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Ring Electrodes 
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Abstract 

The primary and secondary current distributions and the primary 

resistance for ring electrodes are presented. Current distributions, 

including mass transfer effects, for various potential dependent 

heterogeneous kinetics are computed for a representative set of 

rotating ring electrode geometries. 
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Introduction 

Rotating ring electrodes are a common and useful device for the 

study of electrochemical systems. They have appeared individually and 

in conjunction with disks, spheres, and other rings. Ring electrodes 

have very thin concentration boundary layers at the inner or upstream 

edge of the electrode, so the limiting current densities are high in 

that region and infinite at the edge. The primary and secondary 

current distributions have large densities close to both the inner 

arid outer edges; the primary distribution has infinite values at both 

edges. The ring electrode thus behaves very much like·a short 

plane electrode in the wall of a wide flow channel, and in the limit 

of zero ring thickness becomes exactly such a plane electrode. Very 

thick rings demonstrate characteristics ·of disk electrodes, and in 

the limit of zero inner radius are exactly disk electrodes. 

A rotating ring electrode can simulate two of the classic tools 

used by electrochemical experimenters. A ring electrode can be 

fitted to practically any rotator used for disks, thus enabling an 

experimental investigation of processes that were previously studied 

in flow channels, which are much more expensive and specialized 

pieces of equipment. The problems associated with end effects at 

the walls of the flow channel do not occur with the ring electrode. 

The current distribution on rings used as collectors in ring-disk, 

ring-sphere, and ring-ring systems are not radically different from 

that on solitary rings, so a detailed study of ring electrodes yields 

basic information which can be applied qualitatively to all the 

systems involving ring electrodes. 

.•. 
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The asymptotic behavior of thick ring electrodes was experimentally 

investigated by Gregory and Riddiford (1,2) when they reported the 

effects of blocking off the center of a disk. Levich (4) provided 

an expression for the limiting current density distribution on 

ring electrodes, which was extended to show the average limiting current 

in a discussion of Gregory and Riddiford's work by Ibl (3). Several 

theoretical studies on ring electrodes have been made of·highly 

reversible heterogeneous reactions possessing potential independent 

kinetics. Rosner (5) presented calculations for kinetics which included 

the effect of the reactant concentration only, and he considered 

ring electrodes as partially blocked disks, Redox kinetics, which 

included both product and reactant, were analyzed by Albery and 

Bruckenstein (6) for the case of very thin rings. Matsuda (7) 

showed a method to compute current distributions for redox reactions 

on rings of any thickness. Similiar work (8,9) can be found in the 

literature on ring-ring electrodes for rapid heterogeneous reactions · 

where the inner ring is decoupled from the outer ring since the 

kinetics are not considered to be potential dependent. 

Primary Current and Potential Distribution 

The primary current distribution for a ring electrode can be 

easily computed following the method outlined by Miksis and Newman (10) 

for ring-disk electrodes. The technique involves the solution of 

Laplace's equation which Newman (11) reduced to an extremely useful 

(15) integral equation 



<P ( r) 
0 

-4-

rl 

_2_ f i(r') 
TIK · 

()() 

r 
0 

( 
4rr' ) 

K (r+r')2 

r'dr' 
r+r' 

where <P is the ohmic potential drop between the surface of the 
0 

[1] 

ring electrode and·a large counterelectrode which is far enough away 

from the working electrode so that it does not influence the current 

. . 
distribution, i is the normal component of the current density, K 

is an elliptic integral of the first kind (17). The use of Eq. [1] 

implies that the electric conductivity K is constant and there are 
()() 

no concentration gradients in the region. The primary current 

distribution assumes <P to be constant and allows no kinetic effects. 
0 

Fig. 1 shows the primary current distributions for several values of 

the geometric parameter r
0
/r1 • As r 

0
/r'

1 
approaches unity, the 

current distribution begins to look like the primary current on a 

plane electrode which was given by Wagner (12) and displayed in 

Fig. 3 of Parrish and Newman (13) 

i --= 
i avg 

1/2 

[2] 

where x is the distance along the plane electrode and L is the 

length of the electrode. When the geometric parameter tends to zero, 

the ring assumes essentially the same primary distribution as a disk 

(14) with the exception of an infinite current density at the inner 

edge of the ring. The primary resistance of the ring electrode R 
r 

is given in Fig. 2. The resistance varies from that of a disk electrode 

to large values for very thin rings, which is given by (10) 

• 



-5-

2.0mr--~--~------r-----~~------~----~ 

1.8 

• 1.6 

1.4 

Lavg 1.2 

1.0 

0.1 

0.4 '-----~----...__ ___ __.. ____ ..~..-___ ~ 
0 0.2 0.6 0.4 0.8 1.0 

I 

XBL 7612-7970 

fig. 1. The primary current distribution on ring electrodes. 
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Fig. 2. Resistance of current flow to a ring electrode with a 
primary current distribution. 
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0.2312 

Eq. [1] is also used to compute the variation in the ohmic drop 

extrapolated to the surface of the ring for non-uniform potential 

distributions, in the same manner as for. ring-disks (15) . 

The Concentration Boundary Layer 

[3] 

A high-Schmidt-number formulation of the convective diffusion 

equation appropriate for binary electrolytes and minor reacting 

components in a solution with an excess of supporting electrolyte, where 

migration effects can be safely ignored, has been used in most of 

the previous studies involving potential independent heterogeneous 

kinetics (5,7,8,9). An integral equation has proven useful for 

computing analytic and numerical results. The same equations and 

approach for the concentration boundary layers which were recently 

applied by Pierini and Newman (15) to ring-disk electrodes are 

used here for computing the surface concentration when ohmic effects 

and potential dependent kinetics are included. The results of 

Levich (4) are easily reproduced with the integral equation to yield 

[ 4] 

Fig. 3 shows limiting current distributions for rings of various 

thicknesses computed with Eq. [4]. The thin rings are similiar to 

the limiting current for plane electrodes shown in Fig. 3 of Parrish 
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Fig. 3. The limiting current distribution on ring electrodes. 
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and NeWman (13) while the thick rings have fairly uniform distributions 

except in the central regions. 

Kinetics 

A single electrode reaction 

z. 
L s.M. J 

J J j 
+ ne. 

is chosen as the basis for the potential dependent heterogeneous 

[5] 

kinetics to demonstrate the manner in which the current distribution 

varies between the ohmically limited (Fig. 1) and the mass-transfer-

controlled (Fig. 3) distributions. The applied voltage V can be 

decomposed (16) as follows 

where ~ 
0 

v = ~ + u + n + n 
0 s c 

is the local ohmic potential drop extrapolated to the 

[6] 

ring surface, U is the open-circuit potential calculated with the 

bulk concentrations, the surface overpotential ns is given implicitly 

by the kinetic expression 

i [7] 

and the concentration overpotential takes the form (19) 
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. c. 0 CR 00 

J J ' ' 

[8] 

This basic equation covers a variety of situations, such as deposition 

from a binary electrolyte and redox and deposition reactions with 

supporting electrolyte. 

Results 

The problem as stated can be solved numerically (13,14,15) 

with the basic parameters r /r
1

, a, S, A., t, Z, D./DR, 
0 1 1 . 

[9] 

N (/n)112 
i/3 - ~ (;~R) [10] 

[11] 

where the limiting reactant has been subscripted as R . J can be 

thought of as a dimensionless exchange current density, and N is 

the dimensionless stirring rate. The concentration boundary layer 

grows thinner as N gets larger; when N is infinite the boundary 

layer has zero thickness, and the concentrations at the surface of 

the electrode are uniform and equal to the bulk concentrations. 

For examples, three ring geometries are chosen. The cases in 

which r
0
/r

1 
is respectively 0.5 and ~.7 represent situations that 

characteristically behave like rings, that is, they do not tend to 

-. 

I 
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simulate either a disk or a plane electrode. The case of r
0
/r1 equal 

to 0.9 can be easily compared to plane electrodes. 

Secondary Current Distribution 

When N is infinite and the .concentration effects may be ignored, 

the secondary current distribution is achieved. For small surface 

overpotentials Eq. [7] is linearized to read 

i [12] 

The average current density is much smaller than the characteristic 

exchange current density in this case. Fig. 4 shows how a ring 

with r
0
/r

1 
equal to 0.5 behaves over a range of kinetic parameters. 

The distribution varies from a basically uniform current when 

kinetics control, to the primary distribution when ohmic effects 

dominate. 

Tafel polarization occurs when one qf the exponential terms 

in Eq. [4] is small enough to be dropped. Then for a cathodic 

process the polarization equation may be written 

RT 
- BZF [ln (-i) - ln (iO,oo)] [13] 

and the characteristic parameter is 

Bo [14] 
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Fig. 4. Secondary current distribution on a ring electrode 
for linear kinetics. 
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The current distribution now depends only on the magnitude of the 

average current density, and the exchange current density has no 

effect. Fig. 5 for Tafel kinetics is similiar to Fig. 4. The 

change in the shape of the curves is principally due to the difference 

in the geometric ratio r
0
/r1 Both cases go to a primary distribution 

as the kinetic parameter goes to infinity, and the effect of the 

radii ratio can be clearly seen in Fig. 1 for the primary distributions. 

Concentration and Kinetic Effects 

Mass-transfer effects must.be taken into account for finite 

values of the dimensionless stirring rate N • Again the situation 

in which the average current density is much greater than the 

exchange current density is examined in· Fig. 6, where one of the 

exponerttial terms in Eq. [7] may.be neglected. The reaction is 

very slow as characterized by the zero value of J , and is considered 

to have Tafel kinetics .but with concentration dependence in contrast 

to the Tafel kinetics described by Eq. [13] and shown in Fig. 5. 

The effect of the concentration boundary layer begins to dominate 

as the. controlling factor as the fraction of the limiting current 

is increased. The behavior of the current distribution at the outer 

edge of the ring is very similiar to that of both disk electrodes 

(16) and plane electrodes (13) in exhibiting a maximum. 

Curves for deposition kinetics in which both terms of Eq. [7] 

make a contribution but where there is no back reaction are shown 

in Fig .. 7. This particular reaction, with J = 1, would still be 

considered slow, but it is more reversible than the previous example 

as indicated by a larger value of J • The distributions appear to 
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Fig. 5. Secondary current distribution on a ring electrode 
for Tafel kinetics. 
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Fig. 6. Current distribution on a ring electrode for Tafel kinetics 
where Ji J >> i
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but N is finite and mass-transfer 

avg ,oo 

effects must be taken into account. 
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Fig. 7. Current distribution on a ring electrode for product 
independent or deposition kinetics with an excess of 
supporting electrolyte and with mass-transfer effects. 
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be more disk-like, primarily due to the smaller r
0
/r

1 
, while the 

differences between the maxima and minimum in the distribution are 

enhanced by the kinetics. 

As a final example, a very fast redox reaction was chosen in 

conjunction with a very thin ring. The interesting feature of 

Fig. 8 is the comparison to the limiting current curve ·(dashed line). 

The mass:_transfer is dominant over a wide range of currents influencing 

the shape of the curves. Also the local current densities near the 

trailing edge of the ring are driven above the local limiting current 

densities, a situation which is similiar to disks (16) and planes (13). 

Since the ring is very thin, the distributions can be compared to 

those of Fig. 4 of Parrish and Newman (13), which is a plane electrode 

with Tafel kinetics. 

Landolt, Mueller, and Tobias (18) assessed the design considerations 

for a cell to study electrochemical machining processes. The rotating 
. . 

disk electrode and concentric rotating cylinders were deemed unfeasible 

due to the difficulty in maintaining reasonable cell voltages and 

the radial dependence of resistance and characteristic length. A 

flow channel was shown to have a primary voltage drop of 50 V with 

2 
a 100 A/em current for a solution with a specific conductance of 

0.1 mhos/em and an interelectrode gap o£0.5 mm. An equivalent 

primary voltage with the same solution and operating conditions can 

be obtained with a ring electrode having an inner radius of 0.2480 em 

and a width of 0.0275 em, well within practical machining considerations. 

This particular design required r
0
/r

1 
to be 0.9 which is the 
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Fig. 8. Current distribution on a ring electrode for product 
dependent or redox type kinetics with an excess of 
supporting electrolyte with mass-transfer effects. 
Dashed line is the limiting current. 

C• 

. .., 



... 

-19.:... 

geometric ratio used for the redox reaction shown in Fig. 4. 

Alternatively the resistance and one length could be specified, Fig. 2 

would then provide the remaining length, thus enabling the characteristic 

length to be varied and the resistance to be fixed. Turbulent flow 

can be maintained with most commercially available rotators by keeping 

the inner ring radius greater than 1 em for common electrochemical 

machining solutions. Ring electrodes seem feasible to study high 

current density processes with a smaller ca,pital investment than a 

thin gap flow channel. 
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List of Symbols 

English Characters 

a 

D. 
J 

e 

F 

i 

0.51023 

concentration of limiting reactant in the bulk solution, 

3 
mole/em 

concentration of limiting reactant at the electrode surface, 

3 mole/em 

2 diffusion coefficient of the jth species, em /s 

symbol for an electron , 

Faraday's constant, 96487 c/equiv. 

2 
normal current density at the electrode surface, A/em 



i avg 

i avg,LIM 

J 

j 

K 

L 

M. 
J 

N 

n 

R 

R 
r 

r 

r 
0 

s. 
J 

T 

t 

u 

v 

X 

y 

z 

z. 
J 
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2 
average current density on the ring electrode, A/ern 

2 
average limiting current density on the ring electrode, A/ern 

2 
characteristic exchange current density, A/ern 

dimensionless exchange current density 

subscript variable 

complete elliptic integral of the first kind 

length.of planar electrode, em 

chemical symbol of the jth species 

dimensionless stirring rate 

number of electrons in reaction 

universal gas constant, 8. 3143 J/rnole-K ·· 

effective pri~ary resistance of a ring electrode, n 

radial coordinate, ern 

inner ring radius, em 

outer ring radius, ern 

stoichiometric coefficient of the jth species 

absolute temperature, K 

transference number of reactant 

open-circuit potential, V 

potential applied between the ring and a distant reference 

electrode, V 

position from leading edge of plane electrode, em 

normal distance from surface of ring, em 

-n or -z + z /(z - z ) - + -
charge number of j the species 

... 
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Greek Characters 

a,B,y. 
J 

kinetic parameters in Eq. [7] 

n· 
c 

K. 
00 

\) 

<I> 
0 

dimensionless average current density 

concentration overpotential, V 

surface overpotential, V 

-1 -1 
electrical coqductivity of the bulk solution, Q - em 

kinematic viscosity 

ohmic potential extrapolated to the electrode surface, V 

rotation speed, rad/s 
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