SPECIAL FEATURES OF SPACE-CHARGE DISTRIBUTION IN
THE DIFFUSION LAYER DEVELOPING DURING AN
ELECTRODE PROCESS FOLLOWED BY A
HOMOGENEOUSREACTION
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The special features of space-charge distribution were analyzed which arise within the diffusion layer while cations
and a neutral substance are reduced in parallel under steady-state conditions and the negatively charged products of
the electrode reaction subsequently undergo a homogeneous reaction. It was shown that at cenain values of the

parameters, the space-charge distribution can develop a peak in the center of thereaction zone of the homogeneous
reaction. The distrbutionsof potential and eectricfield were obtained for the system being examined.

A space-charge region is known to develop in the diffusionlayer during current flow. The charge-density distribution in
this region falls off with distance according to a power law, rather than exponentialy as in diffuse layers [1]. The space-charge
density next to the electrode increasesdrastically asthe currcnt density approachesa val ue corresponding to the limiting diffusion
current; the sign of charge coincideswith that of the elcctroactive ions.

It is of interest to find out how a homogeneous reaction involving solution ions and the charged electrode reaction
products will influence the space-charge distribution in the diffusion layer. It must be pointed out that the space-charge region
developing within the diffusion layer somewhat upsets the condition of local electroneutrality usualy employed instead of the
exact Poisson equation when solving electrodiffusion problems.

The solution found for the electrodiffusion problem with the clectroneutrality condition can be used in finding the space-

charge distribution when the spatial distribution of potential ¢ that isobtained is usad as zeroth approximation in the Poisson
equation:

p=—cq" [4n. 1M
Hcrcp is the charge density and ¢ is the permittivity.

In the present work we analyze the character of space-charge distribution existing in the diffusion layer when two
reactions occur in parallel at the electrode: the reduction of cations

AT 42—~ A° )

and the reduction of oxygen which follows the scheme of
0.+ 2H,0+4e—4011- G)

and is followed by the homogeneous recombination of OH- and H* ionsin the diffusion layer:

OH-+H"*—H.0. A )

A. N. Frumkin Institute of Electrochemistry, Academy of Sciences of the USSR, Moscow. Translated from Elektro-
khimiya, Vol. 27, No. 5, pp. 667-671, May, 1991. Original article submitted September 27, 1990.

0038-5387/91/2705-0605$12.50 01991 Plenum Publishing Corporation 605



A 4“0 1Pl

. a

100

0 0.5 1z -4k

Fig. 1. Distribution of space-charge density according to relations (20) and (21) for j, = 4and
v =0.56; (a) k = 0.4, the values of j;: 1) 43; 2) 4.8; 3) 5; (b) k = 0.8, the values of j,: 1) 2,
2) 2.5:3) 2.7.
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Fig. 2. Potential distributions asdescribed by relations (18) and (19). Curves 1-3 werecalculat-
ed with the values of parametersv, j,, k, and j, which correspond to curves 1-3 of Fig. Ib.

Fig. 3 Distribution of electric field strength as described by relations (13) and (14). Curves 1-3
were calculated with the values of parametersv, j,, k, and j; which correspond to curves 1-3
of Fig. Ib.

The above reaction scheme (2) to (4) had been analyzed in detail in [2],where the mechanism of migration-current
exaltation in acidic solutions was investigated.

It isa special feature of ionic transport processesin the system being examined that the fluxes of H* and OH- ions have
opposite directionsin the region where the homogeneous reaction (4) takes place. It can be cxpected that this pattern of theionic
fluxes will give rise to a space-charge distribution in the diffusion layer which exhibits a change of sign in the region where the
homogeneous reaction takes place.

The system of electrodiffusion equations describing the distribution of component concentrations and potential in the
diffusion layer is of the form of

dc, dy i,L _ o)
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It can be seen that the conditions of

must be fulfilled 90 that the solutions reported may exist.
The potential distribution is found by integrating Eqs. (13) and (14), and given by the relations [2]

P(zy=ln(1+ (z—1) (i +vj)/2(1+k)) for O<z<1, (18)
(@) =ve +;‘¥1n[ 1+ (2~8) (ji~}2)/2G]  for
0<z<9, (19)

where y, is the potential found from (18) for the point 8: yg = ¥(6).
Substituting expressions (18) and (19) into (1) we obtain relations describing the spacecharge distribution in the two
adjacent diffusion-layer regions:

dw)’ (20)
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where pg = eco(/L)? and | = (ekT/dme%c ).

Functions p(x) determined with relations (20) and (21) for a number of values of the parametersj, j,, and k are shown
in Figs. laand Ib. It follows from Fig. 16 and from relations (20) and (21) that a discontinuous change in space-charge density
attended by a change in sign of this space charge occurs at the point of x = © for currents/y <Jj»» Atj; >j; and k <% a
discontinuous change in p is again observed at the point of x = 0, but this is not attended by a changeinsign of# (Fig. la). It
had been shown in [2] that in the system being examined, there are two possibilities for the development of a limiting current
of cation discharge. When» >k, the limiting current of cation discharge, j,, implies that the condition of ¢,(0) = 0is fulfilled.
Then the rise of the current from j; to j,! is attended by an increase in space-charge density at the electrode surface while the
changein behaviorof p(x) around x = @isinsignificant (Fig. la). Whenk >¥ alimiting current of cation discharge,j,/, implies
that the concentration ¢, tends toward zero at x = 8. Then the rise of current j, to the level of jo! isattended by an increase of
the discontinuous change in space-charge density atx =6, withp(6=0) » —w andp(8+0) . e, whilethechangein p close to
the electrode is insignificant.

The distributions of () and E = —dy/dx for a number of values of j;, j,, and k are shown in Figs. 2 and 3.
Functions y(x) are smooth and continuous, and owing to the logarithmic divergence of y which occurswhenx - 0, wefind that
¥(0) » —e when j; tends towards j,/ in the case of k <wv. When j; tends towards j,/ while k >, the values of y decrease
everywhere within the region of 0 <x <8 owing to the decrease of ¥ atx = 0O (Fig. 2).

At k >, theelectrical field E decreases monotonically within theregion of 0 <x < 6, then it increases monotonically
within the region of ® <x < 1, but there is no change in its sign. Atj; coming close toj;’, function E(x) asymptotically tends
toward a vertica line of x = O to the left and right of x =8 when k <¥ (Fig. 3). Function E(x) asymptotically tends toward a
vertical line of x = 0 at j; coming close to j,f when k <.

Thus, theabove analysis shows that the homogeneous recombination of H* and OH ~ions occurring within thediffusion
layer should lead to interesting peculiarities in the space-charge distribution.

A discontinuous changein thesign and magnitude of p(x) occursat the point of x = ©where the homogeneous reaction
is centered. In the process discussed, the region where the homogeneous reaction takes place is concentrated in a point owing
to the high value of its rate constant. In the more general case of moderate values of the rate constants, the reaction zone will
be spread out, and the change from positive to negative values will occur smoothly, rather than discontinuously.

The result obtained can be explained qualitatively as follows. The region where the homogeneous reaction takes place
can formally be visualized as the plane of an electrode to whichH+ ions are supplied from oneside, and OH ~ions from the
other side. A spacecharge of positivesign develops— justasinordinary binary electrolyte solutions—intheregionof 6< x < 1,
where theH* ionsaresupplied. The space charge is negative in the region of 0 = x = 6, where the OH ™ ionsare supplied. At
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Here€1» €2,€3, and€s are the concentrations of cationsA*, anions, OH ~ions, and H* ions made dimensionless with the aid
of the concentration, ¢% of A* ionsin the bulk solution; y = Fe/RT is the dimensionless electric potential, x is the coordinate
made dimensionlesswith theaid of diffusion-layer thicknessL (0 = X = 1); i; and i, are thecurrent densitiesof cation discharge
and oxygen reduction; and K, is theionic product of water. Equation (9) isa statement of the condition of local electroneutrality.
The boundary conditionsat x = 1 (the diffusion-layer boundary on the side of the bulk solution) are of the form of

a()=1, c:(1)=1+k, cs(1)=0. c,(1)=k, ¢(1)=0. (10)

Thecurrent for reduction of the neutral substance (here O,) isindependent of the rate of reduction of other substance..
Thus, thelimiting value of current density i, depends only on the O, concentration in the part of thesolution that isstirred, and
in the present context is regarded as an extraneous, given parameter.

Thewater recombination reaction (4) is very fast, and the equilibrium constant K << 1; we can assume, therefore, that
at any point within the diffusion layer we shall find, either OH ~ions or H* ions, but never both at the same time. Then the
diffusion layer asawholeissplit into two regions, 0s x £ ©and 6 = X S 1, by the point of recombination of theH* and OH-
ions, x = 6. In the region to the right of x = 6, it can be assumed that €4 > 0 and€3 = 0, whilein the region to the left it can
be assumed that ¢; > 0 and ¢4 = 0. Using these approximations we can change from EQ. (7) describing the overall flux of the
H* and OH- ionsto the two equations

e d<ass, an
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where v = Dy/D,. We point out that the dimensionless fluxesj; and j, introduced in(5) and (7) are positive.

In [2] an analytical solution to the above system of equationswas described, and thedistributionsof potential and of the
concentrations of all componentswere found. The distribution of electric field strength within the diffusion layer obtained in [2]
can be described by the relations

— _d_¢= — jitvia for. 8<r<t, (13)
dx 2(4+k)+ (j,+vi,) (z—1)
d‘P jitis ]
T = 0<z<6.
Here G is the concentration found at pointx = O for the cations undergoing discharge:
G=c,(8) =V (1+k) (1—j.k/v].). (15)
Thevalueof 8 hasalso been found by solving
0=1-2(1+k) [1=Y (1—jk/V2) [ (1FFE) 1/ (ji+vis). (16)



the plane of x = 6 itself, the charge density should change discontinuously, and in the more genera case of a distributed
homogeneous reaction, a transition zone will exist where the space charge changes sign.

In the above analysis, the set of two parallel electrode reactions (2) and (3) followed by the homogeneous reaction (4)
was considered for which a solution to the electrodiffusion problem had been obtained previously in the approximation of local
electroneutrality [2]. Settingj; = 0in all of the above relations we amve at the case of asingle electrode reaction (3) that is
followed by the homogeneous reaction. In thissituation the ions with concentrations ¢, and ¢, function as the base electrolyte.
It iseasily seen that again a discontinuous change in the size and sign of space-charge density should occur within the diffusion
layer. Thiseffect is the more pronounced the lower the base-electrolyte concentration and the less suppressed are the effects of
the migration current.

We point out in conclusion that peaks in the space-chargedistribution, including those attended by a change in sign of
the space charge, had been predicted in [3, 4] for systems where fixedcharges exist in addition to the mobile ions, and also for
membrane systems within which homogeneous chemical reactions involving charged reactants take place [5].
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