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:t:Uwbe;~?-Performsnce of Porous Electrodes in a Diffusion
) T Condition of Feeding Reagents

by

| I. G, Gurevich and V, S, Bagotskiy
‘ ";Uhder oonsideration is a problem concerning the distribution of the electo-
; chemical process by the depth of a porous electrode of finite thickness fun-~ |
» ¢tioning in a diffusion condition iwth consideration of electrotechnical polar+
f ization and ohmic losses, Given is a éeneral solution in closed form.,zl i

The use in appl%eglg}ectrochemistry*of-porous electrodes, having developed j
; internal surface, is connected with the desire for maximum intensification. of :
: electrode processes and for the obtainﬁent of maximum specific characteristics,
In this connection of greater importance is the problem of effectiveness of
. employing such electrodes, due to the macrokinetic nature of the electrode
process, leading to nonequilibrium distribution of its intensit} over the
volume of the electrode.

' In a majority of published repurts (1-16), directly or indrectly pertaining
to the given problem, the prodlem of distribution of electrode process inten-
sity over the volume of the electrode is solved (with these or any other
approximations) analytically, on the basis of the general theory of field
distribution in an electrolytic cell (the Poisson equation is used), with
consideration of mass transfer process [13-15] or without such a consideration
(4-10]. In reports [11-12] the electrode is considered equipotential and
intensity distribution of the electrochemical process over the depth of the
electrode is bound only with the mass transfer process., In some reports

{1-3, 46] intensity distribution of the process in the elecirode is investi-
gated with +the replacing of the electrode with an eguivalent eleciric sjs.cm,v
allowing to reduce the prodlem %o the regaining of currentis irn elements of

this system; the shortcomings of such a met:od lie irn the difficuliies of

modeling transportation processes, which under conditions
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-7 the discussed problem are described (shown below) by nonlinear equations [3].

In this report in contrast to the report by O. S. Ksenzhek [10,12] and L.G.
t.irn [11] the prbblem concerning the function of a porous slectrode in a dif=

/%%%%%iion is considered in & more general arrangembntx all kinds of losses are
taken into consideration (polarization and ohmic) for an electrode of finite
thickness,

e will discuss the following system (fig.1). The porous electrode w%gge,

thickness
/""'I'IE'E&%merged in an electrolyte chamber, In this report is discussed a7
when in the role of reagents, on one hand appear electroneutral molecules, and on
the other hand - corresponding electrolyte ions, It is assumed, that the trans-
fer of electroneutral molecules of the reagent and product in the examined
system electrode~electrolytic chamber is realized only by the way of molecular
%&if sion, and the transfer of electrolyte ions - by diffusion and migration in
é&:it;ic field of the electrode, -

It is further assumed, that the concentration of ion components of the work-
ing mixture, filling the electrode, considerably exceeds the concentration of
elactroneutral reagents and product, This condition allows to consider the
conductivity of the mixture as constant and, in addition, to disregard the
diffusion potential, forming on account of nonuniform distridbution of concentra-
tions of ion components,

Secured are conditions of maintaining constant volumetric (in electrolytic
chamber at a certain distance from the electrode) concentrations of the reagent
c; and of the product c; or on account of chamber dimensions, or on acecunt of
continuous feeding into it the reagent and removal of the forming product.

In stationary state into the electrode from the electrolytic chamber is
passed a quantity of reagents equivalent to the current magnitude I (amperage),

and from the electrode is removed a corresponding amount of products forming

during the reaction,
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i _In this report when examining the
CMIIT LT OF TEXT
transportation stage of the electrode

} . e - F—

process into consideration are taken

streans of electroneutral substances

(reagent or product)

LRV

e —Djqnde. (1)

Assuming in the electrode takes placé

[

'a reaction of the type

i - nere e meeh e e e

WPy [T oo 1o \(2 ) ;

Assuming the visible surface of the ‘
! ' PFig. 1, a-scheme of electrolytic cell;
electrode is sufficiently large, in b-distribution of potentials in depth of
porous electrode metallic skeleton of the
order to disregard the boundary effects, electrode (1) working soluition of elec-
trolyte in the absence of current (2)
and the structure as sufficiently finely and at current (3).
porous, in order to gain the possibil-
ty of getting away from a concrete siructure and consider the electrochemical
reaction itaking place over the entire volume of the electrode (as it was made for
the first time by Ya.B.Zel'dovich [17]), 4t is possible to begin deliberating a
monodimensional problem,
Since the distribution of intensity of the electrode process (true current
density i) over the depth of the porous electrode is connected, on one hand, with
distribution of reagent and product concentrations, and on the other - with the

distridution of the potential, then we arrive at a system o two equations, des-

cribing the performance of the elecirode: it ig gzi@ent from ‘he Pick equation

[ v.$ ’
- i . 3
. " ®
the second - Poisson equation o .
W =R (4) — ...

Before we begin analyzing the systems of equations (3),(4) it is advisadle -

40 examine the laws (validities) of employing ihe Poisson equation in form (4),

or .
fjenerally speaking, it describes the distridution of solution potential,.

FTD-T7-53-722/1+2 3



Disregarding the resistance of the metallic skeleton in comparison with the
affective resistance of the mixture in pores of the electrode R3 -const?b:?in
. i-dopandent from coordinate x course of the metal potential ? u (straight line
1, fig. 1,b); if in the absence of ourrent the potential of the solution (aquilib-
rium)jp g is also independent from x (straight line 2), then under load.f?P-f (x)
(curve 3).

The jump of the potential on the surface of the eiactrode in the absence of

current .
A ’-9._‘?9'
L 4 ] P (5)

and the sudden change of the potential for the electrode under load

.'49-9.'—9,. (6)
The polarization of the electrode
ﬂFAv’—A9-¢,-9g. S (M)
Differentiating (7), we obtain .
it ®

From equation (8) follows the rule of using the Poisson equation in form (4)
whereby the condition of such a validity lies in the fact, that the conductivity
oie metallic skeleton should considerably exceed the conductivity of the working
mixture,

For kinetic characteristic of the process (i) we accept the expression from
the theory of the s}owed down process o .

In ofdér that the si;téé‘;f‘eqpationl (3),k4).sh;uld be complete, we will find
the relationship between local values of product and reagent concentrations, which
should enable to eliminate from equation (9) the concentration of the product.

Writing down the Fick equation (1) twice - once for the reagent and the second
time for the product - and expressing the stream of the substance through electric

values and reactions coefficients (2), we will obtain respectively

FTD-TT-63-722/142 4
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i O ‘ ;“';:. -l

nFD, . (10) !

? : de ' i
H -L i . .

b ax n-FE: e |

Excluding from (10) and (11) Ix’ ‘we obtain after integration the intereeting

; ! '.“:-'c""'*' " “""9 . (12)

- -

relation

)
In order to change over in equation (12) from unknown concentration values on

‘the frontal (with reepect to the counter electrode, i.e. at x=L) surface of the

L L

‘electrode ¢, and cp tc given volumetric concentrations c and cp, we will discuss

‘the conditions of reagent diffusion from the electrolytic chamber to the electrode.
Assuming the distribution of reagent and product concentrations in the diffusion
‘layer at the frontal surface of the electrode as linear, we obtain the following

expression for current per unit of visible eurfece of the electrode: '
o nFD, (c5 —ct i
=22 __L_rz). | (13)

Using then the expression fcrithe_glt;mepe current
nFD, ‘
lopeg = ——2 &, (14)
L ]

we obtain C nFD Irorw (1 A&), where &= Ieorw =~coefficient of "charging" the
electrode ( 0 £,6-£1), Finally
Gmi(1—6). - (15)

Analogously we obtain
. . D
dmgt i ptge  (16)
' P L .

With consideration of equation (12), (15) and (16) equation (9) can be
ewiritten

n following forms — - ‘ af> .
: i-io[—exp[ﬁ-q] [1 +_"L_._;_+

. J 4 ¢t % Dn .
g sl @

_.5;.21'_
We will introduce the following designationss V = r ; xis C d. p-np ;
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D! S : :
’r D';j _
- z.p" Dp; dg =D (for many porous electrodes d = 10”1 -10 2[12]). If the

1ectrode weakens diffusion only on account of its siructure regardless of the

saperties of the diffused substance, then it is apparent, that dr-d.p, i,e.

1 el
lre2p
“ D°p The expression for i will then be simplified:

: & aF v " vdya cp) '
- 1 - e X .
i fo{c’e’(P[RT J ( +— : —L“ <)’ (17)

(n—ca)F . :
Xexp[-—-R—T-——"t '

and the system of equations (3), (4) will be rewritten:  _

. nm‘ " [af .
o=, @ P R T

- P R N .

o vémlkan% @-ﬂfzﬂ | (18)
e T e

sRuje |2 ex l’a_l" - ]
0" - o E P RT"I ;

| Y —a)F )
- vd,._vd (” a) }..
O* : : %)ep[ R@qﬂ_;n

Taking into consideration, “that by the conditions of the investigated rroblem

(fig., 1a) the flow of the substance and the current through the rear surface of
the
/electrode equal zero, and throush the frontal one they are respectively equal

y/Jr I and I, we obtain boundary conditions of following forms:
nF 3 "llx-o Onls-:.-RJ:

‘pln-o-o ‘le-b"'—L"I (19)
System (18) appears to be a systei ot two nonlinea.r differential equations of
second order, |
We shall rewrite the system of equations (18) and boundary conditions (19),
changing preliminarily to dimensionless coordinate from condition zeta = %
(0<zeta\<1), dimensionless concentration from condition c-_g;:_ (0 e 1)

nd to dimensionless polarization from condition u = 1 .

? T e em———

oL R R

FOD-TT=63-722/142 6



¢ e————y— ——

om0 ”F“%é}q‘w-mnwf(%ﬁmJ”?. -
‘ Herw - | | ;
lu'—-g-{ceXP[%:]-(E—MC)exp[ .‘l.?_‘l._n_‘?_mu]} i (18')

l

—— ‘
'

‘and the boundary conditions P . ;
- U om0 == 0, &4 [t e 1; - : i

: t
C’lt—o-o 6"«-1-4'9 1 (19")
where R A-_l_. Iy = sLjy: q,-_,ﬁ
' 1 . lfww .
1 B 75—["”1' IZ/:F £-1+—L"" s M-—‘f— (198)

cmme e .. . temaa

Making the first equation of system (18 ) into the second one, we obtain
-—f‘;-qfe. : (20)
After double integration (20) with consideration of boundary conditions at zeta
= 1 we have T
u--_""clo'
.. K (21)

where K = L’/»O' and 02 -~ constant of second integration.

Substituting (21) in first equa.t:.on of the system (18'), we will obtain

Ay Kxcexp(ch)—(E--Mc) K. exp[ K,c]’, (22)
where K, = exp (02’9/-ﬂforw)v Ky = -/)—;'orw' ({/
We will change the variables in accordance with
c=Inz. (23)
Then equation (22) will be rewritten
0= @Y+ @)Y=z (24)
with boundary conditions z' eo=0; 2| = Kz (2 - Zom). (242)
) . 24a
Heore I

—n e

f2(2) = Ay { =K, Inz2%e+! 4 (E —MInz) Kr'—z—“— K""} ';;, (24¢)

PTD-1T-63-722/1+2 ;



The substitution of p(z) = z' (g ) allows to reduce the order of equation

‘22 ard bring it into form of the Bernoulli equation
P =h(@p+h(2)pr =0, (24')
Tie boundary conditions respectively will be written:

P (2) l"-'c - 6; p.(Z) ll-z. - Kz,. (24'8-)

me following substitution q (z)=p? allows to reduce equation (24') to linear
equation with variable coefficients

Ty =2 (q+2h(@ =0 (24")
Integrating (24") by knovm methods and determining the integration constart

from boundary condition at § = 1:
 Qlims, = PP lomr, = KO, (24")
we obtain & solution in following forms

lnz I ey, E
""-"{“"‘[.K"K'['l?.' )BT S

+MK‘. e [ a—n . a—n * }+
B )

- Inz 1 - 2" !
—24u| K | D2 — EK, & = +
£K 9[ 2 [ a T] EK: =g

S et = |

To determine K, (more acourately, the integration constant of equation (20) Cj)

included in it, we utilize boundary condition at § = 0:q/,, = 0.

The solution of the obtained equation relative to Ky in general form is diffi-

cult, For values alpha and n, satisfying the formula alpha -n

=-1, the equation
alpha

FID-TT-63-722/142 8



becomes quadratic, and for K, is obtained tha following expressions

Q+V - 3 (25)
where } ae e Q-_[:;("__({(, [K,lnz,—l] ’_z‘fl IK,lﬂZ.— l]’—l;
? (252)
| EK' {_R' -—-R—) —_M -"R'[Kglnz|+l‘— ZOK [Kllnzﬁ"'ll}
b_B;:_ o z,_. [K,ln‘zl-. 117'-"‘5 [K,lpg.T 1]_._. .
. Hence P e s e e
—— e Q T
Fongo o :_{Ca- ‘Jﬁﬂ(Q‘*‘V—Q’TB)- (26)

Making a r¢verse transformation from variable z to._variable .c we obtain
{
- jim.+ 249 [‘%‘,—(exp [Kye] [Kyc — 1] = exp [Ksanl [Keey — 1)) +
‘. 2 N

+71 (—I—(:(exp [~ Ky] —exp[— Kexl) — -%(exp [— Kl X (21)

X K + 11— expl— Keerl [Kogy + 11))]}-%«. |

The relationship between ¢ and § with known approximation can be simplified.
Taking into consideration, that for a majority of real systems the magnitude
1
Ka=(-8) <! (Ke<ke) (272)

IpeR
and by changing thenks to that exp (Kéc) by two first members of decomposition

into series, we obdtain mstea.d of (27) the folloing expressiom
j MV( +Kx)6" 24¢ —c+K‘-— (2Tp)

|
: ' M . —E- —'hdc" (27!)
| ""’”(?Tf"f)f’*,",’“’_.& ] S

Integrating (27') within mentioned limits, we obtain

B . . (28)
1 2ac+ b 2ac,+ b
22 ez | Arch —Arch 2
M Var [ V —a V—A] '
. M E
where e G-M'(—-I-K ! de @AY s
"\ & ‘) &
(28a)

) M { I M E Y .
A=8AY —+K)‘K’—2A'?—- )‘-’ 249 =
°(K, N \7 THo)a +24% - al-

-4(4-;)*% .

FID-TT=~(3-722/142 9



Tnen for dimensionless concentration can be written the following expression

V—chl-< VG -+ Arch 2‘”""_'\”]-0

vV (29)
= 2a

The concentration at the rear surface of the slectrode S, included in (29)

ary condition at g = 13
ey = - ~

The expression for dimensionless polarization (21) can then be written in

following form '
R 2ac, + b o
V—Ach[ V o < Arch V° A] b :

U
2aK - (30)
Qéorw [
+—— @+ VT =B,

-

where Q' and B' - values Q and B with consideration of the above adopted assump-
tion,
Distridbution of polarization'and current in depth of the porous electrode is

described consequently by the following expreSSionss

RT © RT o
_ NWmIF afF wau G—FQF“ X \,1
IV Ach[cVa+ArchV_A]——b . L (31)
X 2K T g ;

Qm.' e )
n@+ VT =E) |, |
. oV—A [ 2aC°+b] ,
IIT—C'NT-j—-—-Ch V -rAfCh'q—A—'— . (32)
The solution of the problem regarding distribution of intensity of the elec~

trochemical process obtained in close form for the depth of the working and dif-

fusing conditions of the porous electrode (27) and the expressiors for % T~

ization (31) and current (32) emanating therefrom (at known assumptions)
sreater difficulties for the analysis, Possibilities for their overcoming will
be;

discussed in the next report,
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T e e e e et e e e e
F/RSI" LINE OF TEXT Designations . . ;
: 4 = diffusion coeffioient of J-ooupomnt in free electrolyte; 33 - bffoeﬁ.vo
eooffioiont of diffuuon of J-componont in porous olootrodo; d- ooorﬁeihnt of l
weakening the diffusion in the olootrodo in comparison with diffusion 1n free l
electrolyte; Vd - stoichiometric ceofﬁo:lont at j-component of roaotion; ' :
s-apecific surface of porous olootrodo; Rg = off.otivo ruiltmo of working g
mixture in tbo pores of the electrode; n—numbor of elsctrons ptrt:loipsting in the
reaction; F-Faraday number; slpha-kinotic cosfficient of electrode reaction; :

b . - FIRST LINE OF TiTi.0
8 ~thickness of diffusion layor at front&l surface of electrode;, - coofﬁciont

|
I
]
|
I
!
|
I
|
{
!
!
lor "charge" of the slectrode; xi-coofficiont of "contamimtion" of the rugont
by the product of its oxidation (reduction); Jj, = 3 (o Ye/p (o ) 1=4/n - '
! mt.rohmgo ocurrent; I, ~ effective value of interchange current on the porouli:
: electrode; 7 -parameter (introduced for the first time by [11]),ohsractorizing§
! ]
the ratio between the weakening of the :transfer in diffusion layer, adjoining ?ho
3 frontal surface of the electrode, and 1n the electrode; o’btor'-ditﬁuibility :

, factor, characterising the ratio between rolarisadility of the electrode, loaded
_with a specific current, and ohmic resistance filling its working mixture.
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