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Abstract: An approach based on the equations of electrochemical kinetics for
the estimation of the current density distribution in electrochemica cells is
presented. This approach was employed for a theoretical explanation of the
phenomena of the edge and corner effects. The effects of the geometry of the
system, the kinetic parameters of the cathode reactions and the resistivity of the
solution are also discussed. A procedure for a complete analysis of the current
distribution in electrochemical cellsis presented.
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806 POPOV, ZIVKOVIC and NIKOLIC

1. BASICFACTS

It is known that electrodeposited metals can have different morphologies at
different positions of the electrode surface. This means that the local current den-
sity during electrodeposition of metals varies from point to point on the electrode
surface. Even for a simple electrode configuration, the calculation of the current
distribution in a classical manner is a complex problem, which becomes more
complicate with an increasing complexity of the geometry, especialy if the
limiting diffusion current density varies over the electrode due to different geo-
metric and hydrodynamic conditions.1—4

Recently, a method for the determination of the current density distribution
based on a simple equation of the electrode kinetics was developed in a manner
presented in the literature.>-17 The aim of this work isto review them.

2. A STATEMENT OF THE PROBLEM

The current density distribution in electrochemical cells depends on:

a) the geometry of the system,

b) the conductivity of both the solution and the electrodes,

¢) the polarization characteristics of electrodes and

d) the hydrodynamics of the system.

In this review, the effects of the geometry of the system, the conductivity of
the solution and electrodes and the polarization characteristics of electrodes will
be considered. It will be assumed that the diffusion layer thickness is the same
over all electrode surfaces.

The simplest representation of an electrochemical cell ispresented in Fig. 1.

B A C A B

anode

Jr

cathode

Fig. 1. Schematic representation of an electrochemical cell.

If electrodes are placed in the cell as shown in Fig. 1, three ways for the pro-
pagation of the current lines between the anode and cathode are possible.

I. there is only one current line between two symmetrically positioned points
on the cathode and anode in the homogenous field (A in Fig. 1),

I1. there are many current lines between two symmetrically positioned points
at the edges of both the cathode and anode (B in Fig. 1),

2011 Copyright (CC) SCS

olcle

EY HMC HD



CURRENT DENSITY DISTRIBUTION 807

I11. there is a division of a current line into two parts at the corner of the
cathode (Cin Fig. 1).
All these cases will be treated separately.

3. THE CURRENT DENSITY DISTRIBUTION IN HOMOGENOUS FIELDS

The current density distribution between parts of the electrode surface with
smaller and larger distance between cathode and anode can be calculated as fol-
lows.

The voltage, U, imposed on acell shownin Fig. 1isgiven by:

U — E=balog— + blog L4 p( + ), (1)
0a oc 'L Jf
aswell as by:
U—E=blog—-2 +helog—0—L 4 pij_ @
0a oc L " In

being valid within the Tafel region and at larger overpotentials, where E is a
equilibrium potential difference, by and be and jo 5 and jo are the anodic and
cathodic Tafel slopes and exchange current densities, respectively, j_ isthe limit-
ing diffusion current density for the cathodic process, p is the specific ohmic re-
sigtivity of the solution and the current densities for the part of the cathode at
larger, js and smaller, j, distances from the anode, respectively. For soluble anode
considered in this case, it will be joa = jo,c = jo and E = 0. In these calculations,
absolute values of both the cathodic and anodic current densities, as well as the
cathodic and anodic overpotentials are taken. The meanings of | and h are seen
from Fig. 1. It isobvious from Egs. (1) and (2) that:
in=lf (©)
if p=0and if the system is under complete diffusion contral, i.e., if
in=lf=iL (4)

It follows from Eq. (3) that the dominant effect on current distribution is the
effect of the resistivity of the solution.

On the other hand, if the electrochemical part of Egs. (1) and (2) can be neg-
lected relative to the ohmic voltage drop, complete ohmic control appears and the
relation:

Iy =g = gy @) )
isvalid, corresponding to the primary current distribution.

An estimation of the effect of different parameters on the current density dis-
tribution can be made from Fig. 2, which shows the dependences of the current
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808 POPOV, ZIVKOVIC and NIKOLIC

densities at the closer, jn, and further, jf, part of the cathode from the anode on the
cell voltage, U, for different solution resistivities.13
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Fig. 2. The dependences of the current densities at parts of the cathode closer to and further
from the anode on the cell voltage for different solution resistivities.

As can be seen, the larger is the conductivity of the electrolyte, the more uni-
form is the current density distribution. A similar but less pronounced effect of
the increase of the cathodic Tafel slope can be seen, while the change of jo does
not affect the current density distribution. It is necessary to note that a soluble
anode is considered in this case and, hence, the anodic and cathodic exchange
current densities are the same. 13

Finally, the effect of the h/l ratio will be discussed. As expected, for h/l — 0,
the current density distribution approaches to a uniform one, while for h/l >> 1, it
is similar to the primary current distribution. Based on the above results, it fol-
lows that the ohmic resistance of the solution is the most important parameter
producing an effect on the current density distribution in electrochemical cells. If
h/I>>1, the effect of the geometry of the system can also be important, but an
auxiliary anode adjusted to the cathode shape should be used in this case, as
illustrated in Fig. 3.

4. THE EDGE EFFECT

The current density distribution in a cell with plane parallel electrodes, with
edges not touching the cell wall, isillustrated in Fig. 4.

It can be assumed that a homogenous electric field and, consequently, a uni-
form current distribution are present over the entire electrode surface up to the
very edge of the electrode, where the current density increases abruptly. This
problem has been studied in detail in numerous references$-1012.17 and a rela-
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CURRENT DENSITY DISTRIBUTION 809

; Anode )

Cathode

Auxiliary anode

g Fig. 3. The auxiliary anode adjusted

to the cathode shape in order to im-
prove the current density distribution.

tively rough approximation will be used here. There is only one current line bet-
ween two symmetrically positioned points on the anode and cathode in a homo-
genous field, and current density in the homogenous field should be lower than
current density at the edges.

Thereis an infinitely large number of the current lines between two symmet-
ricaly placed points at the edges of the electrodes. Hence, it can be taken that the
overal resistance between these two points will be equal to an infinitely large
number of resistances connected in paralel, being lower than in the homogene-
ous field. This approximation is more appropriate for the tip of a stationary wire
electrode due to the dissipation occurring through the space in this case.10 On the
other hand, in the case of the edges of plane parallel electrodes, it occursin one
plane normal to the electrodes to which the two symmetrically positioned points
belong.

L

A

angde

Y A 4 A Y ca &)

Fig. 4. The current density distribution in a cell with planparallel electrodes the edges of
which edges do not touch the cell walls.

5. TWO EQUAL PLANE PARALLEL ELECTRODES ARRANGEMENT

The cell with two equal plane parallel electrodes represents the elementary
cell of the electrode arrangement in electrochemical metal refining and winning
processes.

It is awell-known fact that in a cell with parallel electrodes (if the electrode
edges do not touch the side walls of the cell), the current density is higher at the
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810 POPOV, ZIVKOVIC and NIKOLIC

edges than at the centre of the electrode. This is because the current flow passes
partialy around the rectangular space between the electrodes. The increased cur-
rent density at the edges of the electrodes can be easily noticed by observing the
quality of the metal electrodeposit at the cathode. In some cases, the deposit in
the central part of the cathode may be compact and flat, whereas the formation of
dendrites is observed at the edges. The appearance of dendrites at the edges of
cathodes in such situations is the most important problem of the current density
distribution, because the growing dendrites could cause short circuits followed by
adecrease in the current efficiency, or even damage to the power supply.

The aim of this section is to show in which way dendritic growth at the ca-
thode edges can be avoided in electrowinning and refining processes.

5.1 Ohmic resistance of the cdll

The current density distribution in arectangular electrolytic cell in which pa-
ralel electrodes cover only part of the wall and the linear approximation of the
current distribution are presented schematically in Fig. 5.

Fig. 5. Schematic presentation of the current dis-
tribution in a paralel plate electrode geometry
and the linear approximation model showing the
current flow passing the space between the plane
parallel electrodes (A is the electrode width, L is
a the distance between the edge of the electrode
and the side walls and | is the distance between
the electrodes).>°

The analysis performed here for the current distribution between the elec-
trode edges and the cell side walls is obvioudly valid also for the situation in
which there are gaps between the upper edges of the electrodes and the free sur-
face of the solution and the lower edges to the bottom of the cell. In the case
under consideration, these two distances are zero.

Theresistance dR of a section of the electrolyte of thickness dc is given by:
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CURRENT DENSITY DISTRIBUTION 811

dc
_P (6)
B A+2d
where B is the height of the electrode and p is the specific resistance of the elec-
trolyte. From the linear approximation, it follows:>

L
d=—c 7
c (7)
The parametersd and ¢ areindicated in Fig. 5.

The resistance of the whole electrolyte is then given by:>

R:ﬁ n(A+2LJ @®
BL A
and for L—0, by:
imR=22C_ A _p (©)

L—0 BA BA

where Ry, corresponds to the resistance of a system with a homogeneous current
density distribution (the side walls touch the edges of the electrodes). For 0 < L <<
<< o, L can berelated to A by alinear coefficient k as follows:

L =KkA (20
which transforms Eq. (8) to:
Rh
R= — In(l+2K 11
K (I +24 (11)
and
I
l st :Eln(1+ 2k) (12

taking into account Eq. (9), where I represents the interelectrode distance in a
cell with L=0, the resistance of which is equal to the resistance of a cell in which
the interelectrode distanceisl and L > 0.

The good agreement between the experimenta results and the values pre-
dicted by Eq. (11) extends to k = 1. It can be concluded that for this system, Eq.
(11) is valid for k < 1. This means that the maximum penetration of the current
lines occurs when L = C = A in this case, and that the maximum length of the
currentline, I, is I\/E.

5.2 The very edge ohmic resistance

This consideration of the very edge current density can be elaborated mathe-
matically in the following way.® Assuming total ohmic control, the voltage drop
in the solution between the el ectrodes inside the homogenous field is given by:
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812 POPOV, ZIVKOVIC and NIKOLIC

U—-E=pglj (13)
and outside of the homogeneous field by:
U — E =4ljji (14)

where U is the cell voltage, E is the equilibrium potential difference, p is the
specific resistivity of the electrolyte, | the interelectrode distance, j is the current
density, |; is the length of the i-th current line and j; is the current density corres-
ponding to the i-th current line, as can be seen from Fig. 6.

- Phd
VI NN\
/’fé,:::—f"’““:::i:\g\\:\\\
Py
N ]
N/
\ :::::\::_-_-_-:,,;;j;/'
\\\\\--'j’:/’ Fig. 6. Current lines between electrodes with
p[i.]i edges not touching the side walls of the cell.®
The difference in the current lines outside of the homogeneous field is given
by:
, .. U-E(1 1
it —ji=——| —— (15)
i I +Al
or in the differential form:
dj; U-E1
—L=—= (16)
dl; P Ii2

When Eq. (16) is integrated from the interelectrode distance | to the maxi-
mum length of the current line I', the maximum contribution to the edge current
density j', due to current line propagation between the electrode edges and the
sidewalls of the cell, is obtained:

jlzﬁ(l_%:ﬁg (17)
p U 1 pl

2011 Copyright (CC) SCS @



CURRENT DENSITY DISTRIBUTION 813

Taking into accounts Eg. (13), one obtains:
=1

j'= T (18)
The edge current density, je, can be written as:
je =j+] (19
The maximum value of |' is obtained from Eq. (18) as:
) 22
J'max =] . (20)
Combining Egs. (19) and (20), the maximum edge current density can be
given as:11
. 2. ,
Je, max = (Z_gJJ ~13]j (21)

for I' =142, asfollows from Fig. 1.

This means that the very edge resistance is lower than that in the homogenous
field and that the minimum effective interelectrode distance, | e min between the
edges of the anode and cathode will be;

2
|eff,e,min=4_\/§

| (22)

because:
Pl = p leif e,minJe,max (23)
5.3 The edge effect on the current density distribution

In acell with parald plate electrodes, if the €l ectrode edges do not touch the
cell side walls, the potential difference between two points in the homogenous
field symmetrically positioned on the electrodesis given by:

U=E+ 72+ 7c+ pl] (24)
Analogously, the cell voltage at the edges can be expressed as:
U=E+ 7ae* Nlcet Plefide (25)

where 775 and 7 are the anodic and cathodic overpotentials corresponding to the
homogenous field, respectively, and 775¢ and 77c¢ are the anodic and cathodic
overpotentials corresponding to the edges, respectively.

Elimination of U from Egs. (24) and (25) gives:

Naet NMee= Na+t Ne +plj — Pleft de (26)
In this case plj > ple de, because the increase of the current density also
leads to the increase of the cathodic and anodic overpotentials.
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814 POPOV, ZIVKOVIC and NIKOLIC

In this way, a part of the ohmic potential drop in a homogenous field trans-
forms into electrochemical overpotential for points at the plane electrode edges,
or in a similar position, meaning the edge current density is larger than in the
homogenous field. In this way it is possible to explain the change in the quality
of the metal deposit near the edge and at the very edge of an electrode. It should
be noted, however, that according to the proposed model, the entire edge current
is located at the very edge of the electrode. In other words, a homogeneous elec-
tric field and, consequently, a uniform current distribution is assumed over the
entire electrode surface up to the very edge of the electrode, where the current
density increases abruptly, which is quite close to the real state described by
other authors.2.18

5.4 The depth of the penetration of a current line between the electrode edges
and the cell sidewalls

Equation (17) can be rewritten in the form:
I

'=————— 27
1- Pl @7

U-E

and if j" isreplaced with j (2—\/5)/2, then I' becomes:
I

I' = 28
2 (28)

U-E 2

as the maximum length of a current line. (U — E) in Egs. (27) and (28) is the
ohmic potential drop, but it can be substituted by the cell potential due to the fol-
lowing facts.

The current along each line should be very low and because of this, the elec-
trochemical overpotentials at the edges of electrodes due to one current line can
be neglected relative to the ohmic potential drop. Hence, the cell potentia trans-
forms into the ohmic potential drop aong each current line and (U — E) in Eq.
(28) can be substituted by the cell potential from Eq. (24).

Substitution of (U — E) from Eq. (24) in Eq. (28) gives.

I

I'= _ (29)
1- plj 2-4/2
ny+n,+pli 2
or after rearrangement:
+1_ +plj
I'=1 Ta 770\//5?1 (30)
77a+77c+7/3|j
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CURRENT DENSITY DISTRIBUTION 815

Assuming a linear approximation of the propagation of a current line, the
relation between L', the maximum depth of the propagation of a current line pe-
netration into the space between the edges of the electrodes and the cell side
walls, | and I', is given by:

L :%\/I‘Z—IZ (31)

Substituting I' from Eq. (30) into Eq. (31) and rearranging gives.

5 U2
+7_ +plj
L':'E Ta ”C[;” 1 32)
Mo+ + - Al
It can be shown that if:
Ny +1,>>plj (33)

then I'->l and L'—=0 and, in the opposite case, I':I\/Eand L'—l/2. This shows
that the ability of an electrolyte to distribute the current density uniformly in-
creases with decreasing plj product, i.e., with decreasing ohmic polarization. Fur-
thermore, it is to be expected that with a larger spacing (the distance between the
polarization j — U curvesfor L = 0 and L > 0), the current density distribution will
become worse.

5.5 The dendritic growth initiation at the edges of the cathode
The equation for the polarization curve is given by:17

. J
j=—0—C— (34)

for fo >> f, where fo =107/ and f, =107k, The critical overpotential for
dendritic growth initiation, 7, is given by:

= n-L (35
23 0
Substitution of 7; from Eqg. (35) into Eq. (34) and further rearranging gives:
1.
=510 (36)

where i isthe critical current density for dendritic growth initiation.
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816 POPOV, ZIVKOVIC and NIKOLIC

If L > L', the edge current density could be obtained by combining Egs. (18),
(19) and (30) as:
V2
. '77a+776+(2—2 Alj
Je =) +1_+ plj
Ny Mg+ Pl
Assuming that the maximum edge current density at which dendrites do not
grow is given by Eq. (36), the maximum current density, jmax, in the homogene-
ous field at which dendrites at the edges do not grow is obtained after the substi-
tution of jein Eq. (37) with j; and after combination of Egs. (36) and (37) as:

1 My g+l

(37)

Vnax = 277 . +(2_\/§}ij L (38)
a e 2
It follows from Eq. (38) that jmax =~ 0.5 for:
Na+ 7c>> plj (39)
and jmax = 0.4j_ for:
Na+ Nc << plj (40)

The maximum current density in both cases is larger than the current density
corresponding to the end of the Tafel linearity, which is the optimum current den-
sity for the deposition of compact metal. Hence, if the deposition current density
corresponds to the end of the Tafel linearity, dendrites will not grow at the edges
of the electrode. It should be noted that in metal electrorefining, the working cur-
rent density can be determined relative to the initial concentration of depositing
ions, because it remains constant or increases during the refining process. In elec-
trowinning processes, the working current density must be determined relative to
the final concentration of depositing ions, because it islower than initial one. The
same reason is valid in the case of L <L'; meaning, in general, that if the current
density in the cell is lower than 0.4j_, dendrites and probably carrot-like protru-
sion on the electrode edges do not grow.

Equations (39) and (40) are in qualitative agreement with experimental find-
ings, but this topic requires some additional, carefully performed investigations.

6. THE CORNER EFFECT

“Corner weakness” occurs in heavy deposits of electroformed metal at
screened cathode parts, i.e., corners. At these areas, the deposit is thinner and, in
extreme cases, there is no deposition at all along the line of the corner bisector. A
number of microphotographs of deposit cross-sections, illustrating the “corner
weakness” effect can be found in the literature.1920 |t can be seen that the cal-
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CURRENT DENSITY DISTRIBUTION 817

culated deposit profile,12 with a crack appearing along the corner bisector, looks
very similar to that typically obtained in plating practice.1920 The consequenceis
the emergence of a fracture under negligible load along the line of the corner
bisection, instead of a fracture at much higher loads across the narrowest cross-
section of an electroformed deposit normal to the line of pull.

A theoretical analysis of this phenomenon has been reported using the fol-
lowing assumptions:

— the potential difference between each two points on the anode and cathode
isequal to the cell voltage,

—the current lines are normal to the electrode surface,

— the corresponding ohmic resistance of a solution exists along each current
line and the current lines are independent and insulated from each other,

— current lines in the vicinity of a protrusion divide into components which
are normal to the electrode surface and

—the Kirchoff Laws are valid for current lines branching.

The current distribution in a cell with the electrode arrangement given in Fig.
1 near to an elevation at the cathode can be envisaged as shown in Fig. 7.

anode

Jih !
l4x

dividing point (DP), h i

# h-x
o cathode

Fig. 7. The assumed model of the line division of the current at the corner
on the cathode surface.1?

According to the assumed model of current line division, it follows that there
is no deposition along the line of bisection (Fig. 7). If division of current lines
occurs along the line indicated by the dashed line, this is in perfect agreement
with some earlier experimental findings.12 It can be seen that this configuration
provides the same density of current lines at the cathode as at the anode.

The overall current density along the current line from the anode to the di-
viding point (DP) is obviously the sum of the partial ones branching at the DP,
i.e, (j1 +j2). For acell with asoluble anode, following relations are valid:
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818 POPOV, ZIVKOVIC and NIKOLIC

ba b C o

Ucal = 23In Jo +/)(|+X)(J +j )+23| Jo(JL_Jl)+pjl(h X)  (41)
by, gt be In

Ucal = 23In i +P(|+X)(J +j )+—23 —O(JL 2)+plz (42)

The proposed model implies that there is no current component in the direc-
tion of the corner vertex and the appearance of a crack along the corner bisector
is expected.

A deposit cannot be obtained in the corner of the cathode directly but rather
by the buildup of the deposit in the x and y direction. An overlap of the x and y
oriented deposits should occur when current density virtually does not depend on
the distance from the very corner.

However, if the current density decreases upon approaching the corner ver-
tex, the deposits would not overlap and aflaw would be created.12

An improved procedure for the determination of j; and j» as compared to the
one presented earlierl2 is presented here. It follows from Egs. (41) and (42) that:

Jp ] .
Eppc =hlog—2-t—+pj, (1-%) (43)
JO(‘IL_Jl)
and
j JL _
Eppc = QlOQﬁ"‘PJZX (44)

Eppc should be calculated using Eq. (43) for x = 0.1h, 0.5hand 0.9h and j;1 =
=1,2,3,4,5and6mA/cm2and p=5Q cm, jo=0.1 mA cm2, | =5¢cm, h=5cm,
jiL =7 mA cm2, by = 40 mV dec1 and b = 120 mV decL. Then, j» can be cal-
culated using Eq. (44) and U is obtained as:

U= balog J *l, 2 4 (1+X)(] 1T 1,)+Eppc (45)
0
The calculation should be performed for each x and the obtained values plot-
ted as shown in Figs. 8-10. Taking the calculated values of the current densities,
it is possible to visualize the current density distribution in the electrochemical
cell schematically presented in Fig. 11. Taking that j corresponds to a distance of
1 cm, the jpu, jf, j1 and jo values for each x can be calculated and the current
density distribution can be presented asin Fig. 11 for different values of U, being
in agreement with experimental data.19.20
The current density distribution effect is of a high technological significance
for the creation of open porous metal structures, denoted as honeycomb-like ones,
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CURRENT DENSITY DISTRIBUTION 819
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Fig. 8. The dependences of the current densities at the near and at far parts of an electrode on
the cell voltage, aswell asthej; and j, for x = 0.1.
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Fig. 9. The dependences of the current densities at the near and at far parts of an electrode on
the cell voltage, aswell asthej; and j, for x = 0.5.
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Fig. 10. The dependences of the current densities at the near and at far part of an electrode
on the cell voltage, aswell asthej; and j, for x=0.9.

which are ideally suited for electrodes in many electrochemical devices, such as
fuel cells, sensors and batteries.2l Copper structures of this type are formed from
acid sulfate solutions of different CuSO4 and H»SO4 concentrations,22
characterized by different values of the exchange current density, jo.23 Due to the
effect of the current density distribution effect, improvement of the micro- and
nanostructural characteristics of the honeycomb-like structures can be attained by
application of periodically changing regimes of electrolysis, such as the pulsating
overpotential (PO) regime.24

Anode

Cathode
Fig. 11. Visualization of current density distribution for U = 200, 400 and 600 mV.
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7. CONCLUSIONS

A concise review of earlier results and an improved method for the esti-
mation of the current density distribution in electrochemical cells is presented.
The method is based on the simple equations of electrode kinetics and the phy-
sical essence of the phenomenais clearly demonstrated.

Acknowledgments. The work was supported by the Ministry of Education and Science of
the Republic of Serbia under the research project: “Electrochemical synthesis and characteri-
zation of nanostructured functional materials for application in new technologies’ (No. 172046).

M3BOJ

MATEMATHYKN MOJEJI PACIIOAEJIE 'YCTHUHE CTPYIE ¥
EJIEKTPOXEMUHJCKUM REJIMJAMA

KOHCTAHTHH W. TIOMOBY?, TIPE/IPAT M. )XUBKOBHW R 1 HEBOJILIA JI. HUKOJINR?

! Texnoaouko—meimiarypuiku axyaitieit, Ynusepsuiteii y beozpaoy, Kaprezujesa 4, 11 000 beozpao u
2UXTM — Llenitiap 3a eaexitipoxemujy, Ynusepauiieini y Beozpady, ezowesa 12, 11 000 Beozpad

[IpukazaH je caxkeTw Mperjiel paHWjuX pe3yiTaTa W MPEICTaBIbEH je MOOOJbIIAH MPUCTYI
MPOLICHN pacrojelnie CTpyje y enekrpoxemujckuM henujama. OBaj MpUCTYIl, 3aCHOBaH Ha jedHa-
YMHAMa EJIEKTPOXEMH]jCKe KMHETHKE, YIOTPEOJbEH je 3a TEOPUjCKO O0jallmbehe HBUYHUX U yrao-
Hux edekara. Takohe Cy IMCKYyTOBaHH YTHIAjH IEOMETPHjE CHCTEMa, KHHETHUKHX MMapamerapa
KaTOJHHUX peaKiija U OTIOPHOCTH pacTBopa. IIpencraBibeHa je mporeaypa 3a KOMIUICTHY aHAIIH3y
pacrogerne cTpyje y eleKTpoxeMujckuM hennjama.

(TMpumsbeno 12. mapra 2010, peunupano 4. mapra 2011)
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