THEORY OF MIGRATION CURRENT EXALTATION IN ACIDIC MEDIA
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lonic transport by diffusion and migration is analyzed theoretically for reduction of cations occurring
in parallel with the reduction of molecular oxygen while allowing for the recombination of OH™ and H*
ions in the diffusion layer. It isshown that qualitatively different types of behavior of the system being
discussed are possible depending on the relative concentrations of the cations undergoing discharge and
of the H* ionsin the solution. It was discovered that under certain conditions the cations may exhibit an
unusual limiting diffusion and migration current because their concentration hasfallen to zero inside the
diffusion layer.

An effect of migration current exaltation can be observed when cations and a neutral substance are reduced in
paralel; then the limiting current of the first process increases with increasing current of the second process [1-3]. The
theory of this effect was developedin [4-6]. A physically related effect of increasing limiting currentsisobserved when
cations of two or more different kinds are reduced in parallel; this has become known as correlational exaltation of
migration currents [5, 7).

It has been assumed in [4] when developing a theory for the effect of migration current exaltation that the
reduction products of the neutral substance are not present in the bulk solution. In oxygen reduction according to the
scheme of

2H,0+0,+4e-~40H", (0))]

these products are the OH™ ions. In [8] a theory of migration current exaltation was developed where it was taken into
account that owing to water dissociation in the solution a very small but finite concentration of H* ions is present and
that these ions can recombine with the OH"™ ions as the products of oxygen reduction.

It was the aim of the present work to theoretically analyze cation reduction and reduction of oxygen dissolved
in water as processes occurring in parallel at arbitrary values of solution pH. The OH™ ions produced by O, reduction
then should recombine with the H* ionsin thediffusion layer. At low H* ion concentrations in the solution the resulting
process is expected to be very similar to that observed in migration current exaltation. In the other limiting case where
the H* ion concentration in the solution is high one can expect that practically al OH" ions will react with H* directly
at the electrode surface, so that the resulting oxygen reduction reaction will be

Oz+4H++!]e-"‘2H:O. (2)

Then we have the parallel reduction of solution cations and H* ions which is described by the theory of correlational
migration current exaltation. At intermediate H* ion concentrations in the solution one expects a changeover from the
situation described by the effect of migration current exaltation to that described by correlational migration current
exaltation.
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The system of electrodiffusion equations describing the reduction of cations A* according to
A*+em—A° 3

and parallel reduction of oxygen according to reaction (1) with subsequent recombination of the OH™ with H* within
the Nernst diffusion layer, is given by
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HereC€1» €2, €3; €4 are the concentrations of cations A*, anions, OH™ ions, and H* ions made dimensionless through the
A ion concentrationc® in the bulk solution (we assume, for the sake of simplicity, that the ions present in the system
are univalent), &= -d¥/dx = -F/RT-dE/dx is the dimensionless electric field, x is the dimensionless coordinate
(O< x < 1), L isthe thickness of the Nernst diffusion layer, D; are the diffusion coefficients of the corresponding
components, 1, is the current of cation discharge, F is the Faraday constant, K is the rate constant of recombination of
the H* and OH- ions, and K, is the equilibrium constant of water dissociation made dimensionless through (c%)?.
Equation (8) is a statement of the condition of local electroneutrality.
The boundary conditions for x = 1 (the boundary between the diffusion layer and the bulk solution) are

a(l)=1. c.(1)=1+k, ¢ (1)=0, c(l)=k. %)

Combining (6) and (7) one can obtain

deg ., dc . 1.L
b, ( d.z? B Ca'/) — D (7174_ (‘46) =T Fo (10)
Here 1, is the current of oxygen reduction.
We now take into account that the rate constant of recombination of the H* and OH- ions is extremely high, so
that at any point of the diffusion layer one can assume equilibrium with respect to the dissocation and recombination
of water:

csc.=K,. an

We shall assume in addition that the equilibrium constant itself when made dimensionless through (c®)? is much smaller
than unity. For instance for ¢® = 0.1 M the value of K, = 10-12. Hence instead of relation (11)one can highly accurately
use the equality of cgc, = 0. In the region to the left of x = ¢ (the"point" of recombination of the H* and OH" ions) one
then hasc, > 0and €4 ~ 0 while in the region to the right of x = ¢ one can assume that€4 > 0 and€3 = 0. Using these
approximations one can change from Egs. (10) and (1 1) to the two equations

dc . 1.L .
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where v = Dy/D,. We mention that the dimensionless fluxes j, and j, introduced in (4) and (12) are positive.

Thus, the original system of electrodiffusion equations (4) to (8) has been resolved into two simpler systems of
first-order equations. In the region of 0 < x < 4 the system of equations is given by relations (4), (5),(12),and (8), and
coincides with the system used to describe the effect of migration current exaltation. In the region of § < x <1 the
system of equationsis given by relations (4), (5),(13), and (8) and coincides with the system used to describe the effect
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of correlational migration current exaltation.

In the point of x = ¢ all concentrations c; should be continuous. The point 4 itself can be found simultaneously
with the solution of the system of electrodiffusion equations. According to what has been said above, its position should
depend, both on the values of currents I, and I, and on the parameters v and k, ie, on the H* ion concentration in the
solution. As the latter is raised the point x =4 should move closer to the electrode, and at sufficiently high H*
concentrations when reaction (1) is replaced by reaction (2) 6 should become zero.

We start our inquiry with the case where the point x =8 is located in the interval (0, 1). We shall find the
concentration distributions ¢,(x), c4(x), cs(x), and c,(x) in the two regions 0 <x <d and 6 < x < L.

The concentration distribution ¢,(x) in region § <x <1 is readily obtained by addition and subsequent
integration of Egs. (4), (5), and (8) while allowing for boundary conditions (9):

e:=(ji+v/j.) (z—1)/2+1+k. (14)

Using (14) we find from Eq. (5)

T N — 15
2A+k)+ G+ Vi) —1) (49

Substituting (15) into (4) and integrating the resulting linear equation while allowing for (9) we obtain the cation
distribution ¢y(x) in the region of < x < I

C1=

1‘—j1(1+k)/(j1+\°j2) j1(1+k) 1 Ji + Via 1
T=—D T AT R2+T T T, [(“ Ty ]. (16)

The concentration distribution ¢,(x) in thesame region follows from theelectroneutrality condition (8)and the condition
of c3(x >0) = 0. For x =4 the valuesof concentrations®: and€z given by relations (14) and (16) assume identical values
of

¢, (8)=G, ¢, (8)=GC 17)

because of the condition of cg(f) = c4(¢) mentioned above.
When finding the concentration distributions ¢;(x) in the region of 0 < x <6 weshall use the continuity relations

¢, (6—0)=¢,(8+0) =G, ¢c,(0~0)=c,(8~-0)=G (18)

as boundary conditions at x = 4. The two conditions (17) represent a system of equations from which one can determine
the unknown quantities 8 and G:

G=Y(1+k)(1—jik/vj), (19)
0=1—2(1+k) [1=V(1=j &/ j2) [ 17) )/ (ot i) (20)

The solution of the system of Egs. (4), (5), (8). and (12) with boundary conditions (18) in region O < x < ¢ can be found
by a method similar to that used in [4], and is given by the relations

e =(ji—}.) (z—8)/2+G, (1)

€ I+ , ”

¢ (i — 7 (z —0) + 26 (22)
c:=G[(ji—j2) (z=0)/2G+1] brHw/ti=i, (23)

Thedistributionsof all component concentrationsand of potential in the full coordinate regionof 0 £ x < lare
given by relations (14) to (16), (18) to (23), and (8) when

vj.=kj,, (24)

and
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Fig. L. Theregions of different behavior of the system in the plane of j, and j, for k <v:
1) thecurve of j,‘(jz) defined by relation (28); 2) thecurve for § = 0 defined by relation
(27); 3) the straight line for G = 0 defined by relation (31); and 4) the curve of j1’4°(j2)
defined by relation (30).

Fig. 2. Concentration distributions ¢c,(x) (curves 1 to 5) and c4(x) (curves 4 and 5.
Curves 1 and 2 correspond to region Il, curves 4, 4, 5, and 5' correspond to region |, and
curve 3 corresponds to the condition of ¢ = 0.

0<o<i, (25)
c.(z)=0 for O<z<l. (26)

We point out that inequality (24) must be fulfilled, both for the existence of G (see (19)) and for the existence
of ¢ (see (20)). It is readily seen that the condition of § < 1 imposes no additional limitations upon the parameters v,
K, jy» jo- At fixed j,, the value of 6 defined by relation (20) generally will decrease with increasing j;. The condition
of 8 = 0 leads to the following relation between j, and js:

Ji=vj, (1= (1+k) (2k/vj:—1)*) k. (27)

Allowing for inequality (24) has the effect that j, in (27) can vary within the limits of 0 < j; < 2. Quantity vij,
in (27) then changesfrom the value of vj, = 2y/T + k(v/T + k = 1) whichisfound for j, = Otothe value of vj, = 2k when
j; = 2. In the plane of (j,, j;), the condition of 0 <§ < 1 corresponds to region | in Fig. 1which is located to the right
of the curve j,(j,) defined by relation (27).

Consider now in more detail the situation when oxygen reduction follows the scheme (2), and OH- ions are not
present in the diffusion layer. Then the distributions of €1» ¢, ¢4 and& throughout the region of 0s x= lare
described by Egs. (4), (5),(13), and (8) and boundary conditions (9), the solutions of which are given by relations (14),
(16), and (8). The values of surface concentrations ¢,(0) and ¢,(0) depend, both on parameters v and k and on the values
of currents j, and j,. One can assume, in accordance with the generally adopted definition of limiting currents, that the
limiting current, j,*, of cation reduction corresponds to the condition of ¢,(0) = 0. This current depends on current j,
of parallel oxygen reduction. The dependence of jll on j, follows from (16) and the condition of ¢,(0) = 0, and is given
by the relation [7]:

o 2(1+k) ( k — i /iyt
=T 1— 1% (28)

\

shown in Fig. 1. At j, =0, the curve of jll(jz) issues from the point of

J'=2(1+k) (1=Y1=1/(1+k)),
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Fig. 3. Different types of distribution of the ionic component concentrations
corresponding to region | in Fig. 1 a) current j, lower than the limiting value and
¢1(0) > G; b) current j, lower than the limiting value and ¢,(0) < G; c) current j, equal
to the limiting value while ¢,(0) = 0; and d) current j, equal to the limiting value while
c,(8) =0.

which corresponds to Eucken's relation [9], and when vj,/k = 2 goes through the point Qwherejlt = 2and where it links
up with the curve (27) and the straight line of j, = vj,/k. For j; < jll and c,(0) > 0 the system's behavior corresponds
to region Il in the plane of j, and j, in Fig. 1. Concentration c,(0) decreases with increasing current j, when current j;
is constant (see Fig. 2, curves 1 and 2). When the condition of ¢,(0) = 0 is fulfilled, which is readily seen to coincide
with the condition of 4 =0 (curve 3 of Fig. 2), we reach the right-hand boundary of region Il that is described by
relation (27). We stress that ¢,(0) becoming zero does not imply the onset of alimiting current of oxygen reduction but
corresponds to a change in mechanism of the electrode reaction from scheme (2) to scheme (1) turning on the generation
of OH™ ions and the ensuing homogeneous recombination of OH™ and H*. Upon further increasein jpinregion |, the
point of x =4 which is determined by relation (20) moves to the right (curves 4 and 5 in Fig. 2) while the OH" ions
generated at the electrode are distributed over the region of 0 <x <8

We now shall examine region | in Fig. 1, and analyze the changes in cation concentration ¢;(x) which occur at
fixed current j, when their reduction current j; changes.

ForJj; = 0concentration¢y(x) decreases linearly with increasing x in the region of 0 <x< 6 and it continues
to decrease in the region of § < x < 1. Ascurrent J, increases concentration¢y(x) in region 0 <x< § varies linearly
as before, and both ¢,(0) and ¢,(4) = G decrease with increasing j,. At sufficiently high values of j, > vj,/(1 + 2k) a
minimum appears in the function ¢,(x) in the region of 6 < x < 1 (at x =4¢") which is determined by the relation

8'=1—-2(1+k) [1=Y (vi.—i:k)/ (G (1+k)) ]/ (GHv)2). (29)
As j, increases further the situation can arise (for j, > j,) where ¢,(0) becomes smaller than G (see Fig. 3b). The

condition of ¢,(0) = 0 where ¢, is given by relation (21) corresponds to the generally adopted definition of limiting
currents, jlm, of cation discharge and leads to the following relation:
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Fig. 4. Limiting currents, jll. of cation discharge asfunc-
tions of current j: 1) k=0, 2)0<k <», 3) k =v, and
4) k >wv.

JO=21+k+T (vt 0) Y (1—k/(V)) (1+E) (A=T) ]/ (14v]), (30)

where quantity J = jz/jlw islimited by the inequality of J < 1 which, together with the condition (24). is realized when
k <v. Thefunction j,'o(j,) defined by relation (30) when k <¥ isshown in Fig. 1. We stress that the curve ofjleo(jz)
for x <v runs below the straight line of j, = kj,/v corresponding to the condition of G =0, and hence the curve of
j1‘°(j2) constitutes the upper limit of region | where asolution with 0< 8< 1 exists. It starts in the point Q in Fig. 1,
and at j, > 1changesasymptotically to thestraight line of jlt0 =B+ j, whereb =2y/(1 = kv)(1 * k). The concentration
distributions of all components corresponding to the condition of ¢;(0) = 0 and relation (30) are shown in Fig. 3c.

In the case of k > v, concentration ¢;(0) will not become zero whatever the values of j; and j,. Here an increase
in current j, at fixed j, has the effect that the value of ¢,(§) = G decreases ahead of ¢,(0). At the same time the value
of x = 6 wherec¢,(x) hasa minimum approaches x = 6, and at sufficiently high values of j; :jla the point * merges
with 6 and ¢(6*) = G becomes zero. This occurs when i1 = jlt" and ¢ = ¢

=ik, (31)
O.=8-=1_2//]-‘18____1_2]5/\,]'“ (32)

In this case the region | islimited by the conditions of G =0and ¢ =0.
The situations where ¢,(8) = G = 0 correspond to the distributions of ionic concentrations and electric field
following from relations (14) to (16) and (21) to (23):

e=(2—8)/(1-0), cia=(1+k)c,, es=0. c.=ke,,

©£=—1/(z—0) for z>-0, (33)

er=cs=j,(1—v/k) (0—2)/2, ci=¢,=0,
&=—(k+v)/[(k=V){(p—z)]for z<B.

We notice that in the region of 0 x <6 there are no salt anions when j; = jla, ie, ¢,(x) = Oand the solution behavesas
a binary electrolyte consisting of the cations undergoing discharge and the OH"™ ions generated at the electrode. The
concentration distributions (33) and (34) are shown in Fig. 3d.

Limiting currents of cation discharge are shown as functions of the current of oxygen reduction at different
values of k and v in Fig. 4. When j, = 0 the values of jlt follow the relations of the theory of correlational migration
current exaltation up to j,¢ = 2. The further behavior of jlt depends on the relative values of parameters k and v. For
k > v(curves3and 4) j,“isalinear function of j, in accordancewith (31). For 0 < k < v (curve 2) jlZ isdetermined by
relation (30).

As k/v decreases to zero point Q in Fig. 4 moves toward the vertical axis along the horizontal line of j, = 2.
Under these conditions the curve of jlt0 changes into the straight line of jlt0 = j, + 2 corresponding to the theory of
migration current exaltation of [4, 5].

(34)
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