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Current Distribution on a Rotating Disk Electrode 

Vi nay Marathe and John Newma.n 

Inorganic Materials Research Division, 
Lawrence Radiation Laboratory, and 
Department of Chemical Engineering, 
University of California, Berkeley 

February, 1969 

Abstract 

The radial variation of deposit thickness on a rotating disk electrode 

was measured for deposition of copper from a solution 0.1 !i in CUS04 and 0.1 !i 

in H2S0
4• The results confirm the theory of nonuniform current distribution on 

such electrodes below the limiting current. 
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Introduction 

The basic theory of the rotating disk electrode was developed by 
- ., . 

Levich in 1942. Since then, considerable work has been done to refine the 

theory of this,electrode system. It has been widely used for the study of 
i 

electrode processes and mass transfer in electrochemical systems. Measurement 

of diffusion coef'ficientsand bulk concentrations and the study of moderately 

fast electrode reactions are some of' the common app~ications. Theoretically 

predictable velocity and concentration profiles and elimination of natural 

convection effects due to strong forced convection make it suitable for the 

above mentioned and other applications. Furthermore; the current density. is 
i 

uniform at the limiting current. 
, .' 6 

Recently, Newman has shown that below the limiting current the current 

density is nonuniform and can be obtained by solving for the concentration and 
. . 

potential distribution simultaneously (subject to el~ctrode kinetic bou~dary 

conditions). The eonvecti ve diffusion equat ion for the diffusion layer can be 

replaced by an integral equation 7,8 relating the reactant concentration and the 

normal derivative of the reactant concentration at the electrode surface 

r fr dco dX} 
r(4!3) . dr Ir=x 3 3 1/3 ' 

o (r -x ) 

where i is the current density on the disk and c and Coo are the surface and bulk 
o 

concentrations of the reactant. 

The potential distribution outside the diffusion layer satisfies 

Laplace's equat.ion and can be expressed as a series solution, frOm whic\1 one 

obtatns 

(1 ) 



-3-

00 

~o = ~ ~ Bn
P2n(q) 

00 

and 
Koo RT ~ f 

- ZF L.,., B P2 (fJ )M2 ( 0 ) 
rofJ n=U n n n 

Here fJ and ~ are rotational elliptic coordinates defined by 

y 
.... 1 . 2 2 

r ~~ and r = r 1 (l+~ )(l-~ ) 
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, 

(2 ) 

and ill 0 is the ohmic drop extrapolated to the disk surface ,P 2n (fJ) is the Legendre 

polynomial of o~der "2n, and ~n(~) is a Legendre function satisfying 

~d G1+e
2

) dMd~n] 2 (2 ) u c; ~ s n n+ 1 M2n 

with boundary conditions 

1 at ~ = 0 and~n = 0 at ~ = 00 

The disk, being metallic, should be at a uniform potential V (applied 

voltage), and therefore 

v ill + fJ + fJ 
o s c 

, (4 ) 

where fJ and q are the surface and concentration overpotentialsj these are 
s c 

computed from 
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(6 ) 

where i is the exchange current density, Y is the slope of a logarithmic plot . 0 

... of exchange current density vs concentration, and c:t, 13 are electrode kinetic 

parameters. 

Simultaneous solution of equations I through 6 yields the current 

distribution. Results obtained by iterative calculation have been described in 

the literature.
6,8 The current distribution depends upon the parameters 

2 
nZF Dc co 

N = RT(I-t+)lCoo 

J 

_ fIT (av)l/ 3 
ro lv 3D 

, 

, 

and (1,; 13, Y, and ·t+. N, 0, and J can be considered as the dimensionless limiting, 

average, and exchange current densities respectively. 

The aim of this work was to study the current distribution experi-

mentally for comparison with theoretical results. Newman's theory is valid for 

rnet.aJ dt~posi tion from a single salt and for the reaction of a minor component 
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with excess supporting electrolyte. The metal deposition reaction from copper 

sulfate-sulfuric acid at copper electrodes was chosen for experimental work. 

Experimental Technique 

The metal deposition reaction will result in a copper deposit on 

the electrode surface, and this will be proportional to the current distribution 

if the density of the deposit is uniform. Experimental measurements of the 

deposit thickness would thus yield the current density distribution. 

To maintain the theoretically predicted velocity profiles, the 

deposit thickness should be very small compared to the momentum boundary layer 

(~5xlO-2 cm). The active surface of the disk should be considerably smaller 

than the total surface and the cell size for approximating the assumptions of 

the· hydrodynamic and potential distribution models. These restrictions limit 

the application of several thin film measurement techniques like radiographic 

methods; ultrasonic testing methods, and eddy-current testing. 
12 

Tolansky has 

reported the measurement of electrodeposited films by employing interferometry. 

In our experiments the deposits were found to be fairly bright but not smooth 

enough to give an interference pattern. Additives for obtaining bright and 

smooth deposits could not be employed in the present work since they could alter 

the transport properties and the electrode kinetic parameters of the system. 

In this work the deposit distribution was measured with a precision 

optical instrument by sectioning the electrode at a plane passing through its 

axis. The electrode was embedded in a hard epoxy resin to prevent burring of 

the deposit during machining. 

DeSign of' the Rotating Disk Electrode System 

llj sk ell'(~trod<:~s of various shapes and designs have been used in the 

vest. In ~1 reviev on the rotating disk system, Riddiford
lO 

has summarized the 
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various designs and recomrn-ended several design criteria based on theoretical 

and experimental considerations.- These criteria attempt to attaih the theoret-

ical hydrodynamic model and concentration profile by minimizing the edge effects 

and ensuring laminar flow. The potential distributicm is valid for a finite 

disk embedded in an infinite insulating plane with walls and counter electrode 

at infinity. This can be achieved for a disk electrode if it satisfies the 

above mentioned criteria -and if the polarization is confined to the disk 

electrode. Angell, Di~kinson, and Greef
2 

have measured the potential distribu-

tion for disk electrodes satisfying Riddiford's criteria and found the results 

to be in good agreement with Newman's theory.5,6 The disk electrode was care

fully designed3 to meet the crite'ria set up b'y Ri'ddiford and others. Only the 

central portion of the lower surface of the disk is active,. A rotating disk 

electrode is shown in figure 1. The' disk electrode specifications_are: 

outside diameter, cm 4 

active surface diameter, cm 0·5 

disk thickness, cm 0.1 

shaft diameter, cm 0.8 

The lucite cell is 14 cm in diameter and 10 cm high. It has a 

circular inset in the bottom for the anode. The copper anode is 7.5 cm in 

diameter, 1:..~., more than 200 times larger than the cathode (this confines the 

polarization effects to t he cathode). The electrical connection to the anode 

is through a I 'b screw, at the ottom of the cell, and the opening is made liquid 

tight w,i th a rubber ring in a groove. 

The central copper portion of the rotating disk electrode is machined 

to dimensions and cast in epoxy resin. The'epoxy, on curing, is machined to 

the dimensions (specified,earlier) and shape shown in figure 1. 
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XBB 686 - 3955 

Fi gure 1 . The rotating disk e l ectrode 
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. Experimental Set-up and Procedure 

A Lambda Model 2B regulated power supply was used as a constant 

current source. The current was measured with a Keithley Model 610R electro-

meter to an accuracy of' ±2 per cent. Electrical connecti-on to the rotating 

disk electrode was achieved by means of' a mercury wel~. The disk was mounted 

on a spindle with 3/8" 24 TPI lef't-handed threads. The spindle was tightly 

f'itted in two ,/8-inch o.d. New Departure RC bearings. To minimize eccentric-
I 

ity the bearings,we~e mounted inside a heavy brass bearing case. The spindle 

was coupled to the shaft of' a variable speed motor (Bodin~ Electric Company, 

typeNSE llR, with a gear ratio of' 10 to 1) controlled by a precision DC 
I . , 

voltage power supply. The speed of' rotation was determined by a' General Radio 

type 631-BL str~botac with 'an accuracy of' ±l per cent. The temperature was 

maintained at 25.0±O.loC by immersing the cell in a water bath. 
I 

Since the rugosity of' the disk surf'ace should be considerably less 

than the momentum boundary layer thickness, 'the disk surface is subjected .to 

the following treatment bef'ore depos'ition: 

leThe disk surface is polished successively on Nos. 0, 00, 000, 

and 0000 emery papers using kerosene as a lubricant. The last paper has a 

grain size of' 15 to 20 ~. 

2. The electrode surface is polished on a wheel mounted with canvas 

cloth (Diamond Abrasive 1 ~) at moderate speeds with kerosene as lubricant. 

3. The surf'ace is next polished on a wheel mounted with Microcloth 

using Y-alulTlina (0.05 ~) as the grinding compound. 

4. The electrode surface is cleaned with isopropyl alcohol or 

earbon t.etrachloride. 

5. The electrode is rinsed with distilled water followed· by the 

electrOlyte. 
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For ease and accuracy of measurement a fairly nonuniform and smooth 

deposit is desirable. With copper sulfate oniy, the deposit is very rough, 

and with considerable excess of sulfuric acid the deposit is not sufficiently 

nonuniform to measure the variation in deposit thickness accurately. Consequent-

ly the electrolyte concentration chosen was 0.1 ~ copper sulfate and 0.1 M 

sulfuric acid. As mentioned earlier, the deposit thickness should be consid-

'" '-2 
erably le s s than the momentum boundary layer thic kne s s (::::::5xlO cm). Conse-

quently, the time of deposition is chosen such that the maximum deposit thick

ness is less than 2xlO- 3cm. Deposition times were 15 to 30 minutes. 

After deposition the disk electrode is washed with water followed by 

isopropyl alcohol. It is then embedded in an epoxy resin made up of: 

100 parts by weight of Resin 826 (Shell Chem. Co. ) 

10 parts by weight of LP3 (accelerator, Thiokol Chem. Co.) 

15 parts by weight of D40 '( ca talyst , Furane Plastics Co.) 

The embedding was done by pumping the resin down into a vacuum to eliminate 

bubbles and gaps at boundaries and curing at 65°C for 16 hours. One half, 

'towards the axiS, was machined off on a milling machine, leaving about 5/1,000~ 

inch for polishing and etching. 

The sectioned electrode was polished as described earlier for surface 

treatment. It was then etched (etchant: 50 parts distilled water, 50 parts' 

ammonium hydroxide, and 20 parts of 30 per cent hydrogen peroxide) so that the 

deposit can be distinguished from the electrode due to differences in grain 

structure. The deposit was then observed with a ~etallographic microscope 

and microphotographs (x 1',000) of the deposit layer obtained at various points 

by a Polaroid camera attached to the metallograph. 



-10-
I' 

Results 

The theoretical current distribution depends on the parameters N, 

J, 5, 0" 13, Y, and t+ defined earlier. For computing Nand J, data on v, D, 

Koo' and i are needed. Kinematic viscosities (v) and diffusion coefficients o 

(D) were obtained from a correlation of physical properties for the copper 

11 
sulfate-sulfuric acid system by Selman, Hsueh, and Newman. Conductivities 

were· obtained from data reported by Richardson and Taylor. 9 Data on trans-

ference numbers t for copper sulfate-sulfuric acid system were not available, '. + 

so these were back calculated from limiting current density measurements by 

Selman (unpublished). The exchange current density was extrapolated from the 

data of Mattsson and Bockris. 
4 

The kinetic parameters 0" 13, and y were also 

4 
obtained from the work of Mattsson and Bockris and the values used are 

y = 0.42 

aZ = a, = 1.5 
a 

I3Z = a, = 0.5 
c 

From the microphotographs of the deposit along a disk diameter, the 

variation in thickness was measured. Tabulated below are the results Of such 

measurements at three values of 5. 
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Table 1. Experimental values of the deposit thickness. 

Electrolyte: 0.1 ~ copper sulfate - 0.1 M sulfuric acid 

T = 25°C, n = 300 rpm, r = 0.25 cm 
o 

-1 -1 4 -2 21 
1<:.00= 0.051 ohm cm , V = 0.9 39 x 10 cm sec 

Z = 2., ,a = 0.75, a 
N 22.2 J = 0.382 

0.25 , Y = 0.42 

,i = 1 mA/cm
2 

, o i l " 1m 

Experimental tit avg 

5 4.82 5 = 12·3 

0.8367 0.7417 

0.8571 0.7748 

0.8816 0.8165 

0.945 0.8912 

1.016 1.0022 

1.323 1.7024 

65 mA/cm
2 

5 17·2 

0.7655 

0.8078 

0.8481 

0·9079 

1.006 

1.465 

These results are plotted along with the theoretical current distribution from 

Newman IS theory6 in figures 2, 3;, and 4. Measurements closer to the limiting 

current density were rendered difficult due to powdery deposits. 

Discussion and conclusions 

The experimental results are in good agreement with Newman IS 

numerical results. 

1 Recently, Albery and Ulstrup have reported their experimental work 

,..rith ring disk electrodes in NaBr-HC10
4 

solutions. Bromine is produced on the 

disk electrode, and the ring electrode is supposed to be maintained at such a 

potential that all the bromine reaching it is destroyed. They have developed 
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N=22.2,J=O.382,a=O.75,~=O.25, y=O.4~, 8=4.82 
, . 

• 

0.2 

--Theoretical distri bution 

• Experimental (t/tavg) 
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XSL691-1635 

Figure 2. Current distribution at 19 .. 4% of the limiting current density. 
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Figure 3. Current distribution at 49.5% of the limiting current density_ 
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N = 22.2, J=0.382,Q =0.75, f3 = 0.25, Y = 0.42, 8 = 17.12 

---Theoretical dist,rlbutlon' 

• Experimental (t/favg) 
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XElL691-1637 

Figure 4. Current distribution at 69% o~ the limiting current density. 
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a theoretical expression for the ring current in terms of the electrode geometry 

and'the concentration profile at the outer edge of the disk. For some values 

of the concentrations and currents, the observed collection efficiencies are 

lower than the theoretical value for a uniform current density on the disk 

electrode, while a higher value would be expect~d if the current density were 

higher near the edge of the disk. Albery and Ulstrup postulate that the dis

crepancy may be due to the omission of the migration term in the convective 

diffusion equa.tion by Newman. 

It should be noted,' however, that their system does not satisfy one 

of the basic requirements of Newman's theory-that the disk be embedded in an 

infinite, insulating plane. A straightforward way to use a ring disk electrode 

for quantitative study of nonuniformities of current distribution would be to 

keep the two electrodes at the same potential and operate them as a sectioned 

electrode. The different current densities are then a measure of a nonuniform 

current distribution. Operation of the ring electrode as a collector for the 

species produced at the disk electrode would be expected to accentuate the non

uniform current distribution on the disk electrode. 

The experimental method in this work is a direct approach to testing 

Newman's theory, and the results seem to confirm it within the limits of 

experimental accuracy. 
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Nomenclature 

a 0.51023 

B 
n 

c 

c o 

D 

F 

i 

i o 

i avg 

i 1im 

J 

n 

N 

r 

r o 

R 

t avg 

T 

v 

y 

z 

coefficients in series for potential distribution 

concentration of 'reactant, mole/ cm3 

cOIfcentration at the disk surface, mOle/em3 

bulk concentration, mOle/cm3 

. 2 
diffusion coeffiCient, cm /see 

Faraday's constant, coulomb / equi v 
. 2 

normal current density at electrode surface, amp/cm 
I' , 2 

exchange current denSity, amp/cm 
..' . . 2 

average current density, amp/cm 

limiting current' density, amp/cm2 

dimensionless exchange current density 

number of electrons produced when one reactant ion or molecular reacts 

dimensionless limiting current density 

radial coordinate 

radius of the active surface of the disk, cm 

~niversal gas constant, joule/mole-deg 

transference number of the reactant 

average deposit thickness over the disk electrode 

absolute temperature, OK 

potential of the disk electrode, volts 

coordinate normal to the disk, cm 

charge number of species i 

-z z /(z -z ) for single salt 
+ - + -

-n 1vith excess supporting electrolyte 

• f 



v 

.. cp 

cp 
o 
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kinetic parameters 

dimensionless average current density 

concentration overpotential, volts 

surface overpotential, volts 

-1 -1 bulk conductivity, ohm cm 

kinemat~c viscosity, cm
2
/sec 

electrostatic potential, volts 

ohmic drop extrapolated to the disk surface, volts 

angular velocity, radians/sec 
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