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• 

• 	Measured linilting currents 1 for deposition of copper on a rotating 

copper disk from aqueous copper sulfate solutions are found to agree 	• . 

satisfactorily with values calculated with consideration of the concen- 	• 

tration dependence of the physical properties of the solution. The  

observed electrode polarization can be traced mainly to the ohmic poten- 	.• 

tial drop In these solutions of low electrical conductivity. S 	 • 	

0 • .•• 
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0 	 • 	 • 	 • 	
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I. Introduction 

The rotating disk electrode has been widely used as a tool for studying 

electrode processes and mass transfer because the velocity and concentration 

profiles can be predicted theoretically and the strong forced convection 

eliminates the effects of natural convection. Two main branches of work 

have been done in this field: 
/ 

I. to study mass transfer processes by means of the limiting current 
/ 

/ 
density or to obtain the diffusion coefficient as a function of concentration. 

ii. to study electrode kinetics b means of the polarization curve, 
Ii 

so as to obtain the kinetic parsmetérs of the reaction as functions of 

concentrations. 

The theory of concentration polarization of the rotating disk electrode 

was developed in 1942 by Levich1 . The original theory of Levich involved 

the assumptions of constant physical properties throughout the diffusion 

layer and a zero velocity at the surface of the disk. in order to meet 

these assumptions, most experimental work has been done at relatively low 

concentrations .(e.., lO to lO 	). For the details of this theory, 

one should consult the book of Levich 2  and the.review paper by Riddiford 3 . 

For concentrated electrolytic solutions, several factors may cause 

deviations from Levich's theory of mass transfer and polarization at a 

rotating disk electrode: 

the Schmidt number is not infinite. 

due to the high mass-transfer rate the interfacial velocity at 

the electrode surface is not zero. 

the physical properties, such as density, viscosity, diffusion 

coefficient, and specific conductivity, are not constant but vary through 

the diffusion layer as the concentration varies. 
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14 the solution is not Ideal and the activity coefficient must be 

included in the concentration gradient, particularly in the calculation 

of the concentration over-potential. 

5 the current density at the disk is not uniform because the 

ohmic potential drop is not uniform 

6. the fluid flow is not laminar. 	 . 
• 	 - 	 1' 	 0 	 •0 

• 	 The effects of the first two factors on ra'es of mass transfei have 

• 	been taken into account. by various authrs' 5 ' 	to yield separate ,cor- 

• 	
rections to Levich's equation. For aseous system, these two factors 

may dominate the correction, and the' effect of variable physical ,roperties 

should be negligible.  

Recently Newman and Hsueh8  ,have calculated mass transfer rates by 	. •' 
( 	 . 

a procedure which accounts for the concentration dependence of the physi-

cal properties, the non-zero interfacial velocity, and the finite Schmidt 

number for metal deposition from a concentrated, binary, electrolyte. Both 

the velocity profile and the concentration profile were calculated as well • 

• 	as the dependence of the limiting current density on bulk concentration • 	
:• 

and rotation speed. 	 • 	. 	• 	 • • 

Below the limiting current, the polarization is important in deter- • . '•, 

mining the magnitude and the distribution ofthe current. In general, • 	. 

the potential of the disk electrode relative to a reference electrode is 	' • ' 

'0 	 • 	regarded as the sum of the surface overpotential 11, the éonceitratio±i over- ; 

potential Tl ,.c' 
 and the ohmic poteitial drop in the solution ohm ' 

(1) 

Most of the known electrode reactions take place with both over- 	•' • •. • 

potentials and a certain amount Of ohmic potential drop. • None of them is • 

negligible compared with the others. 
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Newman9  introduced the term, surface overpotential, to include the 

charge-transfer or activation overpotential, crystallization overpotential, 

double-layer effects, and any other overpotential associated directly 	: 

with the reaction occurring at the electrode surface, since it is not 

obvious how to.measure these effects separately. The surface overpotential 

is thus concerned with the physical situation at the electrode surface, 

such as the surface condition, the current density at the surface, and 

the concentration at the electrode surface( 

Generally the surface overpotential is defined as the potential of 

the electrode minus the potential of a reference electrode of the same 

kind located just outside the diffuse double layer and is obtained from 

measured potentials by correction for the concentration overpotential and 	- 

the ohmic drop according to eqition (1). On th6 basis of empirical evi- 

dence, the relationship between current density and surface overpotential 

can frequently be expressed as 

i = i0  [e ( 
	

) - exp ( (l 	
)]., 	

(2)
RT 

where iis the exchange current density and depends on the concentration 

at the surface, a is the transfer coefficient, and n, F, R, and T have 

their usual meaning. 	 [1 
The concentration overpotential, as its name implies, is concerned 	 -. 

with the overpotential arising due to the concentration difference between 

the bulk solution and the surface of the electrode. Let ti. 1 
 be the 

potential of a reference electrode near the working electrode minus the 

potential of a reference electrode in the bulk, and let jM ohm 
 be the 

.potential difference which would exist if there were the same current 

distribution but no concentration gradient in the diffusion layer. Then 

the concentration overpotential is defined as 
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Yic = 	- ohm (3).60  

For metal deposition from a binary electrolyte the concentration 

overpotential is 

(nfl) 	
00 

= :- 	j 	
(i-t) d t (nfl) 	i 	-. 	dy. 	() 

/ 

The first term represents the potential of a concentration cell, and the 
/ 

second term is the change in the ohmic dro due to the variation of the 

conductivity within the diffusion layei. Newman and Hsueh 8  have calculated 

concentration overpotentials according to equation (4)  for copper deposi- 

tion from copper sulfate solutions.  

• 

	

	Finally, the ohmic drop of the solution is calculated by solving 

Laplace's equation for the potential distribution outside the diffusion 

layer. This involves the specific arrangement of the walls of the cell, , 

the counter electrode, and the size of the insulating part of the disk. 	•. , 

In addition the current distribution, on the disk electrode must agree with 

the overpotential and concentration distribution on the disk. However, 	' 

as an approximation we may use the potential distribution corresponding to 

the primary current distribution for a disk embedded in an infinite insu-

lating plane with the counter electrode at infinity, as calculated by 

Newman10. The more general problem of calculating the current distribution' 

below the limiting current will be treated in a separate paper . With 

the. primary current distribution, the ohmic potential drop is 	. 	 • , 

ohm 	
C. tan  

The distance parameter X refers to the placement of the reference. electrode ., . . 
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X = y/r0 	 atr = 0 (on.the axis of the disk) 

• 	 X =i/r0)2 - 1 	at y = 0, r > r0 	 • ( 6) 

	

• 	 (in the plane of the disk) 	 J 
Previous work on mass transfer and polarization at a rotating disk 

	

• 	electrode have been summarized in the above discussion. The primary aim 

of this work was to study the mass-transfer rate by means of the limiting 

• 	current for comparison with the theoretical results where the variation 

8 
of physical properties in the diffusion layer was taken Into account . 

At the same time the electrode potentials were measured at currents 

	

• 	below the limiting current and compared with the values calculated by 

taking into account surface overpotential, conëentration overpotential, 

and ohmic drop in the solution. ;  

	

• 	 II. Experimental Work 

Since the theoretical analysis involves a binary electrolyte, a 

metal deposition reaction in the absence of supporting electrolyte--the 

system of copper electrode and aqueous copper sulfate solutions-- was 

chosen for this investigation, in spite of the fact that it has the 

following experimental difficulties 

the electrode surface cannot remain unaltered. 

the plateau is not clearly defined in a current-overvoltage 

• 	measurement. 

Because of the inevitability of surface changes during a metal 

deposition reaction, one needs to know how smooth the electrode surface 

should be or what is the maximum tolerable roughness in order to main 

tain the theoretically expected velocity profile. 

12 	 13  From the studies of Ibi and Schadegg, Rogers and Taylor, and 	•. 
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• 	Karasyk and Linford1, we concluded thatin order to xnaintainhydrodynamic 

smoothness of the electrode surface, care should be taken that the 

limiting current density is not exceeded during the polarization measure-

ments, and once a surface reaches the limiting current density, it should 

• 	be retreated before beThg used for further measurement. 

Since there was no supporting electrolyte in this work, the elec-

trical conductivity was very low compared to most other work in this field. 

Because the ohmic drop in the solution was high compared with the concen- 

tration and surface overpotential, the plateau on the current-voltage 

curve due to concentration polarization was essentially overshadowed, 

and it was difficult to locate the limiting density by a current vs. 

• 	voltage measurement. For this reason, the limiting speed method was 

developed; that is, instead of keeping the rotating speed constant and 

varying the current density, as most other experimenters have done, we 

held the current density constant and varied the rotation speed. Thus • 

the ohmic potential drop was kept nearly constant throughout a run. 

The measurement of limiting speed has the same physical significance 

as a limiting-current-density measurement. The limiting current density 

gives the minimum current required to discharge all the reactive ions 	• 

brought to the electrode surface at a given speed of rotation, whereas 

the limiting speed gives the minimum speed required to supply the reac- 

tive ions at a given current density. Both measurements correspond to 

a zero concentration of ions at the electrode surface. 

1. Design and Description of Electrodes 

Cathode (Rotating Disk Electrode) 

The size and the shape of the rotating disk electrode is important 
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since it may affct the flow pattern. Riddiford3  summarized 'various 

shapes of disk which have been used in the past by different expert-.. 

menters. In general, if the:re is no effect which may propagate back-

ward from the edge of the disk and change the fundamental hydrodynamic 

model and concentration profile near the surface of the disk, it may be 

considered to satisfy the original assumptions of the basic theory. 

The shap recommended by Riddiford and also the one .being used in 

this work is shown in figure 1. Only the central portion of the upper 

surface of the disk is act{ve. 

• 	 Several criteria have been set.'up by Riddiford and others for the 

actual design of the size of the electrode. They are: 

the outside diameter of the disk d. should be greater than the 

hydrodynamic boundary-layer thickness. 

the diameter of the working surface d 0  should be greater than 

• 	 the mass-transfer boundary-layer thickness. 

the size of the shaft should be less than 30% of the size of the 

disk, so that the shaft will not affect the main stream of flow.. 

. the thickness of the disk should be less than 1/30  of the disk 

diameter, so thatLthere will be no edge effect. 

5. the Reynolds number at the edge should be lees than 2 x lO in 

order to maintain laminar flow. 	 . 

• 	 The disk has been carefully designed to meet the requirements listed 

above. The disk is operated in CuS0 solution with the speed range from 

60 rpm to 500 rpm. The specifications of the disk are: 

Outside diameter of disk, 	d = cm 
• • • 
	 Working electrode diameter, d0  = 0.5 cm 

• 	 Disk thickness, 	• 	= 0.1 cm 

• 	 Shaft diameter, 	 =. 1 cm. 
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Fig. 1 
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The central part of the electrode was machined from oxygen-free, 

high purity copper to precise dimensions and then embedded in an epoxy 

resin cast. It was further machined to the desired shape. 

The disk was attached to a spindle which was tightly fitted in 

two 7/8-inch o.d. New Departure 77 RC bearings. These bearings were 

mounted inside a heavy brass bearing case in order to keep the eccen- 
/ 	 . 	.... 

tricity as small as possible. The eccentricity at the edge of the disk 

was measured to be less than 0.002 inch. 

Anode  

The anode was designed to provide an area more than 100 times 

1arger than the cathode for the purpose of minlimizing the anodic over- 

• potential. The anode was embedded at the bottom of the vessel and could 	• 

be taken apart to clean the surface before each experiment. It was made 	• 

• liquid tight with a rubber ring placed in a groove. 

Reference Electrode 

An oxygen-free, high purity copper rod was used as the reference 	• 

electrode. It was connected to the electrolytic cell through a capillary 

tube filled with electrolytic solution of the same concentration as in 	• 

the cell. The capillary had a fine tip which faced downward and was lo-

cated at the side of the rotating disk. The use of a copper reference 

electrode was desirable since it would not contaminate the solution and 

involved no liquid junction potential. 

2. The Electrical Circuit 	 . 	• 

The schematic diagram of the circuit for measurdig.:the limiting speed 

of the rotating disk is shown in figure 2. The current source was a 	• 

i-- 	 r 	 49 rmr In the  rpl 1 
jj.mu Ud IIiUUL 	L) .L 	U..L L LI. .I)L)W .L 	.I..J.l).J..J 	.I-LJ... '. 	 • 	 .. 	 - 
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measured with a Keithley Model 610R Electrometer which has an accuracy 

• 	of 2%. The electrical connection to the rotating disk electrode was 

accomplished by means of a mercury well. The disk was rotated with a 

variable speed motor (Bodine Electric Co., Type NSE llR, two-shaft AC-DC 

motor with a gear ratio of 10 to i) controlled by a precision DC voltage 

power supply (Power Design Inc., Model 5015A). Because of the direct 

proportionality of rotating speed to the motor oltage, the approximate 

rotation speed could be monitored during the course of a run by means of 

an X-Y recorder which plotted the mot9I voltage versus the measured 

electrode potential. It was possible to measure the exact rotational speed 

with an accuracy of l%.by a strobotac (General Radio Co., Type 631-BL). 

3. Experimental Procedure 	/ 

Reagent grade CuS0 was used without further purification. Distilled. 

water was used in the preparation of all solutions. Cylinder nitrogen 

was bubbled through the solution to expel all dissolved oxygen, which 

may affect the surface of the electrode during the reaction. The tempera-

ture was 25 0 C. 	 - 

Before each run, the surfaces of the electrodes were cleaned as follows: 

The electrodes were polished with 600-A silicon carbide paper 

until all previous traces of deposit or corrosion were gone. The maximum 

scratch on the surface is then on the order of 10 .t (10 3  cm). 

The cathode was further polished on plate glass using fine lens 

powder (aluminum oxide powder mixture) of 0.3 grain size as grinding 

• compound. 	 - 

The electrode was washed with carbon tetrachloride followed by 

5% sodium carbonate solution. 

• 	 4. The surfaces were rinsed with tap water followed by distilled water. 
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The disk electrode was initially set at a relativeky high speed . 

(5-10 times higher than the "limiting speedtt). The speed was decreased 

by decreasing the voltage to the motor which drove the.shaft of the 

disk. The total overpotential was not very sensitive to this decrease 

of speed at a given current density until it came close to the limiting 

speed where the potential sharply increased. At this point the rotation 

speed was measured by a strobotac. A typical plot of the potential of 

the disk electrode vs. the rotation speed is shown in figure 3. 

III. Results 

The limiting speeds ranging from 60 rpm to 500 rpm were measured at 

constant current density according to the procedure given, in the previous 

section for four values of the bulk concentration: 0.02 M, 0.05 M, 

0.1 M, and 0.3 M. Theoretically, in spite of the concentration dependence 	.' 

of the physical properties, etc., the limiting current density is still 

proportional to the square root of rotation speed.. This has been yen- 

fied in this work. Straight lines passing through. the origin were obtained 

for the square root of limiting speed plotted against current density for 

the four concentrations studied. The slopes of these lines, ilim/ .J?i, are 

shown in figure 4 and in table 1 where they have been compared with the 

values predicted from the theoretical analysis 8  which considers variations 

of physical properties,, non-zero interfacial velocity, and the finite 

Schmidt number. For Levich's equation, the physical properties were 	
V 

evaluated at the bulk concentration. The theoretical analysis indicates 

a correction of +1.57% to the Levich equation for a 0.02 M copper sulfate 

solution and +13.1%  correction for a 0.3 M solution. The experimental 

results . show,  a slight negative deviation at low concentrations but agree' 
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well with the theoretical results at high concentration. A trace of 

	

• 	impurity in. the low concentration copper sulfate solution without sup- 

porting electrolyte may depress the migration effect considerably 15 . 

• 	Table 1. Limiting currents for copper deposition. 

	

• 	
. 	 c00 	 •. 	(mA/cm2)/.Rd/sec 

urn 	 .8 
M 	experimental 	theoretical 	Levich 

0.02 	:86 	 34O42 	 2.995 

0.05. 	• 	7.04. 	 ,,'1.113 	. 6.986 	•• 

	

0.1 	 11.o6 	/ 1.13 	 13.05 

	

0.3 	 38.1 	
: 	

/ 	3812T 	 33.11 

In the classical measurement of the limiting current density, the 

	

current is 	dv: cié èjëc1rdde potential relative to the reference 

electrode (v in equation (i)). But in a solution with no supporting 

electrolyte, the large ohmic drop in the solution obscures the plateau 

at the limiting current. This is seen in figure 5, which shows the 

current-potential curve for a rotating copper disk electrode in a 0.1 M 

copper sulfate solution at a constant rotation, speed of 300 rpm. The 

disk had a radius of 0.25 cm, and the specific conductivity of the bulk 

solution was 16 
	 -1 -1 
0.008I2  ohm -cm . The theoretical concentration over- 

potential YJ was given by Newman and Hsueh8. The surface overpotential 

rj was calculated by equation (2), with the values 17  a. = 0.5 1  n = 4, 

and 10  = 1.0 mA/cm2 . Actually the variation of i0  with the concentration 

at the surface should be taken into account. The ohmic drop of the 

	

solution L 	 can be estimated from equation (5) with X determined
ohm  

from the fact that the reference electrode probe in our experiment was 

located in the plane of the disk 2.5 cm from the axis of rotation. The 

• 	 . 
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sum of these wvlculated terms is shown along with the experimentally 

measured values of the electrode potential. One sees from the figure 

• that the ohmi.c drop is the largest contribution to the total potential 

• 

	

	and can easily obscure the break in the concentration polarization 

curve in this experiment. 

• 	 IV. Discussion 

In the study of electrode kinetics, one is mainly interested in 
/ 

/ 

the surface overpotential, but in a so3tion of low conductivity the 

ohmic resistance dominates the overall polarization measurement. Hence 
1 	•. 

it is worthwhile to emphasize how the several contributions to the 

• 	polarization depend upon the variOus system parameters: 

depends on i and c 0  I, 

c 	depends on i/iand c , 

ohm
depends on i r0/1c and the position of the reference electrode, 

where c0  is the concentration at the surface and c is the bulk concen-

tration,. If polarization is measured at a constant value of i/ .J?, then 

both n and c0  are constant while surface overpotential and ohmic drop 

• 	vary. Furthermore, IM )hm is proportional to the radius of the disk elec- 

trode and should be reduced relative to the surface overpotential by a 

reduction of the electrode diameter. This may result in a conflict with 	• 

the criterion that the electrode diameter should be much greater than 

the thickness of the diffusion layer, but in future work both factors 

• 	should be considered in the design of the disk. 

• 	 V. Conclusions •  

1. From the theoretical analysi, the effect of variation of 

physical properties anci. non-zero interfacial velocity at the electrode 
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Nomenclature 

c 	- concentration of binary electrolyte 

F 	- Faraday's constant (coulomb/equiv) 

i 	- current density (amp/cm2 ) 

- exchange current density (amp/cm 2 ) 

- molality (mole/kg) 

n 	- number of electrons in equation for eletrode reaction 

•. 	r 	- 
. 	. 	. 	. 	 . 	/ 
radius of rotating disk electrode./ 	 . 	 . 	. 	'. .. 

0 

R 	- universal gas constant (joule/mole-deg) 

t 	- cation transference number with respect to solvent velocity.  

T - temperature ( °K) 

- potential difference between rotating disk electrode and 
reference electrode 

y - normal distance from disk 

z - valence or charge number of species i 

a. - transfer coefficient. 

- mean molal activity coefficient 

- concentration overpotential 

II S  - surface overpotential 

K - specific conductivity (mho/cm). 

X - distance parameter, defind in equation (6) 

AO. - 
 potential difference between reference electrode just outside 
diffuse double layer and one outside the diffusion layer.  

- ohmic potential drop 
ohm 

- rotation speed (radians/sec or rpm) 

TO 
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