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Abstract
The limiting currént and concentration profile in a stagnant
diffusion cell are calcuiated for a‘cupric sulfate solution with considera-
tion of the yariation of physical properties and nonzero interfacial
velocity. The calculated concentration profile is compared with that
obegerved optically. The possibility for dbtaining differential

diffusion coefficients from limiting current measurements is explored.
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Introduction

O'Brienl has studied optically thée diffusion layers at the
anode and the cathode for deposition and dissolution of copper from a
stagnant, aqueous solutionbof cupric sulfate. His experiments at
constant current showed deviations from theoretical predictions based
oh a constant diffusion coefficient. '

Under certain conditions, the governing partial differential
equations can be reduced to ordinary differential equations. -Then it is
possible, by means of a rather gimple calculation procedure, to account
for the variation of the diffusion coefficient and other physical
properties as well as the existence of a nonzero interfacial velocity
due to the.mass transfer process. Results have already been reported

2
)3 Similar calculations can be carried

for a rotating disk electrode.
out for a stagnant diffusion cell if the concentration at the electrode
surface, outside the diffuse double layer, is constant in time. This

is equivalent to the requirement that the current density should be
inversely proportional to the square root of time.

The results of such calculations are reported in the present
work for a.stagnant diffusion cell. In our experiments, however, it was
not possible to maintain a constant concentration of cupric sulfate at
the electrode surface. .This was due principally to the high ohmic

resistance of the cupric sulfate solutions. The work thus fell short

of its original goals.
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Analysis
For one-dimensional, unsteady diffusion, the concentrated
solution théory shows that a binary;electrolyte in a solution carrying
a current density iy obeys the equaﬁion
. | f
W W 3 w Mi ot
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where y ig the distance from the electrod‘e,vy is the mass-average velocity,

w_ is the mass fraction of the salt, p is the dénsity, D is the diffusion

coefficient of the salt, M_ is the molecular weight of the salt, t, is

the cation transference number relative to the mass-average velocity,

z, 1s the charge number of the cation, Vv

" is the number of cations per

+
molecule of salt, and F is Faraday's constant. Variations in the mass-

average veloclity are determined by the equation of continuity,

R0 - ©

The initial condition ic
w, =w,at t =0 . (3)

When the concentration at the surface is assumed to be constant, the

boundary conditions become



— lasd
w, =W, as y o s
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W, =W, vyzlyMJr/DZJrFl:NM/O at y =0 .
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For a metal deposition reaction, th? fluxes of anions and solvent are
1
zero at the interface; therefore, the current density and the interfacial
; -
velocity are directly related to the flux of cations. Furthermore, the
flux in a concentrated solution can be expressed in terms of the con-
centration gradient
- Dpawc it
= - e ~X—— + .
N+ +M Fy‘ C+Vy (5)
A dimensionless distance £ and a dimensionless velocity H

are defined as
=y/2VDt and H = 2v, Ve/o, (6)

where D _ is the value of the diffusion coefficient in the bulk solution.
It is assumed that the mass fraction ws and the dimens;onless velocity

H depend only on 5, that is, depend on the variables y and t only in
the coﬁbined form y/ J%. - The jusfification for this assumed similarity
transformation follows from the subsequent reduction of the partial
differential equations to ordinary differential equations and the state--
ment of the problem for the defermination of ag(i)and H(E) in such a way

~that the original variables y and t appear only in the combined form 3



both in the differential equations and in the boundary conditions. Tt
follows from this assumption that the other physical properties, p, D,
and t+, also depend only on € sinceivariations of temperature and

pressure are being ignored.

SUbstitutioh of these assumptions into the. boundary con-

ditions yields

o.M pD dw ,
I=5° M Sv a(0) = - ODo (1 tl-a) ) désl ’ ' (7)
Poo MYy Pasdoo W70 ™0 E=0 ,
where
oM i . 1/2 | '
T=—23 (2 : (8)
PV 2 F \D ,
+7+ © :

is‘a dimensionless constant whose.value is yet to be determined. Sub-

scripts.o denote properties evaluated at the surface concentration wo’

and subscripts ® denote those evaluated at the bulk concentration W_. .
The differentiél equations 1 and 2 become

dt+

P g _ d pD S
I (H=2€) + 1T %S- = - EE(@; 'Eé) s (9)v |

(1-28)5F + 057 = 0, o (10)

and the boﬁndary conditions, in addition to equation 7; are

i

w =woat€=0,ws'*wma.s€-'°° . (11)



These equations can be solved conveniently with a digital
computer.5 The physical properties‘of aqueous cupric sulfate solutions
at 25°C had aiready6 been obtained from the literature and correlated
as functions of‘ag in connection wi?h the rotating-disk work.g’3

The problem stated by’eéuations 7, 9, 10, and 11 is inde-
pendent of the variables y and t except in the combination €, and the
similarity transformation satisfies the criteria for success. Since T
is a constant, equation 8 shows that the current density is inversely
proportional to the square root of time even though the physical
properties may depehd upon concentration and the interfacial velocity
is not zero. ’A constant concentration at the electrode surface and a
current density inversely proportional to the square root of time are
equivalent conditions ahd are necessary for the similarity transformation
to work. The constant concentration need not be zero, and the analysis
is equally applicable to the anode or the cathode. Such a similarity
transformation could also be applied to a multicomponent solution, such
as, ah aqueous sgolution of cupric sulfate and sulfuric acid. However,

all the relevant physical properties are not known as functions of

composition. For such a multicomponent solution, a constant concentration

at the electrode surface would imply a current density inversely propor-

tional to the square root of time, and conversely.
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S ~ Results

..A constant concentratioP at‘the electrode surface is
usually achieved in electrochemicalisystems by operation at the limiting
current;v#he potential Aifference atross the cell 1s increased until
the surface coﬁcentration is forced%to approximately zero. For the
stagnant diffusion cell, this limit?ng current density iL should be
inversely propertionai to the square root of time. Figure 1 shows
vcalculated vaiues of iﬁff for aqueoﬁs solutions of cupric»sulfate at 25°C.

\ The measufement of limiFing-currents is difficult for solu-
tions without supporting electrelyte. Figure 2 recdrds current as a
function of time for a 0.1 _M_CUSOLL Eolution where the potenfial applied
to the»eell was decreased from 1.0 to 0.8 V during the course of the
experimenf. ~(For a description of the experimental cell, see reference
5.) A typical logarithmic plot such as figure 2 should consgist of-two
parts, a horizontal part which corresponds to the ohmic resistanee of
the solution énd a decreasing part with a Elope of ~l/2 where the con-
centration ef electrolyte near the electrode surface drops to iero.
This latter part corresponds to the limiting currentldensity.

For CuSO) solutions with H,50, as a supporting electrolyte,
an applied potentialvof 0.3 to 0.4 volt would be satisfactory. ‘However,
in the absence of.supporting electrolyte, the decreasing part would not
show up for several days. If the applied potential is raised, the decreas-
ing part is reached sooner, but eventually hydrogen is evolved, and the
current measurements are useless. By decreasing the applied potential

as shown in figure 2, a region of slope equal to - 1/2 can be detected.
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Figure 1. Calculated limiting current densities for aqueous solutions
Of cupric sulfate at 25°C in a stagnant diffusion cell.
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Figure 2. ' Current measured in-a stagnant diffusion cell for 0.1 M CusO
golution with stepwise changes in applled potential. Capillary
2.08 mm in diameter and 4.0 cm long. yge sgraight line of slope
- 1/2 corresponds to i J— 7A-°e /cm s While the calculated
value of ip vt ig LL.O3 mA-sec = fen”
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Presumably, if the applied potential had been decreased further, hydrogen
evolution could have been avoided, and a longer period of limiting
current could have been observed.

These experiments lead us to believe that a power source,
the output potenfial of which starts to décreaée with respect to the
~ Square root of time when the concentration of electrolyte near the
electrode has dropped to zero, affords a possibleﬂmethod of measuring
iﬁf£ in a‘binary electrolyte.

It should be noted that the curve in figure 2 overshoots
the line of slope - 1/2, a behavior which is also observed freqﬁently
for solutioﬁs with supporting electrolyte. The shape of such curves is
analyzed in reference 7.

Other experiments involved optical observations of concentra-
tion profiles in a Perkin-Elmer Model 238 EléétroPhoresis Apparatus by
means of Rayleigh interference fringes. The optical cell has two
channels coﬁnected by a U underneath. Each channel has a width of 0.2 cm,
a length of 0.9 cm in the direction of thé light path, and a depth of 7.9
cn. The light passes twice through the channel, being reflected by a
mirror placed behind the cell. A copper anode and cathode were precisely
fitted into the upper ends of the channels. ‘Observations were not made
at the anode‘because the adverse density gradient leads to free convection.

Figure 3 shows the cohcentration at the surface of the cathode
as_% function of time for a 0.0385 M_CuSOLL solution with applied cell

potentials of 0.60 and 0.80 V. The curves are calculated according to

the analysis in reference T..
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Figure 3. Transient behavior of surface concentration of copper sulfate
(0.0385M) in a stagnant diffusion cell (e 0.60 volt; o 0.80 volt;

dashed lines, io = 1.0 mA/ch;solid lines, io = 0.1 mA/cmz).
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The concentration profile in the cathode diffusion layer is
plotted in figure 4 with time as a parameter, for a 0.0385:M Cuso,,
solution with a cell potential of 0.80 V. The abscissa is the distance
from the eleétrode, stretched by dividing by J%. The "theory" curve
is calculated according to the above analysis. Comparison‘indicates.
that the»concentration profile would nof reach a steady condition until
after a very long time. In other words, the similarity transformation
is not a suitable approach to predict_concéntration profiles although
it allows for the variation of physical properties and a nonzero inter-
facial veioCity. The failure is due to the strong transient effect in
a binary electrolyte of low conductivity, which makes it difficult to
achieve a constant concentration af the electrode. In contrast, for a
solution 0.05 M in CuSOu and 1.0 M in HESOh’ the fringe patterns

essentially coincide after lOu sec when plotted against y/ J%.S
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Figure 4. Concentration profiles for 0.0385 M CuS0) at 25°C with a cell
potential of 0.80 V.
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Discussion and Conclusions

The mass transfer rate and concentration profiles in a
stagnant diffuéion cell have been calculated with consideration of the
variation othransport properties and the nonzero interfacial velocity.
This work was essentially parallel to that for a rotating disk.2

One of the original objectives of the concentration profile
megsurements was to see whether the variation of physical properties and
nonzero interfacial Velécity are the causeé of the deviation from theory
dbservgd iﬁ O'Brien's measurement;.l Unfortunately, a definitive cone
clusion isﬁnoﬁ forthcoming becguse of the strong trahsient effect in a
solution of lbw conductivity, which makes it difficult to achieve a
constant éoﬁcentration at the electrode surface. bThe.present results do
~not indicate any addifional deviatibns which éannot be explained by this
effect.

The experiments could be made to conform to the conditions
aunder which the similarity transférmafion is applicable by using a current
source whose output is inversely proportional to the square root of time.
Alternately, more attention could be devoted to reaching limiting current
by using a high applied potential at short times and'lowering the
potential at later times in order to avoid hydrogen evolution. The
experimentally simple arrangement of using a constant current requirés
numerical integration of partial differential equations in order to
account for the variation of physical properties and a nonzero inter-

facial velocity.
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5Thé similarity transformation is also applicablé to multi-
component_éolutions, although the composition dependence of the physical
propertiesris not available at present. Furthefmore, simple inter-
~ ference f%ingeé cannot.readily be resolved into concentration profiles

for the individual components.
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Appendix. Differential Diffusion Coefficients

: Limiting current measurements in a stagnant diffusion cell
lead to values of iﬁJ% for various compositions of the bulk solution.
For a binaryvsolution, these measurements can be inverted to obtain the
composition dependence of the differential diffusion coefficient if the
transference number and the density are khown as functions of concentra-
tion. A similar in&ersion would be'possible for values of iL/ JQ obtained
“with s rotating disk electrode, if in addition the viscosities were known.

The procedure consists essenpially of the following. A con-
centration dependence of D is assumed, and values of iﬁJ% are calculated
by the method in the "analysis" section. The assumed dependence of the
differential diffusibn coefficient is then adjusted until the calculated
values of iﬁj£ agree with the experimental values. Since neither the
stagnant diffusion cell nor the rotating disk are likely to become
popular for measuring diffusion coefficients in binary solutions, the |

details will not be reproduced from reference 5.
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Nomenclature

e conqehfration, mole/crﬁ3

D vdiff#si6n coefficient, cmg/sec

F Faradayfé conétant, 9%,500 coul/equiv

H dimégéiqnless velocity

iL limiﬁiﬁg:current density, amp/cm2

. - . 2

1y curréent density, amp/cm

I dimehéionless current density

MS molécﬁlar weight of the sélt,-g/mole

N, flﬁx bf?cationé, mole/cmg-sec

t _ timé;lséc

t+ catioﬁ tfansference number relative to the mass-average velocity
vy mass;avgrage velocity, cm/sec

y distance from the electrode, -cm

z, chargetnumber of the cation

v+ number 6f cations per molecule of electrolyte"
€ dimensionless distance

p density, g/cm3

ws mass fraction of salt

rotation speed of a disk electrode, radian/sec

subscriptsr.

0 ~ at the electrode surface

bl in the bulk solution

+ cation
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