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Developments in the theory of flooded porous electrodes are

reviewed with regérd to simulation of primary and secondary

bafteries, adsorption of ions and double~layer chaiging, and'flowf

~ through electrochemical reactors.



'Intro&uctibn
Porous electrodes find numerous industrial applications

prima;ily;because'they promote intimate.contact of the electrode
- material with the solution éhd pbssibly a gaseous ﬁhase. Specific

factors are as follows:
} 1. The-intrinsié rate of the heterogeneous electroéhemical.
reaction‘may'be slow. A pofous electrode can compensate for this
by providing a large interfacial area per unit volume (for example,
10* coly. | \

2. Double-layer adsorptiod constitutes the basis_for novel
separation pfoceéses involving cycling of the electrode p§tentia1.
AJust.As in conventional fluid-solid adsqrﬁtion, a high specific
interfaciél areé'is desirable.

_3.: Important'reactanté m#y be stored in the solution in close
proximity to ;he electrodé §urféce, by means of pofous‘electrodes;
This permits sustained high-rate dischgrge éf the lead-acid cell.

47, A dilute contaminant can be removed effectively_with a
flowbthrough porous electrode. The proximity of the flowing stream
to‘theveleccrode surface is again important. |

5; Similar'arguments apply to nondonducting reactants of low
solubiiity. Then aﬁother soiid phase (as in batteries) or a gas
phase (as in fuel cells) may be incorporéted into thé‘system, or the
reactants may be dissolved and forced through a pbroﬁs electrode.

6. The compactness of porous electrodes can reduce the ohmic

potential drop by reducing the distance thfough which current must
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flow,' This has obvious.édVantéges in teducing thévlosses‘in:baﬁteries
and fuel cells. It may aiso permit operation without sidé reactions
by‘providing potential control for the desired pfocess.

If porous electrodes were trivially different from‘plané electrodgs;
there wOula be no ﬁo;ivation‘fqr their séparate-sﬁudy. But here
inherent compiicétion# arise because of the intimate contact of’
electrode aﬁ& éolutioﬁ -- the ohmic potential drpp and the mass
'tfansfer océur both in series and in parallel with the electfode'
processeé, with no wéy to separate them. One needs to develop an
intuitive feelihg for how and why the electrode processes oécur

nonuﬁiformly_thrdugh the depth of the electrode. Finally, we seek

- methods for designing a porous electrode for a pafticular'application

in such aiwéy as to maximize the efficiénéy.

Electrodes with two fluid phases are excluded from consideratioh
here. Gas electrodes for fuel cells are reviewed by Chizmadzhev EE.Elr
(1971) and by Béckris énd Srinivasan (1969) among others. The present'
article is a1so moré coﬁcérned with macroscopic porous-electrode

theory than with the detailed morphology and reaction mechanisms of

»particular chemical systems (see, for example, Burbank et al., 1971,

and Milnér and Thomas,vl967) or Qith the growth of'cfystals or ‘layers
of insolublé prodﬁcts (see-Hoéf, 1959, Young, 1961,‘and Vermilyea, 1963).
l‘ With theSe‘exclusions, a broad subject area remains. -Battery
electrodeg illustrate an indust:iall& important épplicgfion-of.pofous-’

electrode theory. Fiow—through porous electrodes have some pfomise

for recovery and removal of electropositive metals (Ag, Au, Cu, Hg, Pb)



. from diluté solutions, for electro-organic synthesis, and for
oxidation of unwanLed organic pollutants and suffactants. .Transient
double-layer charging and adsorption are of interest in the determination
of fhe‘internal area of porous electrodes, in some separation
processes, and in the interpretation of impedance measurements on
porous eleCtrodes.b

Fundaméntals of electrochemical thermodynamics; kinetics, and
transport processes are not explained at length. ﬂe'build here on
earlier expositiops'of these subjects (see, for exaﬁple, Néwman, 1967
and 1973).

The earlier reviews of Grens and Tobias (1964), Posey (1964), and

de Levie (1967) are relevant and have been ébnSulted'particularly

in regard to the early Russian literature. See also'Gufevich_gg_gi.'(1974).

Macroscopic Description:of PorouS’Electrbdes

Porous eiecffodes'consist of porous mattices of a single reactive
electronic conductor, or mixtures of solids.which include essentially
.nonconduc;ing, reactive materiais in addifion'to electrohic conductors.,
An'glectrolytic soiution penetrates the void sﬁaces of thé poroﬁs
matrix. At a'giveﬁ timé,vthere may_bé a lafge range of réaction
rates within the pores. The distribution of these rates will depend
on.physical structure, conducfivity of the matrix énd of the electrolYte,
apd on parameters characterizing the electrode prbceéses themselves.

In ofder to pérfprm a theoretical analysiébof such a.complex

problem, it is necessary to establish a model which accounts for the

»



essential,féaturesvof anvactualhelectrode without’going_into exact» B
geometricvdetail. Furthermore,"the model_should he_described hy ;
parameters which can be obtained by suitably.simple physical
measurements. For exaﬁple, avporous material’of arbitrary, random
' structure can be characterized by its por051ty, verage surface area
.per unit volume, volume—average re31stiviFy, etc. Similarly, one can
use a volume—average re51stivity to describe ‘the electrolytic phase
in the voids.. A suitable model would involve averages of various
variables over a region of the electrode small vith'respect to the
'overall dimensions but large conpared to the pore. structure. In
‘such a model. ‘rates of reactions and double—layer charging in.the
pores will have to be deflned in terms of transferred currentlper
unit volume. | ' |

A number of'early and recent models represent‘the structure with
straight pores, perpendicular tovthe external face of the electrode,
and a oneédimensionalvapbroximation.is introducedzand'justified on
: the basis.of the{small diameter of thevpore compared to its length, As
de Levie (1967) has pointed out the mathematical equationslto treat
are essentially 1dent1cal with those of the macroscopic model, although
a parameter_suCh as the diffusion coefflcient has a different
: interpretation. We shall prefer to speak'in terms .of the macroscopic
model ‘The model set. forth by Newman- and Tobias (1962) has elements
which can be found in the earller work of Coleman (1946), Danlel'—Bek
(1948),.Ksenzhek and Stender (1956 a,b), and Euler and Nonnenmacher -
(1960). Refinenents (Posey and Morozumi, 1966, and Johnson and Newman,

1971; for example) permit



the treatment of double-layer charging and make clearer the applicability
to flow-through electrodes and electrodes with time-dependent structural

parameters.

-

Average quantities

In this macroscopic treatment, we disregard the actual geometric
detail of the pores. Thus, we can define a potential él in the
solid, conducting matrix material and another potgntial ¢2 in the
pore-filling electrolyte. These quantities, and othgrs to be defined
shortly, are assumed to be continuoqs functions of time and space
coordinates. In effeét, the electrode is treated as the superposition
of two continua, one representing the solution and the othe;
repfesentingvthe matrix. In the model,.both are present at any
point in space. | |

Dunning'(ié?l) has included an extensive'discuSsion'of4average
.quaﬁtities and the derivation of certain equations in a manner
designed to clarify the nature of the averageS'usgd.

Averaging is to be performed in a volume element within the
electrode. The porosity is the void volume fraction € within the
elemené, and this is taken here to be filled with electrolytic solution.
The element élso contains representative volumes of the several.éolid
phases which may be present. Let ¢y be the solution-phase
concentration ofvspecies i , averaged over the Rofes. .The superficial
concentratibn, averaged over the volume of both matrix and pores, is
thus eci .

average concentration because it is continuous as the stream leaves

For flow-through electrodes, s is the preferred
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the_électrode; Furthermoré, cii,-rather than €ci » is likely to

be uséd to correlateithe compositioﬁ'dependence of diffusion coefficients,

activity coefficients, and the conductivity of the solution phase.

The specific interfacial area a 1is the surface area of the
pore walls per unit volume of the total electrode. _Lét jin be the .
pore-wall flux of species 1 ‘averaged over this same interfacial

area. -The pofe—wall flux to be averaged is the normal component of

‘the flux of species i at the pore wall, relative to the velocity

of.tﬂe pore wall, and in the direction pointing into‘the.solﬁtion.

N . : ,
The pore wall may be moving slightly because of a dissolution process.

Thus,i‘ajin represents the rate of transfer of the species from';he
solidaphasgs to the pore solution (per unit volume of the total
electrode).

: o : N _ :
Next, let N. be the average flux of species i in the pore

i

solution when averaged over the cross-sectional area of the electrode.

{

Thus, for a plane surface, of normal unit vector n , cutting the

porous  solid, n*N. represents the amount of species i - crossing

i
this plane in the solution phase, but referred to the projected area
| . . v TS

of the 'whole plane rather than to the area of an individual phase.
The superficial current density 22 in the'p¢fe,phase is due

to the ﬁ0vement of charged solutes:
1

Similarly; the current density i, in the matrix phase is defined

1
: ’ » | : o o . :
to refer to the superficial area and not to the area of an individual

phése.'



Materiai balance for solutes

Within a pore, in the absence of homogeneous chemical reactions,
a differential material balance can be written for a species 1 .
Tﬁia equation can be integrated over the volume of‘the pores in -an
element of‘thé-électrode, and surface integrals can be introduced by
meansiof the divergence theorem. Carefni use of the definitinns of
average quanfities yields (Dunning, 1971) the material balance'for

species i :

= aj.,_ - VeN, . ' (2)

-

This result applies to thevsolvent as well as the-salutes.

Three different averages are represented in equation 2. ¢y
is an average over the volume of the solution in the pores. jin is
an average over the interfacial area between the matrix and the pore
solution,'and VEi‘ is an average over a nross section through ;he

electrode, cutting_matrix'and pore. Here, it should be borne in mind

that the averages involve a volume which is large compared to the

pore structure and small compared to the regions over which considerable

macroscopic variations occui.

.EqnationvZ statas that the concentration can change at a point
within the porous electrode because the>Speéies moves away from the
point (divergence of the-flnx -Ei) or because fha species is involved
in elegtrode processés.(faradaic electrochemical reactions or double-—
iayer Charging) or simple_dissolution of a solid material. This

latter term, aj, , resembles the term which would describe the bulk

"
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production of a species by homogeneous chemical reactions. In the
macroscopic model, the transfer or creation from the matrix phases
appears to occur throughout the bulk of the electfode because of

the averaging process.

Elecﬁronéﬁtrality and conservation of charge

A ﬁolﬁme element within the.porousvelectrode will be,.in essence,
electrically neutral because it.requires a large electric force to
c?eéte an appreciéb1e séparation of charge over an appféciable
distance. We shall also téke each phase sepafately fo be,eiectrically

neutral. For the solution phase, this takes the form

-

, z;¢ = 0. : . " (3)
i S

Our assumptionvhere meéns that the interfacial region which comprises
the electric double layer (where departures from electroneutrality
are significant) constitutes only a small volume compared to any of
the phases or thg electrode itself. This will not.Bévtrue-for finely
porous meaia and véry,dilute solutioné, where thé»diffuse~1ayer may
be more than 100 angstrams thick.. Furthermore, we make no attempt
here to treat electrokinetic effects like electro-osmosis and the
streaming potential.

It is a consequence of the assumption of electroneutrality that

the divergence of the total current denéity is zero. For the

macroscopic model, this is expressed as
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1

charge which leaves the matrix phases must enter the pore solution.

In fact, combination of equations 1, 2, and 3vgives

| V'l2 = aFZi: 2350 =.a1n_ , | (5)
where - in is the average transfer current density (from the matrix
phase to the solution phase). V'iz' is the transfer current per

unit volume of the electrode V(A/cm3) and has the direction of an

anodic current.

Electrode processes

"For a single electrode reaction, répreéented'as

z, : : .
i - .
' Z.:siMi +>ne  , - (6)
i : o :
Faraday's_law is expressed as
as; s
A0 =" oF in - T oF V-lZ (7)

if the electrode is operating in a steady state or a pseudo steady

state where double-layer charging can be ignored. Equation 2 becomes

Vei) +Vei, =03 (%)

= - VN, - —= Ved, . | (8)

&
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The polarization equation is neceésary to express the dependence
of the local rate of feaction'on the various concentrations and on
the potential jump at the matrix-solution interface. Electrode_kinefics
do not follow fundémental léws which caﬁ be writfgn down és reliably
as the law of conservation of matter. The situation is the same here
as in chemical kinetics or heterogeneous catalysis. The poiafization
eduation is the principal point where the macroscoﬁicltheory of
porous électrodes will b¢ subject.to further refinement, as one tries
to accéﬁnt-hot only for the mecﬁanism of the charge—traﬁsfer process
bﬁt also for the mofphology of the electrode, the‘formatidn of
covering layers or of crystalliteS'of'séaringly soluble species, and
the transport from suéh sparingly’solublebphases-to the site of the
charge—traﬁsfervprocess. |

It is common to begin with a polarization equation of the form

(aaF ) _ -a F ] |
Vei, = ad, [exP' RT 's/ exP( RT TIS) ’ | o

where i0 is the exchange current density and ng is the local value

of the surface ovefﬁotential. The surface overpotential is the
potential difference between the electrode and a (pérhaps imaginary)
refereﬁce electrode of the same kind as thélwdrkipg électrode and
positioned.adjacent to it, just beyond the double layer. Thé potential
difference @1 - @2 .is gqual_to ng s plﬁs an addiﬁive term which ,

depends on the local solution composition.
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Consider a redox reaction like thé oxidation of ferrous ioms to
ferric ions; thereby leaving the electrode structure_unchanged.
One frequentlyvassumes that the composition dependence of the exchange
current density and the éomposition,dependence of thevéquilibfium
potential,cahcél in such a way that the polarization equation can be

written (see, for example, Newman; 1973, p. 388)

' c; a F cy [-o.F
Vei, = alo{:; exp |z (¢1 - @2) - zgfexp *ﬁf—'(él - ¢2)} » (10)
1 2 '

where io is a constant representing the exchange current dénsity

‘ at the composition c; s c; » Which might convgniently be taken to

be the initial concentrations of the reactants or the concentrations

vprevailing external to the electrode.

In equation 10, the reaction is first order with respect to

the reactant and product, at a giVén electrode potential. This would

1be obscured in equation 9 because of the shift of the equilibrium

potential with concentration, and io consequéntly_has a fractional-

power dependence on concentrations.

For a single electrode reaction, a material balance on the solid .

phases shows how the porosity changes with the extent of reaction

at each location within the electrode:

where

i’
#
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' s.M,
= - o 3
%o - sozl:id pynf ’ | a®
‘phases

Mi being the molecular weight and pi "the density of the solid phése
(taken-ﬂere.to be a pure substance). -

In addition to faradaic reactions, electrode.pfocesses can
involve cha;ging of:the electric double layer.at the interface betweeh 
the pore solution and the conducting phéses of the matrix.. Let us,
for the moment, exclude faradaié reactions and coﬁsider an ideally
poiarizable electrode-- one which passes no steady‘current when held
at a.constant pofential (within a certain.range of‘allowed potentials).

ForAdependent variables we ma§ choose q , the surface charge
&ensity on the electrode side of the dodble'layer, and Pi , the
surface excess or surface concentration of a solute species i .

Here, we mean averages over the surface of the pores. _Thesg surface
qﬁgntities can be taken to depgnd on the}solution~phase coﬁpositidn,
as represgnted by ci , and on the electrode potenéial ¢1 - ¢2 y

where @2 is measured with a given reference electrode. The

relationship holds
q=-F2z T, , a3
i N v
since the interface as a whole is electrically neutral and the charge

on the soluﬁion side of the double layer is comprised of the

- ' _ .
contributions of adsorbed solute species. For a solid surface it is

- only changes in ¢ ‘and‘ Fi which can be determined easily and which
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are involved in iﬁpedance measurements and changes in solution
composition. For a porous material of large specific érea, one can,
however, grind up the electrode and determine‘the magnitude of Fi
by chemical analysis.

In the absence of electrokinetic -effects, that_is, ignoring
translation ofvfhe solution side of the double layer in a &irectioh
parallel to the surface, one can express the material balance for

a solute species at the interface as (Newman, 1973, p. -206)

BaFi'» o as,

ot alJ:’m,faradaic - a’jin =T aF ln,faradaic‘- 3 Jin (14)

.

where the subscript faradaic refers to'qharge or mass which is

actually transported through the interface or is involved in a chérge"

transfer reaction. It is assumed in the last form that only a siﬁglé
electrode reaction is ihvolved. For the ideally polarizable electrode,

these faradaic terms are taken to be zero. For a single electrode

~
.

reaction, the left side of equation 9 or 10 represents' a i ..
: - "n,faradaic

Addition of equation 14 according to equation 5 gives

.4 = 1 _aﬂo ‘.
V'iz 2 ln,'faradaic *toc 3 : 5)

the current transferred from the matrix to the solution is involved
~either in double-layer charging or in faradaic electrode reactions.

The differential of the surface concentration can be expressed

as

-
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ar, o . -
ar, = \55r] av + Z dey » (16)
~ e k#O ’
‘ U ¢y
. J#O’k
where U' = & - &, . This formidable equation indicates all the

differential coefficients which must be known for an exact treatment

of transient processes involving double-layer charging. These

~ differential coefficients have been determined carefully for ideally

polarizable mercury surfaces in relatively simple electrolytic
solutions., Their estimation becomes inherently more difficult for.

solid surfaces, particularly in the presence of faradaic reactions.

vNi§ancio§lu (1973) and Appel (1974) have concerned themselves with

this problem. Parsons (1970) has summarized earlier effdrté'and the

. relevant ekperimental data.

The differential double-layer capacity‘ 

- o for\ .
¢ =§9_) - 5 j |
c (au' FEzi(aU,) | an
. c -1 c, :
3 ‘ -3 .
is relatively easy to measure, and data are available over a wider

range of concentrations.

In the absence of transient concentration variations, and

"with a constant specific interfacial area, equation 15 reduces to

i = ' 3U'
Vei af(U ¢4 ) + aC 3¢ 7.

L a8
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an équation which can be used to anal&ze double-layer charging in
porous electrodes.

Analysis of electrode processes is the basis for evaluating
the term ajin in the material balance equation 2. ‘The general case
involving double-layer éharging and all the differgntial coéfficienté
in eqéation 16 becomes too complicated to pursue profitébly at this

point. . o

Transport. processes
In the matrix phase, the movement of electrons is governed by

Ohm‘s law:

where 0 1is the effective conductivity of the matrix. This>quantity
will be-affécted,by the volume fraction pf‘the conducting phase or

phases,.the inherent conductivity of each conducting solid phase, and

the manner in which granules of conducting phases are connected together.

In a dilute electrolytic solution within the'pores, the flux of
mobile solutes can be attributed to diffusion, dispersion, migration,
and convection:

—5 — 1

N. ve, :
= = —(Di +.Da)V§i - ziutiiV®2 +-—E— .. (20)

Since Ei +is the superficial flux based on the area of both matrix

-énd pore, one can think of ~§i/€ as the flux in the solution phase.

i =00, , | an

L]
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Similarly, v/e will be roughly the velocity in the solution phase

if we take v to be a superficial bulk fluid velocity, for example,

i

the volumétric flow rate entering the_électrode divided‘by its

superficial area. The molar-average velocity 73?* would thus be'giveﬁ

by .

e =XN, . (21)
- T . _

where

cp =2y . (2
i i )

is the total solution concentration. (The solvent is to be ‘included

in both thése‘sums.)

The ionic diffusion coefficieﬁt and mobility of a free sqlutibn
require a correction for the tortuosity,bf fhé pores in order to
yieldv Di and"ui . A porosity factor has already been taken out;
that is, .ébi ‘might logically be regarded to be‘theveffective

diffusion coefficient of the species ih_the pore solution, in the

'same way that 0 is the effective conductivity of the matrix. Estimation

of such physical properties is conSidered again in a later section.

Da represents the effect of axial dispersion -~ the attenuation
of concentration gradients as a flhid flows through a porous medium.
"Plug flow" does not prevail in the pores; fluid near the wall moves

more slowly than fluid toward the center of the void space. Thé'

compensation for this convective nonideality appears as a diffusion
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phenomenon. However, the dispersion coefficient is not a fundamental
transport property —-— it depends on the fluid mixing and vanishes
in the absence’of convective fluid motion. A cbrrélation;is given
in the‘séction on flow-through porous electrodes. Dispersion should
?roperly'be represented by a tensor coefficienf-since dispersion is
different in-directions parallel to and perpenai;ular.tO'the bulk
flow velocity v .

The current density in the solution phase according to equation 1

now becomes

i, = -xve, - eFZi z.D.Vey 5 (23)
where - . o .
K = €F? z?u.c. ‘ (24)
. 1 1 1 1 L

is the effective conductivity of the solution phase. fhé segond term
on the right in eqdation 23 represents the diffusion potéﬁtial.
Convection éndvdispersion have made no contribution in'tﬁis equation,
" since the solution is electrically neutral. If the ionic diffusion
coefficients are all equal, the diffusion-pot=ntial term will disappear
as well.

There are two limiting cases whicﬁ are likely‘fo'receivevtreatment.
- For the reaction of a minor component from a solution with excess
suppdrtiqg e;ectrolyte, migration is neglected. Equations 20 and 2

become
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9cc .,
i

5o+ Vrlvey) = ajy + Ve[ +D)eve,] . (25) -

!

%or asSessing the potential variation wiﬁhin ﬁhe solutioﬁ, one is
tempted to neglect the diffusion potential iﬁ equation‘23‘and take
_the conductivity K to be constant (for uniform porosity). However,
‘oh the_baéis of a small ratid of reactént to.supporting electrolyté,:
one is justified in neglecting the potential variation altogether.
The binary electrolyte, the other limiting case, is simple
because qnly two'ionic spécies ére presént. The electroneutrality

condition 3 then allows the electrolyte concentration to be defined

as
e =c /v, =c-/v_. | - (26)

Space will not be devoted to dilute-solution theory for this situation
since it is mainly of interest in comparison with the more complete

treatment in the next subsection.

Concentrated binary electrolyte

Many battery systems involve solutions of a single electrolyte.
Consequently, it is desirable to develop the theory with all possible
exactness, particuldrly since the equations to use are not hopelessly

complicated and thermodynamic and transport data are frequently available

for binary solutions. Newman et al. (1965) developed the tfahsport

equations'in terms of the molar-average velocity. Newman (1967 )

states the results with the mass-average velocity and the solvent velocity,
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while Newman and Chapman (1973) showed how the volume-average veiocity

can be used.

The superficial volume-average velocity ‘Xn is defined as 4
WV N +V. N +7 N ¥ @) N
- o -o + =+ == :
where V+ -and 'V_ satisfy
vV, tvv_ =V, . (28)

'This is not sufficient to determine the partial molar volumes of the

ions separately. Consequently, we let
o. = o = ' :
vV, =t Ve or t v+v =tvV . | (29)

In other wofds, the.transference numberg of the ions are assumed to
be inversely.proportional to gheir partial molarvvoiumes;, However,
this choice is based solely on convéhience (Newman and Chapmah, 1973),
and no physical significance should be attached té itu- »
The .cation flux can now be éxpressed as |

(o]
= ®_ e+ D )Vc, + S i - (30)
4 X : a’ S+ z+F =2 .

with a similar expression for the anion flux, and the solvent flux
is

s - . .
N S ey - e(@ + D )Ve . : (31)
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Here D 1is the effective diffusion coefficient of the electrolyte.
Substitution of these fluxes into the material balance 2
and rearrangement gives two fundamental equations for'porous

electrodes involving a binary electrolyte:

= o = .0
vVt Vt

9 a =. . e -, e+

3t + Vv = a VoJon + v+. 34 + v i

_ i,Ve]  D+D,. _
-V ————— - g.——= (Vc)*WV (32)
e z+v+F . ¢ e

oo

and

: 1,°7t%’
¢ . B.o. _ gurer - = =2+
e + v Ve = v [e(D + Da)Vg] - COVQ 2,V 7
_{e° s - ce(d +D_) _
+ acoVO '\'): J+n + V: J_n — _aCVOJon + —T (VC)'We . (33)

0o O~

Equation 32 is an overall conservation equation, expressing
perhabs gépéervation of volume, It shows how the velocity XF‘ changes
as a result of an electrode reaction.aﬁdithe changing composition of
ﬁhe solﬁtiop.

Equation 33 is a material balance for the electrolyte.v-The
corresponding equatiénsin the diIUte—éolution gpproximation does not
refleét the dilution which would occur if the soiveﬁtuwere to be

produced in an electrode reaction. The equations become quite similar

if one is willing to neglect the concentration dependence of both the
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partial molar volume: Ve of the electrolyte and the cation transference
o .

+ with respect to the solvent velocity.

number t
Instead of equation 23, we may wish to express Ohm's law in the

form (see Newman, 1973, equation 81-8)

i [s 2 v

=2 + + 5%\ VHe ‘

x _V¢2 “lvn + zZ V. nc F ' (34)
A +V4 U6 _ :

where ¢2 is the potential in the pore solution méasured with a
reference electrode having the stoichiometric coefficients Sy and
number - n of electrons transferred, and Mo is the chemical potential

of the electrolyte. -

Summary

The structure of equa;ions deécribing the porous electrode does
have order. ‘A certain level of complication is necessary in order
to treat the physical processes which a;e involved. EQuation 19
.covers transport in the matrix, while.equationsl, 2, 3, and 20
relate to franéport; conservation, ané electroneutrality in the solution
phase. However, the bulk'appearance of avspeqiesAiS now relatea to |
electrode processes occurring throughout the volume. Thus, equations
4 and 9, representing boundary conditions between the phases, must
apply here throughout fﬁe volume. |
Complications and uncertainties are largely.felated terlecfrode
pfocesses. Changes in the structure And properties of the electrode
need to be related to tﬁe local extent of discharge, or the integral

of the local transfer current V.iQ .
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Nonuniform Reaction Rates ‘
Many special cases are treated in the literature. The simplest
assume that the sdlution'phése is uniform in composition ~— either

because the current has just been switched on and the concentrations

have not had time to change or because there is forced convection

_through the electrode so0 as to maintain the composition uniform.

Double—layer-chargiﬁg is also to be ignbred, Still open to the
investigator's choicé are the relative‘eieétric conductivities of the
two phases, the thickness of the electrode, and the forﬁ of the
polarization-equation<expressing tﬁe electrochemical kinetics.
Consider 5 porous electrode in the form of a slab of thickness -

L . The electrode is in contact with an equipotential metal surface

on one side at x = L and in contact with an electrolytic solution:

on the other at x =0 ; In éuch-problems it is convenient to
specify the supefficial current density I. flowing through the
electrode rather than the pofenﬁiél difference across it. fositive
values of 1 will correspond to énodic currents. The structure of
the electrode will be taken to be ﬁnifOrm.

The four governing differential equations také on a one-dimensional
form. Equat;on 4 expresses conservation of charge,Aequation 23
reddces‘tovohm'é law for the ééfe solﬁtion,,and équation 19 is the
same law fdr the métrix. The polarization equatién 9, wi;h
n =9, - é , describes the transfer of charge from the matrix to the

s 1 2

solution. Sufficient boundary conditions include



~24-
i,=-I1,4i, =0, and @2'= 0 at x=0, - (35)
i, =0 at x=1L. I € 1))

These say that at ;he electrode-solution interface (x = 0). the
current is carried entirelybby the pore élettrolyte while‘at'the
metal»backing,'the cufrent is carried entirely by tﬁe matrix.' As

an arbitrary reference of potential, we choose éz =_0‘ at x =0 .
Somewheré within the electrode, betﬁeen x =0 and x =1L , the
current'is.transferfed from the solution to the matrix, and the rate .
of reaction is proportional to diZ/dx .

The reaction distribution is generally nonuniform within the
electrode. To minimiZe the ohmic potential drop, thé-curreﬁt should
be divided between the solution and the matrix in proportién’to théir
effective conductivities. However, this requires high reaction rates
near x =0 and x=1. Slow elecfrode reaction kinetics fofce the
reactioh to-be more uniformly distributed in order to.reduce the
transfer current density. These competing effects of ohmic potential
drop and slow reéctiOn.kinetics determine the resulting distribution.

For the préblem as formulated above, four dimensionless ratios
goyern the current distribdtion.. These can be stated as a dimensionless

current density

aaFIL(l;l)’ - | (37)

RT

§ =
K 0

<
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a dimensionless exchange current for the electrode

=:(°‘av+ a) Fa; 3 (_ _) o | (33?

the ;atio OLa/OLC of the transfer coefficiehts in the polarizatidn
equation 9, and the ratio k/0 of the effective condgétivities of
the solution and matrix phéses; |
The first two,. § and vz , are ratlos of the competlng effects
of ohmic potential drop and slow electrode’ klnetlcs.' For large
values of either § or .v2 , the ohmic effect_dominatés, and the
reaction distributiqn is nonunifo¥m.. Ihe ratio aa/ac. seems to be
unavoidable, but its rolé is more difficult to discern. For small
values of k/o , the reactiqn occurs p;eferentially'near the electrode-
solutionkbbundary at the exﬁenée'of the region neér the bécking plate.
The description of a poroﬁs electrode iﬁ‘the absence of concentration
variations is similar to that.of the secondary‘c;freﬁt dispribution
at é disk electrode (Newman, 1973, section 117). It is customary
to intrbduce one of two approximations to the polarization equation 9.
For very low ovefpotentiéls, this equation can bé linearized to read

di, ai F - |
3 = (o, o) —7 @ -9, . o _(39)
On the other hand, at very high overpotentials, one or the other of

~the terms on the right in equation 9 can be neglected. The first

term is neglectéd for a cathode; the last term for an anode. This

is referred to as the Tafel approximation.
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For systems with a f;nite conaﬁctivity of each phase, the

sdlution‘of these equations with the lineéar electrode kinetics has
been given b& Euler and Nnﬁenmacher (1960) aﬁd réstated by Newman
-and Tobias (1962). These last worke?é-alsg obtainéd the solution
‘fOr Tafel pqlarization, while Hicka (1965) was able to treat the
complete-equation 9 in the special case where o =a. . :Déniel'—Bek
(1948)»had earlier presented the results for linear and Tafél
kinetics in the case where the curreﬂt collector is positioned at

the elé;t:ode—solution boundary iﬁstead of Being at x=1L.

Many papers deal with matrixlCOnductivities muéh gteatef than

lthe solution conductiﬁity, so thaF the matrix poteﬂtial ¢1 is
uniform. it-then becomes possible to treat very thiék'eleptrodes,
where the analysis is similar to that for the diffuse part.of thé
électric double layer.(Newman, 1973; section 52), as pointed out by
Frumkin (1949). Frunkin gave SOIuEions for linear kinetics

(equation 39)‘and also for the full equétion 9 for the special case
whe;e aa = ac . He spoke, however; in terms of corrosion processes
in thé interior of a tubé. Ksenzhek and Stender (l956b)_gave‘the
- solution in the context of porous electrodes. For semi-infinite
eiectrddes,‘Posey (1964) extendéd this work to the cases
o = 2ac and 3ac (as well as the reciprocal cases where o, equals
2aa " or 3aa). For semi-infinite electrodes, the.gréss current-
_potential behavior can be obtained immediately for any ratio of o

to oL s by analogy with the theory for the diffuse part of the

électric double layer.. Then
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, 2alKRT [ o_FV o TV |
I = aaacF [ac exp ( RT )+ 0La- exp .(— RT )_ oLa _vac > (40)

where V = ¢1 - @2 at x = 0 , the solution side of the electrode.
For finite electrodes and a high matrix conductivity, Ksenzhek
(1962b) and Winsel (1962) give solutions for a = ac in equation 9.

Posey (1964) was able to include the case -aé = 2uc (or the converse,

o, = Zaa). He also gives approximate solutions for all values of

aa/aé .

One feature of the results is the nonuniformity of the reaction .
rate within the electrode. Figure i'éhoﬁs the distribution of
reaction rate for Tafel kinetics and for o =K. Aé in the classical
secondary—current—distributioh problem, the value of aio -is unimportant
as long as the backward reaction ‘can tfulyvbe neglected. " In the
Tafel case, the current distribdﬁion depends only on the parameter
§ and on the ratio k/o . (For cathodic'polarizafion in thé Tafel
range, replace o by —aé» in eqﬁation_37-in“order to use.these'w
results.) For a small vélue of § , the reaction is uniform; but
for large values of 8 , the reaction takes_élace.mainly at the
electrode interfaces. The ratio VK/Q servés to shift the reaction
from one face to the other so th;t the reaction is somewhat more
.unifbrm as K .approaches g at:cénstant § .

Curvéé'for the linear-polarization équation wou}d have the same
general appearance as figure 1. In analogvaith.the-classical problem
of the secondary current distﬁibuﬁion, the redﬁced distribution depends

only on the parameter V and on the ratio k/0 and is independent
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Reduced current distributions for Tafel
polarization with o = K .
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of the magnitude'of the current. The distribution becomes nonuniform
for large values of Vv , that is, for large values of the ekchange
current density, the spécific interfacial area,  or the electrode
thickness or for small values of the'conductivities._ The_ratio K/o
still shifts the reaction from one face to the other.

Thé'diétance to which the reaction can penetrate the electrode
determines how thick an electrode can be effectively utilized. This

penetration depth is characterized by the length

L_ | —__RIKO .
v V»(aa +'ac)a10F(l< + o)

(41)
Frumkin (1949) pointed out the analogy of the penetratipn'deptﬁ to
the Debye length in diffuse-double-layer theory. The concept of ‘the
penetration dépth has also been emphasized by Ksenzhek and Stender

(1956b) and by Winsel (1962). Electrodes much thinner than the

» penetration depth behave like plane electrodes with an enhanced surface

area. Electrodes much thicker are not fully utilized;' At high current

levels, L/6 is a length which may be more characteristic of the

penetration of the reaction. For diffusive transport of reactants

or consumption of reactants stored in the matrix orithe poré solution,

6ther_féct0rs will enter into the optimization of.tﬁe electrode thickness.
Potential distfibutioné fof Tafel kinetics are illustrated in

figure 2 for | - .
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Figure 2. Potential distributions for Tafel polarization .

with 0=k . Here B = aaF/RT (or _-uCF/RT
for cathodiq»gurrents).
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: 2
Fai L . :
o 1 "1\ _ ,: :
o, — (K + -G-) =o0.1. (42)

' (Fbr'Tafel kinetics; with a given valué-of I, chahges in  aio'_mere1y
add a constant to o —'Qé “without affecting the current or potential

distributions in any other way.) The slope of~thé curves_gives thev_

current density'flowing in either ;hé matrix or,tﬁe pore solution, -

according té Ohm's law. Consequently, the second derivative of eith;;

@l or ¢2 lis relafed to the local reaction rate'of the rate at

which current is'transferred.fromfone phése to the other. The difference

@1 - @2— also glves this reaccion.rate througﬁvthe polarizatién equ;tion.
. The total potential loss in the electrode, a comﬁination of

" kinetic or éurface overpotential and ohmic potential'droﬁ,“is given

Iby-the differénce bgtween the potential @1' in th§ matrix at the

current collector and the pofential, @2 in the pore solution at thg

pore mouth (Where ¢2 was actually fakén'to be zero in equation 35).

’forrlinear poléfization, this loss can be expressed as

g K '
2+ {—+—=)cosh v '
[1 + <'< °) ] . (43)

0w - 0,0
I T K+0

Vv sinh Vv

. The potential loss for Tafel polarization  is plotted in‘figure 3
~under the condition of equation 42.  This cérresponds to the éo—caliéd,
Tafel plot ana has a slope of 2.303 for low values of 8. As &
increases,ithe pptentia1 droﬁ due to resistance becomes important.

For a high condﬁc;ivity of one phase, a doubie Tafel élope resqlts,

as pointedvout by Ksenzhek and Sténder (l956b) and.by Winsel (1962),

among others. Thus, the lower curve
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on § . Here B = a F/RT (or
cathodic currents).

—acF/RT for
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in figuré‘B:atfains a slope of 4.605>for large 6 ; If both
conductivities are finite, the ohmic coptribuﬁion té the potehtial loss
will eVentﬁally dominate., Thus, the upper curve in figure 3 becomes
linear in ‘6', not linear in the logarithm of 6§ .. The behavior of
both curves. for large _6 illustrates the generai rule that the ohmic
potential drop becomes more important at large currents. |

The Tafel approximation beco@es poor at low currents.. One
canﬁét extrépolate figpre 3 since _B@l(L) should.apprbaCh zero as 6
approaches zéro. The baékward reaction should be accounted for,'and 
eventually the linear app;oximation’bécomes applicable at very low
| values of § . .Equation'éo»gives the current—potentiai relation for
a semi—iﬁfihite_e}ectrbde with a high'conductivity~6f one phase, and

equation 43!is the result without these restrictions but instead

restricted to the linear approximation.

Mass Transfer

Steady mass t#ansfer

A soiution—phaée reactant is depleted during the opération of a
porous électrbde, and diffusion of this species from a reservoir
at the face of'the electrode represents a loés, in addition to the |
_ohhic potential drop and Su;fAéé Qverpotentiai considered in the
previous_section.‘

Two special problems miéht Be defined in this aréa.~ The first
involves a redox reaction'obéying‘equafion 10.. The reactént_aﬁd

product speciles, whose stoichiometric coefficients are taken to be
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+1 and -1 , move by molecular diffusién alone, since convection is
assumed to be absent and migration is negligible because én excess
of supporting electrolyte is presumed ;o be pfesent. This excess of
supporting electrolyte is ﬁlso used to justify the‘approximation of a
constant solption—phase conductivity K and negleét of the diffusion
potential,* so. that equation 23 reduces to Ohm's law for the solution
phase. The second special case involves a binary elecfrolyte, where
the solution-phase conductivity can be taken to be propbrtional to
the concentrétion;* | |

The first speciai case was treated by Newman and,Idbiasv(1962,
Vith neglect'of the reverse reaction in equation 10), bvaéenzhek
(1962a, also for an infinitely thick electrode and vith negligible
ohmic poféntial‘dfop in either phase),hand by Gurevich and Bagbtski;
(1963 ab, summarized and more readily accessible in 1964). ,Fo; each
species, two new parameters are introduced -— a diffusion coefficient
and a bulk or gharacteristic concentratioﬁ cg;. ‘These can be combined
into the dimensionless.group Yi = SiIL/nFEDicg .

With negligible ohmic potential drop in either phase, the reaction

rate distribution is given by

%* : ’ )
In the steady state, the diffusion potential can be included, without

a separate term, by using a modified conductivity:

. z:ziuici/Di
y 2 i ' ‘

K' = -ngf —m™mMW—— |,

zi: z;8;/D;
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, ‘ .cosh k, (L - x) - o FVy - o FV o
Vei, = ai 1 ex ( a ) - (f = ) (44)
-7 o cosh kL P\"grT / = &P RT >

and the current-potential relation is given by

ai0 » aaFV 'acFV - '_
I =-EI— tanh le exp (—iff) - exp (— 0 ) R (45)
where
. i o FV
.ki = —2%_ |exp ( ) 1 1 (— c ) : (46)
SFD c ° RT »
2 2 '

Mass-transfer limitations external to the electrode should '‘also be -

ineluded. We have taken cg "tO'be the concentration at. the face of
the electrode, adjacent to the solution. |

The penetration‘depeh can be taken:to be the.reciprocal of ki
(compare Ksenzhek, 1962a), and for large énodic.polarization this
becomes equal to L/Y1 . Equations 45 and 46 also give a dquble
Tafel slope at high polarlzatlon 'This phenomenon, due to a mass-—
transfer effect has been p01nted out by Ksenzhek (1962a) by Gurev1ch
and Bagotskii (1963b), and by Austin and Lerner (1964) and has been
contrasted with the double Tafel slope, mentioned:beIOQ equation 43,
due to an ohmic effect. Austin (1964) has examined‘the relative

imporfance of these two effects on the basis of the ratio

. 2 o ~ &
- @ nF CDlel/isTKAu G/Yl .
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_Gurevich and Bagotski; have developed ébmplica;ed analytic
solﬁtibns fpf the first special case. These becoﬁe so complicated.
that limiting cases (discussed above) must be exgmined or méchine
computation_becomes convenient. Bomﬁen (1963) presénts cémputér
programs for this case and.also the situation where the reverseA
reaction term in equation 10‘can be neglected. Grens and . Tobias (1965),
using a computer program which. includes mass transfer of each species,
including the supportiﬁg electfolyﬁe? have made éompafisbns with
analytic solutions concerning variafions of composition and conductivity .
and abproximatioﬁs to .the polarization equation. 'in’ﬁhis ﬁanner,
Grens (1970) 'has examined assumptiéns of the one-dimensional
approximation (see also de Levie, 1967), of infinitely thick electrddes,
of uniform cbncentraﬁidn or conductivi;y, and éf negligible potentiai
gradient in the pores. Today, 6ne could also test (or relax) the
assumptions of invariant electrode matrix, constant diffusién
coefficients apd mobilities, and absence of fluid flﬁw, even that
due to the reaction itself. Austin (1969) has.:easserfed the value
of analytic solutions for limifing situations. )

Depositionvfrom a:binary electrolyte has been treated by Newman
and Tobiasv(1962) and by Micka (1966). ~Bomben (1963) gives é compﬁter
program suitable for the Tafel case. .

Pbsey and Misra (1966) and later Alkire (1973) have treated,
by éomputer simulation,.bipolar porous electroaes, that is,'electrodes

with no. external electrical connection but with induced polarization

because a current-paéses through them. The apparent resistance of the
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porous electrode is different from thét-of an equal volume of solution
not only because the porosity is less than one but also because the
‘current ﬁ;s the pqssibility of reacting cathodically on one side of
the eléctrodé, flowing through thé matrix, and émergiﬁg'by anodic
reactiqn at the other side‘of the electfode., With a bipolar tubular

gold electrode, Posey and Misra were able to determine the transfer

coefficient of the ferricyanide-ferrocyanide redox reaction.

Transient mass transfer

‘To follow the course of the discharge of a porous electrode,
beginning with a uniform solution composition and following the
developﬁent toward a stgady staté, réquires a cdnsideration of the
time derivative in equation 8. |

Stein (1959, see also Newman, 1962) treated the change of

sulfuric acid concentration in the pores of a lead acid battery.

i
|~ : : | .
The performance during a very high rate discharge is limited by a

severe depletion of acid di;gctly at the mouth of the pofes of the
positive plate. To study this effeci; Stein was able to avoid
considgration of structural chaﬁges, and he assumed that thg electrode
reaction itéelf occurred réversibiy.

Grens‘and Tobias (1964) undertook a computer analysi§ including
migratiop'and.diffusion of each solﬁte species and a polarization
equation'like‘equation 10, The cédmium anode in KOH and the reauction

of ferricyanide in NaOH received detailed treatment.
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A.characteristic time for diffusion procesées is L2/Di .
For an electxéde thickness éf 0.1 cm and an effectivé diffusion .
coefficientisf":loés cmz/sec , this leads to_diffusidn times of the
oréer of 1000.seconds.. However, for thick eléctrodes, the presence
of é reservoir of unreacted species in the depth has iittle effect
on ;he dominant processes occurring near the solution side of the
electrode; The penetration depth (see, for examble, equation 46) can
then be used rather than L in forming the characteriéﬁic tine for
diffusion. 'Thus, 90 percent of the electréde potentiallchange can
ocgur,in a time as short as 30 seconds. (The'characteristic time
for charging the déuble—layer capacity is usualiy much less.  The
ratio of the double;layer—charging time to the diffusion time is
DiaC/K . VThis ratio is greéter than one. only for very‘high interfacial.

areas and low conductivities.)

Battery Simulation

Porous electrodes used in primary and secondary batteries

. invariably involve solid reactants and products, and the matrix is

changed during discharge. Consequently, no steady state operation
is strictly possible. Such systems are complex, and their simulation

on the computer is an active area of research.

Structural changes

-

Winsel (1962) allowed for the consumption of a solid réactant

by setting the transfer current eqﬁal to zero at any point in the

electrode where the charge passed was equal to that_which this fuel
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'couldnsupply. Because of the nonuniform current distribution, the
'solid fuel is exhausted first at the Side of the electrode adjacent to
the solution. Cutting off the reaction in'this region forces a

highér average reaction rate in the remainder of the porous-structure
(for a constant-current discharge), yielding a higher electrode
overpotential;' The ohmic potentiél drop in fhe soiution in: the
deéleted part of the electrode also contributes significantly to the
overpoteritial. Winsel coﬁld thus.describe batfery discharge Withéut
accounting for the composition varidtion in the solution or changes in
the matrix'porosity.

'Alkire_gg;gl. (1969b) treated.the change in pore size'and'éolution
compoéition and ;he attendant fiuid flow for dissolﬁtionl§f porous
copper in sulfuric acid solution. The treatment of a straight—pore
system 1s particularly appropriate here, since they were able to
wind copper wire carefully and sinter the coil to pfoduce a uniform
pore structure (Alkirelggigl;; 1969a); In contrast to the work of
Grens and Tobiaé (1964),_the timé derivative of solution'concentration
was neglected (resulting in avéo—called pseudo steady state‘analysis).

Dunning and Bennion (1969) developed a model for battery electrodes

with a descriptioq of mass transfer from nonconducting cr&Stallites

of spafingly soluble fuel to conducting particleé-which are the

site of the electrochemicél'reaction. They obtained an analytic o

solution exhibiting a limiting current due to internal mass-—transfer
limitations, and they discussed -acceptable limits of the solubility of

the sparingly soluble reactant. Self discharge can impose.an upper
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limit, and'adequate power density, a lower limit. Later, Dunning

et al. (l9ji§eanalyzed discharge-and cycling, with the'internal
mass*traﬁsfer.eoefficient dependent’on the local state of charge.

The next work (Dunning.gg_gl.; 1973) included discharge and cycling
of-silVer-eilver chloride and cadmium-cadmium hydroxide electrodes

in binary electrolytes of NaCl and KOH ,‘respectively. The
.mechanism of discharge included, in series, the kinetics of dissolution
"or precipitation of the»sparingly soluble fuel, the diffusion»to the.
vvreaction'site;‘and the electrochemical kinetics of the.reaction -
with regard for the changes in the areas availeble.fqrvthese processes.
Also accounted for were porosity'ehanges accofding to equations 11 and
12, fluid flow according to equation.32 (or its eqeivalent),
variétidns‘ineconductivity and aétivit& coefficient in the use of
equafion 34, and electrolyte transport according to equation 33

(or its equivalent). HoWeVer,'the COneentration derivative in this
equation was.neglected‘(pSeudo steady state).

Alkire and Place (1972) have analyzed the consumption of a solid
reactant as did Winsel (1962) but with treatment of the solution
composition according to the pseudo steady state method. The calculations
apply epecifically te eopper‘diSsolution from an irert porous |
substrate; for example,,stainless steel.

The lead dioxide electrode has been modeled recently by both
Simonsson (1973 bt)vand by Micka and Rousar (1973). The former
analysis appears to be comprehensive; the latter follows Stein (1959)

in assuming reversible electrode kinetics. This leads to the conclusion
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that the potential in the pore electrolyte is a unique function of

the concentration, and this obscures the formulation of boundary

conditions (Newman, 1962). 1In the two papers, the figures of concentration .

versus position within the electrode, with time as a parameter,

provide an interesting contrast. Simonsson assumed a constant

concentration at the pore mouth; Micka and ﬁodgar show a concentration
whicﬁ evéﬁtuaily.goes to zero at the pore mouth.
'Gidaspow and:Baker (1973) emphasize porosity changes and
_blocking of the pores as a mechanism of battery'failure.

Ope now discerns a number of factorQIWhich can affect the
éxtent.of utilization of a battery as a function_of fate of diécharge:
1. Higher cufrent densities yield higher overpotentials, and
thus a giVenlcutoff potential ié redched séoner, However, this must -

be éonsidered in conjunction with\a factor whiéb leads to a_time
dependeﬁce of the potential.:
| 2. Acid depletion at the pore ﬁouth (Stein, 1959) hastens the
end of discharge of the lead acid battery, particularly at high current
densities. |
3.  The pores .may become constricted or even plugged with solid
reaction products. A nonuniform reaction distribution will accenfuate-.

this problem at the mouth of the pores.

4, Utilization of the solid fuel and covering of the reaction

‘surface with reaction products. Notice that both Dunning et al. (1973)

and Simonsson (1973b) assumed that the local extent of utilization

was constrained to be incomplete, and Simonsson allowed this limit to

depend on the discharge current density.
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5. Rates of mass transfer between crystallites and the reaction
surface may become more limiting as the discharge exhausts the front
part of the electrode. This could account for changes in the apparent

limit of utilization with current density.

Optimization of electrode thickness

Advice on how thick to build a poroué electrode (Ksenzhek, 1962b;
Gure?ich and.Bagotski¥,1969) &oes not go significaﬁtly beyond pointing
out fhéf polarization déc?easgs little for increasing thickness
beyond the penetrafion depth (see equations 41 and 46), becéqse of
vfhé poor utilizétion of fhe éddéd material. We should expect,‘
however, to find cost, weight, and volume-optimizatiou for given duty

cycles and cut-off potentials.

Machine computation -

The complexity of the factors which we wish to include in the
Aaﬁalysis of fhe beha&ior of porous electrodes leads many of us to use
-a high4$peed digital computer. |

.For battery electrodes inQolving a binary electroiyte, let us
suggest the foilowing cpﬁputational scheme (Dﬁnning, 1371). Equatiohs‘32
and 33 simplify considerably~with assumptiqné of COnspant transference
numbers and partial molar volumes. Equations 7, 11, and 32 can then be

combined and integrated to relate the velocity to the current density

. w6



-4 3~

8 and i

2 vanish at a plane

-ﬁith the boundary condition that both v
of symmétry or ﬁﬁe bécking plate.

For a highly conductiné matrix (0 >> K) , one can use four_.
principal unknowns -- the electrolyte concentratiﬁn c_,vthe current
density 12 , the transfer current -j =~V‘32., and the solution
potential QZ (or, équivalently, theAlocal eléctrode'overpotential).
The‘velocity is eliminated by means of equation 47, and the porosity
is ;elated to the transfer éurrent density and the fime step by
equation 11.

We have then programmed.four equations for simultaneous solution
as éoupled,,ordinary, nonlineaf, differential equations at each time
step, with boundary conditions af two values of x (Newman, 1968,
1973-appendix C). | |

Straightforward to program are the relatioh j= V'iz and
equation 34 representing Ohm's'1aw. The éctivity coefficients
(relating M, to ¢) and the conductivity can be taken to depénd on
the concentration. The porosity dependence of k should be accounted
for, and the equations must be linearized properly to assﬁre convergence.

We have programmed equation 33 symmetrically between the old time
. .step and fhe pfeéent one, in order to atfain stability. Simplifications‘
were made'fpr conétant ﬁrénsference nﬁmbers and partial molar
volumes, and Da wés sgt equal to zero. Both the porosity and
 concentration dependence of D were includedl The bseudo steady

state approxiﬁation results when the time derivafive of concentration

is omitted'from this equation. Simonsson (1973¢c) finds that this

approximation is valid for low discharge rates but can lead to
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appreciable error for rapid discharge;v

' Finally, the pdlarization equation relates the transfer current
j to the concentration and overpotential. One can include here
complexing énd masé transfer of a sparingly soluble feactant and
electrochemical kinetics on a éurfacg area which changes with the
local state of charge.

The boundary conditions can'be'made to inéiude a limited
reservoir of solution adjacent to the electrode and perhaps even a
 remote reserﬁoir, connected to the adjacenf reservoir By a mass-
tfansfer coefficient. This will allow.siﬁulation of thé recovery
of the electrode potential with time as theveléctiolyte concentration _
is restored. A complete.lead—acid cell can be siﬁtlatéd by;juxtapbsition
(in thg computer) of a porous lead eiéctrode and a poroﬁs lead

dioxide electrode. Such electrodes or cells can be cycled with

current {or potential) as an arbitrary function of time.

D0pb1e-layer‘Charging»and Adsorption

A measurement‘of the double—layer capacity of a pdroué electrdde
most direcfly reflects thé active surface area coherently connected
electrically an&.therefére accessible for electrochemical reaqtions.
Changes in the nature of the solid phase composition, surface
crystal structure, adsorbed materi;}s, solution composition,
temperature, and electrode potential also influence the meagured
value. Such results should be useful.for the characterization of

battery electrodes and may be especially valuable since the electrode
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is not destroyed, and indeed need not be removed from the cell in
which it is being studied.

There have been~man& contributions to the theoretical understanding
of double—layer charging. Ksenzhek and ‘Stender (1956a)»were the first
to treat the subject, and further refinements h;ve included development
of a macrohomogeneous model'(Ksenzhek and Sténder, 1956b; Newman and
Tobias, 1962) and treatment éf'coupled faradaic reactions (Ksenzhek, 1963;
Austin and'Gagnon, 1973), changes in solution composition (Ksenzhek, 1964;
Johnson and Newman, 1971), effects of external surface area (Ksenzhek, 1964;
Posey and Morozumi, 1966), finite conductivity o of the electréde
matrix (Posey and Morozumi; John§on and Newman), effect of ohmic
pdtential drop external to the porous electrode (Posey and Morozumi ;
Johnson and Newman; Tiedemann aﬁd Newﬁan, 1974); énd imposedbalternating'
current (Winéel, 1962; de Levie, 1963, 1967; Dafby, 1966ab).

Experimental verification of thesg models has_beeﬁ perfofmed
by Stender and Ksenzhek (1959), Bird et al. (1969), Johﬁson and
Newmén'(1§7l), Gagnon (1973, 1974), and Tiedemann and Newﬁén (1974)3
The merits of each ekperimental teéhnique‘are often specific to the
éystem currently under investigation. Of the effects mentioned
~ previously, the most difficulf-to allow. for is that associated with
faradaic reactions. Little detailed information concerning the
eiectrode kinetics of most porouslelectrodes is available. Also,
the.relative importance of‘faradaic reactions will-change with the
specific electrode cbﬁposition and age (br'cfcling history). It is
theref;re desirable to employ experimental techniques vhich minimize

the effects of faradaic reactions:in the measurement of the double-layer
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capacity. We shall Sriefly'mention thfeeAexperimental techniques ‘
and refer the reader to de Levie (1967) and‘Poseyband'ﬁorozumi (1966)
for more COmplété analysis. | |

Bifd‘gglgl, (1969) measured the déubleelayer capacity of battery
electrodes by applying“a'potentiai step and. integrating the:résulting
passage of current. A critical condition in this procedure is the
absence of faradaic currents in the region of the appliedipoténtiAI'
step.: Because of the distributed capacitance witﬁin‘thevelectrodé,'
‘it is nof possible merely to subtract the faradaié portion of the
charging'curve. |

Gagnon (1973, 1974) has employéd,a'triangulax.voltage sweep -
method. While he has shown the eéfects of distributed CapgcitanCe,‘
farédaic reactions, and’elééﬁrode thicﬁness, best résﬁlts are
obtained when experiments are_performed at reduced temperatﬁres
(-51°Cj,'Which minimize faradaic reactions. |

Johnson and'Newman‘(197l) have shp&n fhat the c;rrént response
of a porous electrode to a step change in the poten;ial yields, under
certain ciréumstances, a nearly constant value of i/t ; the product
of the current density and the square root of time (also indicated by
Ksenzhek and Stendér, 1956g, and Poséy and Morozﬁmi, 1966). A value
of the double-layer capacity .can be_inferfed from this constant value
of ivt . -However, most porous electrodes have nonzero resiéfances'
'which prevent the attaiﬁment ofza'constant yalue‘of_'i/f at short
times, and the cépacity ﬁegins to saturate at long times. Tiedemann

and Newman (1974) used the Same technique to study . the PbO2 énd -Pb
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electrodes in H2804 solution. However, a plot of i t versus

Yyt yieldedAa maximum in i/t , and this value was used to obtain a
value for -the double-layer capacity. TFigure 4 shows the comparison
between theory and experiment for the charging curve'qf PbO2 in
HzSO4 solution. ~ Emphasis on the'maximum of this charging‘curye
minimizes the ohmic effects at short times as well as the faradaic
effects at long times. As faradaic reactions become more important,

a positive displacement of the experimental curve frqﬁ the theoretical
curve is obsérved_at long times. However, the shape of the curve

ﬁear the makimu@ will remain relatively unchanged.

Johnson and Newman also demonstrated that specific.adsorption
of ions. on a porous high-surface-area carbon electrode could be used
to bring about a separation or'concentr;tion of soluble species.

By alternating the applied pbtential at spe;ified time intervals, a
NaCl solution could be desalted during the'adsorption cycle and

concentrated during the desorption cycle. This technique constitutes

a novel means of separation.

flow—through Electrochemical Reactors
Flow-through porous'eleqtrodes possess‘inherent advéntages
over nonporous electrodes with flowing solutions or'porous.electrodes
without flbw. This has been well demonstrated by Kalnoki-Kis and
[ . .
Brodd (1973), who show inéreases in current by factors of 102 to

4 e ;
10" at a given overpotential. High specific interfacial area allows

the attainment of relatively high volumetric rates of reaction, and

~
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Comparison of experimental and theoretical results for

potentiostatic double-layer charging of porous PbO2

electrodes. Area = 241 cm2, L = 0.095 cm, temperature = 28°C.
@ freshly prepared'PbO2 electrode, AV = 2,51 mV, A = 1.33,
aC = 23.33 f/cm3'; © cycled PbO, electrode, AV = 1.52 mV,

A = 0.768, aC = 26 f/cm3. (A is a rdtio of the external

n : 2 . . .
resistance, ohm - cm™, to L/K.) Solid curves are theoretical.
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the flowing solutiop eliminates or reduces mass—-transport problems.
Thick electrédes and low flow rates produce_felétively long contact
times for treatment of very dilute solutions. A flgidized—bed
electrode (Fleischmann et al., 1971) can fepiéceAthe'stationary
porbus‘matrix. |

In médeling of the systém for design pprposes, there are a
nuﬁber of factors which.might be.inciﬁded in the aﬁalysis. Many

of these are already relevant for porous electrodes without flow —-

for example:

1. Should a straight-pore model or a homogeneous macroscopic

model be used?

2. Should transport processes be described by dilute or

concentrated electrolyte theory? How are conductivities and other
transport properties to be estimated for porous media? Should

ohmic losses in the solid matrix be included?

3. What are the kinetics of the reactions and the effects of

. side reactions?

4. 1Is the system isothermal?

5. 1Is operation steady or transient?

New factors are also introduced specifically for flow-through-”

electrodes. These include: -

1. 'Is the flow uniform through the electrode, or is there

channeling?
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2, What is the,directieh bf'flowipg solution with respect to
the.couﬁter electrode? Theicounter electrode can be upstream or
downstream, or it can be beside the working electrode.. Iwo, rather :
than one, dimensionél consideration of the distributions of concen- |
.tration,;current, and fotentiel mey be necessary;

3.  How fast can reactants be transported fremv*he flowing
solution to the solid surface9 Chemrcal—engineerlﬁg correlations of
mass-trapsfer coefficients in packed beds (Bird Ei.il-; 1960,
‘pp..411 and 679; Wilson and Geankoplis, 1966) ere.being extended to
electrochemicel situations by Yip (1973), Gracon (1974),.and Appel
(1974). - L

4. Do the flow patterns promote:signifiCantvaxial mixing?

This dispersion effect is mathematically similar to diffusion and

can be characterized by a-diSpersion'coeffieient Dé - :SherWOod

et al. (1975) have recently correlated available data on.dispersion
in packed beds. and express their results in figure 5 b& plotting a
Péclet nuﬁberipreportional to v/e(D + Da) ageinst'e Reynplds‘number
proportionsl to v/av , with the Schmidt number* v/D as a parameter.
(For spheres;_the effective particle diameter dp on the graph is
related to'the specifie interfacial area by dp = 6(1 - €)/a .)
Dispersion in the cross—flew, "redial" direction is also included.

At low flow,retes,,axial mixing becomes less importantsthan moleeular
diffusion, but the Reynolds number at which this occurs decreases as

the Schmidt nuﬁber becomes larger.

The Schmidt number being based on the true molecular d1ffu31on
coefficient without any tortuosity factor. :



Figure 5.
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Correlation of dispersion coefficients in packed beds,

E=D+ D_. The asymptotes for molecular diffusion are

"based on € = 0.4 and a tortuosity factor of 1.4,

ﬁAv is the superficial velocity v , and for sphéres-

dp = 6(1 - €)/a . (Sherwood et al., 1975).
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5. What is the approach to limiting current and the degree

of conversion?

The extent to which any or all of the above are ihcorporated'

into the analysis is dependént on the specific system and given

design and optimization requirements. Equations 8, 10, 19, 20, 23,
and 33 facilitate the formulation of the'problem; but to-effect a
solution may require various assumptions.

Austin et al. (1965) and Gurevich and Bagotskiz (1963c, 1964)

 were the first to treat, in detail, the polarization behavior of

flow—-through porous electrodes. Assumpfioﬁs employed were a homogenebus
pérous electrode in steédy operation with uniform flow, a one-
dimensional treatment, first-order electrode kineticS with no side
reactions, negligible ohmic losses inbthe'solid matrix and a constant
solutionlconductivity, negligible dispersion, and negligible mass-
transfer resistance. Solution was passed through from the back side,
away'frqm the couﬁter electrode.

Johnson and Newman (1971) éxamined the adsorption ana desorption
of ions in a flow—thfough porous electrode as a means of desalting
water. Their anélysis included ohmic losses iﬁ the'cafbon matrix and
transient operatioh. Schmidt and Gidaspow (1973) have presented a
similar treatment.

Bennion and Newman (1972) emphasized the rolé of the mass-
transfer coefficient in their concéhtration oé diiuté solutions

containing copper. Alkire and Ng (1974) analyzed the two-dimensional
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current distribution resulting from placement of the counter electrode
parallel to the direction of flow within the working electrode.

Other operational aspects of flow-through systems have been considered

. by Gurevich et al. (1968ab), Budeka et al. (1968), Sohm (1962),

Guillou and Buvet (1963), Sioda.and Kemula (1972), and Wroblowa (1973).

Experimental investigations of single straight pore and

. micromesh electrodes have been conducted by Blaedel et al. (1963),

Blaedel and Strohl (1964), Blaedel and Klatt‘(1966), Klatt and
Blaedel (1967, 1968), and Blaedel and Boyer (1971, 1973). These

studies are hélpful in determining the correspondence between

" experiment and theory (since tortuosity and surface effects are

smali), as showﬁ by Sioda'(1974b). Further experimentai invéstigation§
by Sioda (196855, 1976) and Wroblowa ;nd Saﬁnders (1973) have helped
to develop mechanistic criteria to treat thésé-éystems. Alkire and
Mirarefi (1973) have anélyzed.the current distributioﬁ in a tubular
elgctrode below the iimiting éurrent.

Carlson and Estep (1972) have studied femoval of metal ions
frém aéueous:waste.streams, Becg and Giannini (1972) have considered

effluent treatment, Roe (1964) has looked at electrochemical

fractionation, and copper removal has been effected by Bennion and

'Newman:(l972), Wenger et al. (1973), and Posey (1973).

Design and optimization is specific to the given system 'and
have been discussed by Bennion and Newman (1972) and by Gurevich
et al. (1968b). To illustrate the design principles outlined by

Bennion and Newman, we examine the removal of Cu and Pb++ .



-5~

gpalitéfive.design'principles

1. We want to prémoté intimate contact between.ﬁhe electrode
and the solution in order to carry out'reaétions to a high degree of
complefion. This éalls fqi small flow channelé and hence for a flow-
through porous electrode. |

2; Carrying feéctions to a high degree of complétion also-éalls
for opération at thg limiting current, so that thevconcehtratidn at
the ﬁalls of the pores is close to zero. Thié alsb-bfings:aﬁout
cdnsideraﬁle.siﬁplification in the design célculationé, since it
découples the potential distribution from the mass ﬁraﬁsfeﬁ rates

- and current distributioni‘ .

Quantitative design principles

l.- We want to avoid side reactions. These could rahge“from
unwanted evolution of hydrogen or oxygen to compe;ing reaétions or
subsequent reactions in eiectro¥organic synthesis;. Conseqﬁently,
the potential variation in the solution phase should not exceed a
certain limit, one or two tenths of a volt in moderately-senéitive

cases. For high degreés of completion, the design equation is

.o v ,
IA(I)Imax - k- ak °? (48)

whicﬁ can be_fegarded as the product of a éuperf%éial current density

(anco) with the reciprocallof the effective conductivity_‘(l/K)

and an effective depth of penetration of the reaction into the electrode
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(y/akm) .  The mass—transfer.coefficient k.m itself depends on the
velocity, so that ,Aélm%x. is proportional to the veiocity to about
the 1.5 power.

In practice, we wouid uée thié'eqﬁation to'determine the maximun
permissible velocity or throughput which éan.be achieved whilé |

_av01ding side reactions and yet operating near 11m1t1ng current.

Note how the difficulty of ‘the problem (or separation process) is governed

by the ratio co/K of the reactant congentratioﬁ to the cqnductivity
énd by the specific intérfacial area a of the electrode. (After
allowance for the dependenqe of km on a, IA@lmax is proportipﬁal
to a to ébout the -1.5 power.)

2. The thickneSs of the electrode is now determined by the

required degree of reaction. This is given by

_ v _12 N Sc fia
Prag PR 5,5 " 1a L
m G ' b
KAD Y3 in12 e -
- max Sc 1n -2 . 49)
~ \ nFc 1/3 L’
o) ab ‘cb

Costs of course depend'on how c, s ct s K, and a affect
v and L . Comparisons are given in table 1 for the lead and copper
systems. As the feed concentration is increased by a factor of 415,

the cost per unit volume goés up by a factor of 90 while the cost

per unit mass goes down by a factor of 4.6. The pumping power makes

a dramatic increase in importance for dilute solutions.
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H

Table 1. Operating conditions, design results, and costs
: - for removal of lead and copper ions from given

solutions.

Pb

Total 0.38

0.31

system ~  Cu system -
Feed concentration, mg/liter 1.45 667
PgodUCt_concentration, mg/liter 0.05 1
Solution condﬁctivity, mho/cm "0.8 | 0.17
Allowable potential variation, V 'O.i : 6;2
Specific electrode area;, cm 25 25 |
Superficial velocitj,_cm/sec 0.64 0.0036
Elecprode thickness; cm 60 s H
Time to plug, days - 377 . -5
Pb system Cu system
) ¢/kgal $/1b ¢/kgal $/1b
Electrode capital cost  0.2222  0.1836  26.5  0.0529
Operating labor | 0.0218  0.0180 4.2 0. 0083
Electrical energy ~0.0021  0.0018 3.3 0. 0066
- Pumping enérgy . 0.132 0.109 0.014  0.00003

34 0.068
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A variety of processes of potential interest for application of

the concept of flow-through, porous-electrode electrochemical reactors is
as follows:

1. Removal of electropositive cations by électrodeposition. _'
a. Cu 600 ppm. to <1 ppm .
b. Pb 1.45 to 0.05 pgm from HySO, so_lutivor.ls.
c. Hg 10 to 0.01 ppm from solution 280 g/l NaCl .
d. Ag vprogessing of wasﬁe photogfaphic emulsioﬁs. '
e.b Au ffom waste plating éoluﬁions._ |
2. Fe++ to Fe ' . Acid mine drainage waters. ‘
3. 6xidation of organic pollutants and of CN*(ZA té 0.1 ppﬁ) .
4. Oxidation.of organic surfactantsf Reduction of fogming in
Solvay procesé for manufacture,of Na2003 ..

5. Electro-organic synthesis where the need for careful control

" of potential may have ruined attempts at scale up.

Many of these -- both oxidations and reductions —- are related to
‘water pollution abatement. Others may have independent economic
incentives.

Some of these processes raise questions about new aspects of the

system design such as

- 1. How.to design a countér electrode to carry out a gas—-evolution
reaction.
2. pr to separate anode and cathode‘prbceéées.
3. How to regengfate the.electrodes-in the case of lead deposition.

4. How to carry out both reduction and oxidation on a waste stream.
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5. ‘How to balance oxidation needed in one process with reduction

needed in a separate proceéss.

Experiméntal Investigations

Current diStribution:within an electrode has been determined by
measuring the distribution.of discharged material through the interior
(see, for example, Brodd, 19663 Bro and Kang, 1971; Nagy and Bockris,
19724 Alkire, 1968; Euler and Hofn, 1965; Bode and Euler, 1966ab, and
Bode et al., 1966). This determination involves a wash-dry operation
followed by electrode sectioning, and this procedure can result in a
net reduction and a redisfribution of material within the électrode.
Sectioningjﬁhe elegtrode also results in averﬁging the material in
question over a nonzefo thickness and ﬁay resultfin an inécéurate

picture of the real current distribution.

Current distribution can also be inferred by measuring the

- potential distribution with reference electrodes located in the

electrode (Daniel'-Bek, 1948; Brodd, 1966) or by using a sectioned

" electrode and directly measuring the current in each element

(Coleman, 1951). However, sectionéd electrodes are usually.inferiop

to sectioning because of the small distance involved, an exception

being the MnO, electrode (Coleman, 1951). Studies on simulated

single pores (Will and Hess, 1973) have helpéd to examine micro- -

structure problems. Gagnon and Austin (1971) foqmedvé composite

. Ag - Ag20 electrode from five thin sections and determined the

current distribution by disassemblihg and completing the discharge in
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each section. Panov et al. (1969) used a composite electrode of

15 sections with provision for varying both solid and solution phase
resiStance. The results are in good agreement with the calculations
of Daniel'-Bek (1966) and of Newman and Tobias (1962).

Most investigations have tended to support the predictions of
pdrous;eIECtrode theory. Haebler et al. (1970) reported results at
odds with the predictions of Stein (1958). However, Simonsson
(1973a) showed that this disérepancy was the resuit of their wash-dry
procedure. |

Haebler et al. (1970) and Szpak et al. (1966) removed mass
transport limitations by flowing the solutioﬁ through the electrode.
Such effecté ﬁad been examined already by Liebenow (1897). Recently,
flow—through electrodes have emerged ;s a potentially useful
industrial process. Bennion and Newman (1972) thus concentrated
copper solutions. Carléon and Esﬁep (1972) used flow-through porous
electrodes to remove trace metal impurities from Q;ste streams.

Austin et al. (1965) and Wroblbwa and Saunders. (1973) ﬁave examined
the reactions of organic and inorganic materialsf Sioda (1970, 1971,
1972abec, 1974a) has examined flow—throughvelectrodes with an emphasis
on eleqtroanalytical applications. |

Oﬁly a small number of experimental porous electrode Studies have
yield;d kinetic information (Posey and Misra, 1966; Austin and
Lerner, 1964), the potential—timé diséharge behavior (Simonsson, l973bc),
or the electrochemically active surfécg.area (Eulér; 1961). Iﬁfqrmatipn

in these areas is needed to refine the models which are being developed.
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Estimation of Physical Préper;ies

The porbsity of an eleétrode playé a major role in determining
its pblérization behavior. The'void.volume coﬁtained within the -
electrode provides not only intimate éontact between solution and
solid phases, as well as a reservior of soluble species available for
consumption, but alsQ the necessary space for storage of solid-
producfs of reaction. The effectiVevsolution'ahd SOIid-phase
“conductivities and the solution diffusion coefficient are foﬁnd to
be functions of the porosity. The correspondence.between theory and
experiment is étrongly dependent -on the valugs selected for thé

effectivekconductivities and difquion.coefficiénts as‘wgll as_fheir.
functional dependence on porosity. Therefore, it is important
thét-these parameters be either measﬁred experimentélly or predicted
from appropriate equations.
Meredith and Tobias (1962) have ;eviéwed'éxteqsively conduction
in he;erogeneous media. Equations were derived which ﬁredict the
veffective conducfivity of sglutions in multiphase diépersions as a

function of the volume fraction occupied by the solution. The

utility of these equations lies in their ability to account for

- changes in the effective solution conductivity of porous electrodes.

undergoing structural changes during testing. Their resulﬁs suggest
that the effective conductivity can be found by multiplying the

bulk conductivity times thé porosity raised to the thfee4halves

power. Gagnbn (1973) showed that this relationship ié'in gbod agreement
with_experimenfal results. Schofield and Dakshinanurti (1948) have

shown that the same porosity factor can be used for the diffusion
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coefficient. (The effective diffusion coefficient considered here
is EDi in terms of the diffusion.coefficient‘introduéed inbequatiOn 20.)
Ksenzhek, KalinovskiY, and Baskin (1964) measured the conductivity
of 1.0 Nsoaium'hydroxide éolution in porous nickel and carbonv.
‘électrodes, Their results suggest that the efféctive conductivity
of the contained solution is proportional to €3 rather than €1°5‘,
as suggested by Meredith and Tobias.
Direct measurement of the effective conductivity of a solution °
in an inerf porous material can be readily accomplished and offers a
check on the correlatiops mentioned above. However, since porous
electrodes have an electronically conducting soiid_phase, the passage
of alternating or'diréct current through the electiode (with the
_élecirodefacﬁingvas an inert separatori will be affected by the
amount of current which passes through the éqlid phase by way of
double-layer chafging or faradaic reactions. Posey and‘Misra (1966)v
have analyzed bipolar porous electrodes to show how to correct the
measured conductivity for the presence of faradaic reactions. .Experimental
studies by Romanova and Selitskii (1970) ahd by Simonsson'(l973a)
have shown the importancé of gas bubbles on the measurement.
Oldhéh and'Topol (1967, 1969)-have deve10ped equations for potentioétatic.
and galvanoétatic diffﬁsion'studies on porous media and have obtained
expérimental verification (Topol andvoldham, 1969) of their predictions.
The valué of the trﬁe eleétrochemically active interfacial

area is difficult to determine. A BET measurement reflects all

the area present, including matrix, bindérs, and nonconducting fuel.
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Tiedemann and Newmaﬁ'(l974) and Gagnon (1973) have develop;d‘
experimental techniques, involving double-layer chérgiﬁg, to asséss
the electrochemiéally active area. Katan and Bauman (1974) have
shown how various geometric variables of a pqrqus‘ele;trode can be

used to estimate the specific interfacial area.

Conclusions
" The theory of the operation and behavior of porous électrodes
has been developed to the point where almoét any system éan be treated.
In particular equations were developed to provide the bases for
ex#mining the behavior of specific systems such as primary and
sécoﬁdary batteriés,.adéorptiqn and double-layer charging, and flowf>
through electrochemical reactors.
Experiments have verified the predictions of nonuniform cufrent
- distribution in several types of porous electrodes, but experimental
_ihfdfmation’on the transient behavior of porous electrodes is scarce.
The polarization expression applicable to a given system is subject
to refinement to account for the morphologonf the electrode; the
formation of covering layers or of crystallites of sparingly soiuble
species, and the transport from such sparing soluble phases to~the.
site of the charge—transfer process.
Aréas which femain to be examined in greatgrvdetail are:
1) complete analysis of an entire électrochemical;.Z) pfedication of
the entire polarization curve for a given battery; 3) dynamic behavior
of flow-through electrochemical reactors; 4) compléte optimization of -

a given electrochemical system.
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Notation
specific interfacial area, cm_1
constant defined by equation 12

concentration of binary electrolyte, - mo_lé/cm3

concentration of species i per unit volume of solution,

. mole/cm3

referénce or bulk concentration, _mole/cm3

solvent concentration, mole/Cm3

feed concentration to flow-through eléctrode,- mole/cm_3
exit concentration for flow—fhrough electrode; -moie/cm3
total solution concentration, mole/cm3

differential double-layer capaéity,_ f/cm2

effective particle diameter of bed packihg, cm
diffusion coefficient of electrolyte, cmz/Sec
dispersion coefficient, cm2/sec

diffusion coefficient of species i , cmz/sec_

= b.+ Da . cm2/sec | .

represents current‘density in' in the pblarization equation,
A/cm2 ‘ ' ’ .

Faraday's constant, 96487 C/equi?

exchange current density, A/cm2 .
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. s ' : . . . 2
superficial current density in the matrix, A/cm

superficial current density’in pore phase, A/cm2

transfer current per unit of interfacial area, A/cm

' - - . : 2
superficial current density to an electrode, A/cm

s

= Vi transfer current per unit volume of electrode, A/cm3

22
pore-wall flux of species 1i , mole/cm2 - sec

reciprocal penetration depth for diffusion, see eduation 46,
-1

cm

coefficient of mass transfér between flowing solution and

electrode surface, cm/sec

thickness of porous electrode, cm

. symbol for the chemical formula of species i

molecular weight of species i , g/mole

number of electrons transferred in electrode reaétion
normal unit vector | |
superficial flux of species i.,'mole/cmz-sec

surface chargé-density on solid side of double layef,_ C/cm
universal gas constant, 8.3143 J/mole-deg |

stoichiometric coefficient of species i 1in electrode reaction

Schmidt number, Vv/D

- time, sec

transference number of species i with resPéct to the solvent
velocity
absolute temperature, deg K

mobility of species i , cm2 - mole/J-sec
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=0, -0, ,V

superficial fluid velocity, cm/sec
superficiél'volume»averagé‘velocity, ém/sec
molar:average velocity, cm/sec

¢1(L)'- 2,(0) , volt

‘partial mblar volume of species 1 , cm3/mole
distance thfough pofous electrode, cm
valence or'chafge number of species 1
tranéfer coefficient in anodic direction
transfe} coefficient in cathodic direction.

= o_F/RT or -ac:F/RT' .

dimensionless diffusion parameter

suffaqé concentration of specieé .i., molé/cm2
dimensionleés current denéity defined in equation 37
ﬁorosity or void voluﬁe’fraction |
surface overpotential,v \Y

effective conduétivity of sélution, mﬁo/cm_
modifiéd solution conductivity, mho/cm

chemical potential of electrolyte, J/mole

v 9
kinematic viscosity of flowing solution, cm /sec

‘square root of a dimensionless exchange current; see equation 38 .

numbers of moles of cations and anions produced by the

dissociation of a mole of eléctrolyte»

‘density of a solid phase of species 1i , g/cm3

effective conductivity of the solid matrix, mho/cm
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@l electric potential in the mat;ix, v
@2 electric potential in the solution, \
subséripts

o solvent

e eleétrolyte

+ cation

- anion
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