 0 (7)

and therefore also an expression for the characteristi c length which
can be written in the form of a product of the electrode reaction
parameters and the geometry of segmented electrode , namely

Fj
Lf

2 = 
U] a (8)

I? I

It is easy to see , cf. , Fig. 2d, that a = V/S, where V is the
electrolyte vo lume and S the interphase area. For an arbitrary elec —
trode structure , a is replaced by • = <V>/<S> , c f ., Fig. 2c . The
structural paramete r, •, will remain constan t as long as the structural
unit is maintained. (12)

The effect of a change in the reaction path on the electrode be-
havior can now be examined in terms of the characteristi c length. To
account for any additional step , the so-called approach step(13), we
may wr ite an express ion

= io[~~~( ~Y 11111 - 

~0 ~~(_ ~ )1F~h1 (9)
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The less familiar sym bol , £ , jc the phenomenologica l coefficien t which
relates the reaction veloci ty , ~~, to the driving force, A. To accoun t
for the set of contributing processes , we proceed as follows : the
electrochemi cal affinity , X , cf the overal l process is taken to be
equal to the sum of affini ties of th ir,di”idual elementary processes,
i .e.,

A 
~ 

A~ (k = 1, 2 , 3 ) (10)

By Eq. (10), only a set of consecutive reactions is allowed . For
a stationary state: = = = 

~~ , and because of the rela—
tion sh ip 

~k 
= tkAk, we have imediately

= (11)

Substitution of Eq. (11) i~ito Eq. (9), yields

i = _i
0[exl~

(_ ~i-) - ij / - i0 exp (_ ~
-) ~R.k h/FRT] (12)

A linearization of Eq. (12) and its substi tution into Eq. (7) results
in an expression for the characteristi c length

12 Lf
2 - 

k k  a a (13)

and illustrates how contributions due to the set of consecutive re-
actions contract the penetration depth . This result is in agreement
wi th Grens ’(l4) earlier calculations s howing the effect of transport
restrictions on the rea~-tion intensity profile. Evi dently, the shift
in the reaction profile may arise from any contribution to the set.

APPLICATION TO AgfAgC t SYSTEM

If the reacti on path remains unchanged , the electrode behavior Is
wel l simulate d using the simple concept of invariant profile. This is
always true for small time intrrvals , for the steady state or for the

• early stages of battery operation. However, In the course of battery
operati on the reaction profile is riot invariant either because of a
continuous change in the reaction path or a change in the electrode
structure. A description of this inte raction require s the soluti on of
a set of di fferential equations whose number depends upon the desired
completeness of sol ution. 
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Penetration depth-comparison wi th experiment. In recent cormnunica-
tiorms (2,3), we exami ned the evolution of reaction profile and found a
good agreement between the observed benavior recorde d for the simulated
electrode and that obtained by a total ly di fferent method in a structure
resembling actual electrodes. A question thus naturally arises as to
the reasons for such agreement. In an attempt to answe r this query,
consider the fol lowing: characterization of a porous structure is a
di fficult task because distribution functions (the averages) cannot be
determined unambiguously. That is , di fferent distributi on functions

• can be realized for the same porous material depending upon methods and
properties selected for compari son. On a basis of rather general con-
siderations, Newman(l6) showed that only three averages appear in the
treatment of porous electrodes. These averages, Indi cated in Fi gs. 2c
and 2d, are: (a) an average involving the cross section , i.e., an
average based on cutting through the matri x and electrolyte , <A> ;
(b) an average over the interfacial area, <S> ; and (c) an average over
the vol ume, <V> . Thus , simi l ari ty in electrode behavior may be antici-
pated for electrodes having the same averages.

In order to check this assertion and our basic premise concerning
the relation between the events occurring on planar electrodes and the
effect of restraints imposed by the porous structure, we have con—
siclered penetration depths experimentally determined for three vastly
different structures and by three different methods and compared them
wi th val ues calcul ated using the characteristic number. Resul ts, given
in Table II , show the anticipated agreement when suitable structural
parame ters are selected for systems at their early stages of operation .

TABLE I I .

Cal culated ani Observed Penetrati on Depths for
Various Electrode Structu res m l  N KCL at 23°C.

penetration depth , cmstructural
structure parameters observed cal culated

Segmented electrode a 60j im (8 ± O.3)10 2 7 x l0~S = 0.077 ctn2

Flotronics elec- 0.57 (0 6 + 0 02)lO _2 
0 55 x lO

_2
trode (membrane) S 4720 cm 1 . -

r Sphere-bed electrode = ?o~~-’ (1.0 ± O.2)lO
_2 

0.95 x 10 2

i
- -~ _ _ _ _ _ _ _ _  _ _ _
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Identification fflLthodoloq . In this section , we quote some of
the earlier results(2 ,3 ,15) to demonstrate how the concept of the pene-
tration depth can be used to determine the probable elementary
processes taking place at the onset of the electrode charging and how
they change on prol onged operation .

The evolution of reaction profile during the first minutes of the
passage of an anodic current , i(0,t) = 50 mA cnr2, through a packed
spheres electrode analog , is shown in Fig. 3. The transfer current
density distribution , j(x,l), is given in Fig. 3a for one minute after
the commencement of electrode operation , while Figs . 3b , 3c, and 3d
display profiles attained as indicated , i.e. , j(x,2), j(x,5.5), and
j(x,7.5) , respecti vely. In addition , to accentuate the evolution of
profiles for diagnosti c purposes , we have shown also two successive
distributions in Figs. 3b , 3c, and 3d.

In order to arrive at the probable set of events , consider the
evolution of the current density profiles in terms of Eq. (13). More-
over , assume that no change in the electrode structure has occurred
within the fi rst two minutes , a reasonable assumption in view of Figs .
4a and 4b. It fol lows therefore that either the electrolyte conduct-
ivity has changed , i.e., a(x ,l) > a(x ,2) , or a change has occurred in
the dominant step of the overall process , thus shifting the reaction
zone accordingly (cf. dashed and solid lines in Fig. 3b). At a later
time , e.g., after  5 minutes of electrode operation , we noted the
development of a ~hump” wh ich mo ves deeper into the electrode structure
reaching a halfway point at t 7.5 minutes.

The examination of surface morphology in the frontal region within
the penetration distance of ca 0.1 mm, Figs. 4c and 4d suggests that
the formation of a Thump” is due to blockage of the second kind(3).
As the electrode charging continues , the frontal region become s heavily
coate d, Fig. 4d , wh i ch , together with the observed steep profile , Fig.
3d, indicates reaction contro l by the transport of reactant from the
bulk electrolyte .

In an attempt to prov de additional evidence , we plotted reaction
profile at comparable time s for a series of charging currents , namely
for l(0 ,t) = 200 , 300 , and 400pA . The resul ts , shown in Figs . 5a , 5b ,
and 5c , are in agreement wi th the above analysis . In addition , how—
ever, they point to the importance of blocking of the second kind for
open structures and to the importan ce of blocking of the fi rst kind(3)
for the electrodes characterized by a large surface to vol ume ratio.

CONCLUDING REMARKS

• The inaccessibility to direct observation usually associated with
• the investi gation of porous electrodes can be substantially overcome

by the use of structural analogs . The segmented electrode arrangement •

.4



appears to be a convenient tool for following the evolution of
reaction profiles .

A characteristic number , the penetration depth , can be formulated
as a product of kinetic and structural parameters. Such formulation is
essential for the interpretation of the probable operating processes
and for qual itati ve assessment. .However , additional evidence , e.g.,
SEM examination of surface morphology is desirable to differentiate
between al ternatives .

The limi tations of structural analogs as diagnosti c tools are
primarily due to size of individual segments and of spacing containing
the electrolyte. These di ffi culties appear to be alleviated by
employment of methods and procedures common to the microelectronic
industry .
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Figure 1. Elenientar processes fa r the ca~ s~ a rig ly  soluble re-
actant (phase III )-•ccndw t~ vi m atrix (phase 3) , operating
under dissolut ion— di ffus j a r  mad - -

a. — single pore analog.
b. — set of consecutive element ii ’y proce~s~~ . 
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Figure 2. Porous structure analogs .
a. - real electrode structure (schematic).
b. - e lectr ic  circuit analog.
c. - packed sphere analog.
d. - segmented electrode analog .
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