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Abstract 

UCRL-19100 

The transient behavior of surface concentration and current 

density in a stagnant diffusion cell have been worked out vli th consideration 

of surface and concentration overpotentials and the ohmic resistance of the 

solution. Both theoretically and experimentally, the current density is 

found to overshoot the limiting current density during part of the 

transient • 



Int:r:oduction 

A stagnant diffusion cell is a capillary cell with an electrode 

at one end of a capillary filled with solution and open at the either end 

into a container with solution and containin(S the counter electrode. 

Such a cell is commonly used for diffusivity measurements
1

'
2 

because of 

i 

its simple experimental setup and the easy measurement of current and 

time. 

Early analyses 3'
4 

showed that, for a constant concentration 

at the ,electrode surface, the current decreases in inverse proportion to 

the square root of time in .an unsteady, one-dimensional diffusion, or i Jt 

is a constant for a given concentration of solution. Accordingly, the 

current would be infinite at zero time. Actually, for a constant applied 

potential, the current is finite and remains more or less constant until 

the reactant concentration at the electrode surface approaches a value of 

zero. The time required for this depends on the potential difference 

applied across the two electrodes and the properties of the solution 

itself. It may range from less than one hundred seconds in a well 

supported solution to s"everal tens of thousands of seconds in a solution 

of a single electrolyte. 

2 
Davis, Horvath, and Tobias have included the surface over-

potential for linear electrochemical kinetics in their treatment. In the 

present work, the analysis is extended to include the ohmic resistance of 

the solution, as well as nonlinear electrochemical kinetics. 

This work was motivated not so much by the ohmic and kinetic 

limitation at short times _but more by the shape of the logarithmic current­

time curves obtained in the measurement of integr~l diffusion coefficients, 5 

• 
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6 
the study of the effect of ionic migration on limiting currents, and 

attempts to obtain limiting currents in cupric sulfate solutions in the 

absence of sulfuric acid. 7 Under certain conditions, the current over-

shoots the limiting current. A similar phenomenon was predicted in 

8 9 10 
the analysis of the current distribution on a rotating disk electrode ' ' 

ll 12 
and on plane electrodes in the walls of a flow channel. ' Experimental 

confirmation obtained in the present work may thus lend support to those 

analyses. The similarity to polarography in a binary salt solution13 

should also be noted. No overshoot was predicted in that work, but a 

recalculation for that system shows that there can be an overshoot for 

large applied potentials. 

Analysis 

With the assumption of constant physical properties, the 

equation for unsteady diffusion in a stagnant diffusion cell for a solution 

without supporting electrolyte or -vrith an excess of supporting electrolyte 

reduces to 

cc ? 
D(fc (1) dt cy-2 ' 

where c = c+/v+ = c jv and -

z u D z u D+ 
:D + + -

= 
z+u+ - z u 

for a solution of a single electrolyte, and where c and D represent the 

concentration and .effective diffusion coefficient of the reactant for a 

solution with an excess of supporting electrolyte. 
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Equation l should be solved with the initial condition that 

the concentration is uniform', c = c
00

, throughout the capillary at t = 0. 

The concentration at the electrode surface can be taken, for the moment, 
I 

to be an unknown function of time, c = c (t) at y = 0. By taking the 
0 

Laplace transform of equation l with respect to time and solving the 

resulting ordinary differential equati.on, one obtains for the transform 

of the concentration 

c = 
coo c 
-- + [~ (s) - ~] 
s 0 s 

-y .[;7D 
e , (2) 

where s is the Laplace transform variable. Dffferentiation of equation 

2 with respect to y, setting y equal to zero, and inversion by means of 

the convolution integral produce an equation relatineS; the concentration 

gradie~t at the surface to the variation of the surface concentration 

de 
0 
(t') 

1 
dt' ~ 

"t-t' 
dt I (3) 

This equation is useful because the current density is also 

related to the concentration gradient at the surface 

' 
(4) 

where tR is the transference number of the reactant (tR=O with an excess 

of supporting electroiyte). The current density is further related to 

the surface overpotential I} by 
s 

• 
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i i {c' o)' [expjaZF I) t - exp 1-o\coo · 1 RT s~ 
13ZF 

RT 
(5) 

where i is the exchange current density, aZ and 13Z are the transfer coef­o 

ficients, and r expresses the concentration dependence of the exchange 

current density. 

The ohmic drop i.n a capillary of length L is 

tiP 
ohm 

and the concentration overpotential is 

' 

' 

(6) 

(7) 

where Z = -z+z_/(z+-z_) for reaction of a cation from a solution of a single 

electrolyte, and Z = -n for a solution with an excess of supporting 

electrolyte. For the case of metal deposition from a solution of a single 

electrolyte, the concentration overpotential expressed by equation rr 

includes an ohmic contribution due to the variation of the conductivity 

in the diffusion layer.
14 

Hence, it is appropriate to use the conductivity 

of the bulk solution in equation 6. The total potential difference v* 

applied between the electrode and the solution outside the capillary (as 

measured by a reference electrode of the same kind as the working electrode) 

is the sum of the concentration overpotential, the surface overpotential, 

and the ohmic potential drop 

I , 
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v* = 11 + 11 + .6<P hm c s 0 
(8) 

It seems appropriate to define a dimensionless current density 

I and a: dimensionless exchange current density J as 

ZFL 
I--- i 

RTICOO ' 
ZFL 

J = -- i 
RTICOO 0 ' 

(9) 

to define a dimensionless applied potential V and total overpotential CJ 

as 

and a dimensionless surface concentration e as 

e 

Then equations 5 through 8 can be rewritten as 

I 

where 

' 

and equations 3 and 4 can be combined to read 

NL I---
..{;D 

t 

,/ 
' 0 

d8( t I) l dt 1 
dt I 

Jt-t I 

' 
(10) 

(ll) 

(12) 

(13) 

' 
(14) 

,, 

,., 
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2 
nZF Dc

00 

N -· - (l-tR)RTK
00 

(15) 

is a dimensionless parameter related to the relative importance of con-

centration overpotential and ohmic drop in balancing the applied potential. 

If we now define a dimensionless time T by 

T -- t/t c 

where 

t N
2

L
2/rrn 

c 

then equation 14 can be written as 

I= I 
0 

dB( T I) 
dT I 

' 

l 

(16) 

' 
(17) 

dT 1 
• (18) 

Equations 12, 13, and 18 constitute four equations for the 

determination of the time dependence of I, e, and 11, as wel'l as E. They 

can be solved numerically when the six parameters, a,, f3, r, J, V, and tR 

are known for a given system. One more parameter, V, could be eliminated, 

but this rri'ight obscure the physical significance of the results. 

Numerical Calculation Method 

The inte'gral in equation 18 was approximated by a sum by an 

, 15 8 adaptation of the method of Acrivos and Chambre. Since equation l 

involves an indefinite integral, it is only necessary to solve a 
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nonlinear set of equations at eac.h time step. By the nature of the 

problem, 8 == l at -r == 0. For the details of the calculation method, one 

may re:t:er to reference 16. 

Theoretical Results 

The dimensionless current density I is plotted against the 

dimensionless time -r in figure 1 with V as a parameter. The values of 

a, ~' r, J, and tR are all taken to be equal to 0.5. The higher the total 

applied potential v, the shorter the flat part of the curve. For high values 

of V, the current density overshoots the limiting current, a phenomenon 

that has been observed experimentally in many of our curves of log current 

versus log time. For a given value of V, the flat part of the curve persists 

longer for larger values of the characteristic time t • A high value of 
c 

t results from a high transference number of the reactant and a low 
c 

conduct'ivity of the solution. For a solution without supporting electrolyte, 

t might easily be 5 X 105 sec. 
c 

The decrease of surface concentration 8 with time is plotted 

in figure 2 with identical parameters. The higher the applied potential, 

the faster the surface concentration drops to zero. The time required 

for the surface concentration to drop to 10 percent and l percent of the 

bulk value is plotted in figure 3· 

Experimental Results 

Figure 4 shows the transient behavior of the current density 

I 

with various amounts of supporting electrolyte. These curves have qualita-

tively the same shape as the theoretical curves in figure 1, particularly 

with regard to the transient overshooting of the limiting current. 

... 
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a =/3 =y = t+= 0.5 
J = 0.5 

XUL 6811-7263 

Figure 1. Decrease of current density in a stagnant diffusion cell. 
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a = /3 = y = t + = 0.5 
1/J = 2.0 
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0 0.2 0.4 

XBL6811- 7235 

Figure 2. Decrease of surface concentration in a stagnant diffusion cell. 
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a= {3= y = t + = 0.5 
J = 0.5 

4 8 
v 

0.01 Ceo 

12 16 20 

XBL6811-7234 

Figure 3· Transient time in a ,stagnant diffusion cell, showing the 
dimensionless time required for the surface concentration to 
drop to 10 and l percPnt of the bulk value. 
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t (sec) 

XHL 6812-6314 

,:4'1 

Observed transient behavior in a stagnant diffusion cell (5 em 
long), showing the effect of concentration of supporting 
electrolyte. v 

0 
cuso4 H2so4 Applied potential t /v~ 

c 
M M volt sec 

l 0.1003 0.175 0-355 28.5 
2 0.0998 0.100 0.355 71.2 
3 0.0999 0.050 0.355 198 
4 0.1001 0.020 0.350 553 
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The surface concentration was also measured optically for an 

unsupported, 0. 0385 !:!_ cupric sulfate solution at 25°C; the results are shown 

in figure 5 for two values of the applied potential, 0.80 and 0.60 volt. 

The measured variations of the surface concentration are compared with the 

theoretical predictions in the same figure. The following data were used 

for the calculations: 

source 

conductivity K
00 

diffusi vity D 

transference number tR 

4.13 X l0- 3mho/cm 

-6 2/ 6.07 X 10 em sec 

kinetic parameters,a.,f3,r 0.5 

z l 

rr 
18 

19 

The length of the cell L was 15 em, the area of the electrode 

2 6 
was 0.1:78 em , and the calculated characteristic time t was 5.60 X 10 

I C 

sec. There are no exchange current density data available in the 

literature for an unsupported cuso4 solution, a reasonable estimate 

being that it lies between 0.1 and 1.0 rnA/cm
2

. The solid lines are 

2 
theoretical calculations at an exchange current density of 0.1 rnA/em , 

2 
and the dashed lines are calculated at 1.0 rnA/em • The solid lines represent 

a satisfactory fit to the experimental results. 

An unexplained observation should be recorded here. For a 

solution 0.1 !:!_ in c~so4 and 1.375 !:!_ in H2so4, the current time curves in 

figure 6 were obtained.\ The current drops suddenly at about 0.3 sec. 

This phenomenon was fairly reproducible in a well supported electrolyte. 

No such step change was observed for solutions uith little or no 

supporting electrolyte. 
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I ;0 

0.8 

0.6 
8 

u 
........ 0.4 0 
u 

0.2 

0 

0 5 10 15 20 25 30 35 40 

Time (103 sec) 

X~L 6812-6317 

..:,· 

Figure 5· Transient behavior of surface concentration of copper sulfate 
(0.0385!1) in a stagnant diffusion cell (e0.60 volt; o 0.80 2 
voltj dashed lines, i

0 
= 1.0 mA/cm2, solid lines, i

0 
= 0.1 rnA/em ). 
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Before the runs, the electrode was predeposited with copper 

at 0.1 volt for one to three minutes. Values of the parameters for the 

theoretical calculations are CL == o. 75, i3 = 0.25, y == o. 5, t = 
R 

o, 

0.493 mho/em, 5.09 X 10-6 0 

K.oo= z = 2, D =" cm"'"/sec, t = 740 sec, v* c 

0.225 volt, and the exchange current density is estimated to lie between 

l and 10 rnA/cm
2 

for a cathode surface prepared by electrodeposition.
20 

Before the step change of current density, the horizontal 

part of the curve was found to fall between the curves for theoretical 

predictions of exchange current of l and 10 rnA/cm
2

• The charging of the 

electrode double layer should be complete in a time of about 0.5 milli-

second. 

Conclusion 

In this work, tbe transient behavior has been worked out for a 

stagnant diffusion cell. The resulting time dependence of the surface con-

centration for an unsupported electrolyte agrees vlith the theoretical pre-

dictions within the uncertainty of the available electrochemical kinetic 

parameters. The current density is found, experimentally and theoretically, 

to overshoot the limiting current, in harmony with predictions for the 

current distribution on plane and disk electrodes. 
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Nomenclature 

eoneentration of species 1, mole/cm3 

surface concentration of reactant, mole/cm3 

diffusion coefficient, cm
2
/sec 

Faraday's constant, 96, 500 coul/ equi v 

2 
current density, A/em 

·; 2 exchange current density, A em 

dimensionless current density 

dimensionless exchange current density 

length of diffusion cell, em 

number of electrons produced when one reactant ion or 

. molecule reacts 

dimensionless parameter 

universal gas constant, joule/mole-deg 

-1 
Laplace transform variable, sec 

time, sec 

characteristic time, sec 

transference nQmber of reactant 

temperature, deg K 

mobility of species i, cm
2
-mole/joule-sec 

dimensionless applied potential 

applied potential, voJt 

distance from electrode, em 

charge number of species i 

-z z /(z -z ) for unsupported electrolyte 
+- + -

-n with excess supporting electrolyte 



a,, f3, y 

Tj 

v 'v + -

~ ohm 
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electrochemical kinetic parameters 

dimensionless total overpotential 

concentration overpotential, volt 

surface overpotential, volt 

dimensionless surface concentration 

conductivity of the bulk solution, mho/em 

numbers of cations and anions produced by 

dissociation of one molecule of electrolyte 

dimensionless time 

ohmic potential drop, volt 
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