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assurnes any legal responsibility for the accuracy, completeness, or usefulness of any
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infringe privately owned rights. Reference herein to any specific commercial product,
process, Or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
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Measured limiting currentslfor deposition of copper on a rotating

copper disk from aqueous copper sulfate solutions are found to agree
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tration dependence of the physical properties of the solution. The : f
obéerved electrode polarization can be traced mainly to the ohmic poten=-"’ _;
tial drop in these solutions of low electrical conductivity. : f
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I. Intreduction
The rotating disk electzode has been widely used as a tool for studying "
electrode processes and ma,ss transfer because the veloc1ty and concentration
profiles can be predicted theoretlcally and the strong forced.convection
- eliminates the effects of»natural eonvection. Two msiﬁ branches of work ‘ ;'j} -
have been done in this field: |

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

s
density or to obtain the diffusion coeff1cient as a function of concentratlon.-“
ii. to study electrode kinetics by means of the polarlzatlon curve,
so as to thain the kinetic paramete;s of the reaction as functions of
concentrations.
The theory of concentrationftolarization of the.rotatihg disk electrode ;_u_
/ 7 o
was developed in 1942 by Levichl. The‘original theory of Levich involved
~the assumptions of constant physical properties throughout the diffusion -A,
layer and a zero velocity at the surface of the disk. Ih order to meet
these assumptions, most experimental work has bees done at relatively low
concentrations (g,g., 10"5 to 10—3'M); For the details of this theory,
one should consult the book of Levich2 and the .review paper by Riddiford3.
For concentrated electrolytic solutlons,‘several factors may cause
deviations from Levich's theory of mass transfer and polarization at a
.rotating disk electrode: ;
1. the Schmidt number is not infinite.
2. due to the high mass-transfer rate the interfacial velocity et ‘ - jfz

the electrode surface is not zero.

3. the physical properties, such as density, viscosity, diffusion

ek

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

the diffusion layer as the concentration varies.

L emage STV
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ohmic potential drop is not uniform.”

been taken into account by various authors

rections to Levich's equatlon. For a gaseous system, these two factors

' mining the magnitude and the distribution of" the current. In general,

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

- negligible compared with the others.

i

4. +the solution is- not 1deal and the activity coefficient must be B
included in the concentration gradient, particularly in the calculation

of the.concentration overpotential.

SN

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

6. the fluid flow is not laminar. o

!

The effects of the first two factors on rates'of mass transfer have-

¥ 5’6’7 to yield separate cor-

N )

’

/
nmey dominate the correctlon, and the’ effect of variable phy51cal properties UW~L

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 I
the velocity proflle and the concentration profile were calculated asg 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-

AN

the potential of the disk electrode relative to a reference electrode is
l .

regarded as the sum of the surface overpotential Ng» thé éoncentratioh over-

potential'né,fandfthetohmic@potential drop in the solution A@ohm R

= qs'+ e * @m * . (1)

e Lo

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

'
|



Newman9rintroduced,the term, surface overpoténtiél; to include the
charge~transfer dr activation'0verpoténtial, cfystallizatioﬁ overpotential,
double-layer effects, and any other overpotential associated directly -
with the reaction occurriné at the eleétrode surface, since iﬁ is not
dBvious how to . measure thése effects separately. The surface overpotential' .
is thus concerned with the physical situation at the electrode surface,
such as the surface.édndition, fhe current densi/ty at the surface;. and
the concentration gt the electrode surfaée(’/

Generally the surface“overpotential/is defined aé the potential of
the elecfrode minus the poténtial of/a referenceag;ectrode of the same |
| kind located just outside the diffuse double layer and is obtained from
measured potentials by corfection fof the concentrgtion ovefpotential and
the ohmic drop according to equgtion (l)."On the basis of empirical evi-

dence, the relationship between current density and surface overpotential

can frequently be expressed as

1=1 {exp %%E T]S> - exp <— j_]::%%n_F_ vns>i’" . (2)
where io is 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 usuval meéning.r - " ' ﬁ

The concentration overpotenfiai,’as4its name implies, is concerned
_with the overpotential arising due to the concentration difference.between
the bulk solution and the surface of the electrode. Let 2, be the
potential of a reference'electrode near the workiné electrode.minus the
potential éf a reference electrode in the bulk, and let A@ohm be the
potential difference which would exist if there were thé'same'currént

‘distribution but no concentration gradient in the diffusion layer. Then

the concentration overpotential is defined as
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Lon, = =M. L (3)
For metal deposition from & binary electrolyte the concentration

overpotential is

o )oo .
n, = z:;f’ -I;—?—" ]m (1-t°) am (m f (— - -—) dy.r'_:, ()

. s
The first term represents the potential of a concentration cell, and the
S ‘ ‘ : e .
second term is the change in the ohmic drop due to the variation of the

-,
5

- conductivity within the diffusion layef. Newman and Hsueh8 have calculated-
‘concentration overpotentials according to equation (h) for copper depos1-
tion from copper sulfate solutions.

Finally, the ohmic drop-oftthe‘solutien-is>calculated by solving
Laplece's equation for.the potential dietribution 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. . '2% ;;q
In additionlthevcurrent distribution on the disk electrede must agree with o
the overpotential end concentration distribution on the disk. waever,
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 A ' ;;;:ng

Newmanlo. The more general problem of calculating the current distribution

below the limiting current will be treated.in e separate paper l. With
the. primary current distribution, the ohmic potentiel drop is

ri

1 )

" The distance parameter A refers to the placement of the reference,electrode .1\n; ;}i
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at.r = 0 (on:the axis of the disk)
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(in the plane of the disk)

A

Previous work on mass transfer and polarization at a roﬁating disk

_electrode have been summarized in the above discussion. The primary aim ;;v¢.3-

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

current for comparison with the theoreiical rgsults where fheivariation
of physical properties in fhe diffusion layé; was taken into accoﬁnt8.
At the same time the electrode potent?aié were measured at currenﬁs
below the limiting current and compa}ed with thé values calculated by

taking into account surface overpotential, conbentra@ion overpotential,

and ohmic drop in the solution. .

’

/ : A
II; Experimental Work‘

Sinée the theoretical analysisAinvolves a binary electrolyte, a
hetal deposition reaction in fhe absence of supporting‘glectrolyte--ﬁhe
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: | '

i. the electrode surface cannot remain unalteréd.

ii. the plafeau is not clearly defined in a current-overvoltage |
measurement. ' E i |

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.

13

From the studies of Ibl and Schadeggle, Rogers and Taylor ~, and



Karasyk and Linfordlu,vwe‘codcluded fhat”in.erder to maintainvhydrodynamic,
smoothness of the electiode surface, care should be taken that the .
limiting current density is nof exceeded during the polariza?ion mea sure-
ments, and once a surface reaches the limiting cufrent density, it should
be retreated before being used for further measurement.

Slnce there was no supporting electrolyte in this work, the elec-
trical conduct1v1ty was very low compared to most other work in- this' field.
Because the ohmic drop in the solution wes hlgh compared with the concen-.f
'tration and surface overpoﬁential, thefflateau,on the current-voltage
curve due to concentration polarizaéion was essentially overshadowed,
aﬁd it was difficult to locate the‘limiting‘deﬁsity by a current vs.
voltage measuremenf. For this/feason, the limiting speed method was '
developed; that is, instead of keeping fhe rotatlng speed constant and
varying the current density, as most ether experimenters have done, ve
held the current density constant and varied the rotation speed. ' Thus
the ohmic potential.drop was keét hearly constant throughout a run.

The measurement of limiting speed has the same physical: significance
-as a limiting-current-density measurement. The limlting current density..
glves the minimumvcurrent 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- - -

1
I

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

a zero conceéntration of ions at the electrode surface.

1. Desién and Description of Electrodes
Cathode (Rotating Disk Electrode)

The size and the shape of the rotating disk electrode is important



‘since it may affect the flow pattern. Riddiford3 summarized'yarious
shapes of disk which have been used in the past by different experi-.
'menters. In general, if there is no effect which may propagate back—
ward from the edge of the disk and change the fundamental hydrodynamlc
model.and concentration profile near the surface of the disk, it may be
considered to satisfy the original assomptionslof the basic theory.b

The shap recommehded by Riddiford snd slso/the one being used in B
this work is shown in figure l. Oﬁly the cehtral portloh of the upper
- surface of the disk is active. /
Several criteria have been setfﬁp by Riddiford and others for the
- actual design of the size of the electrode. Tﬁey are: |

1. the outside diameter of the dlsk d should be greater than the
hydrodynamic boundary~-layer th{ckness. .
| 2. the dis@eter of the workiné'surface d0 should be greater than
the mass-transfer boundaryblayer thickness.

3. 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.

L. the thickness of the disk should be less than l/30 of the.disk
diameter, so thatithere will be no edge effect.

5. the Reynolds number at the edge should be less than 2 x lO5
order to maintain laminar flow. ﬁ

The disk has been carefully designed to meet the requirements listed
"above. The disk is operated in CuSOh solutlon with the speég range from
60 rpm to 500 rpm. The specifications of the disk are:.

Outside diameter of disk, d =kem

Working electrode diameter, do = 0.5 cm
Disk thickness, "= 0.1 cm |
Shaft diameter, = 1 cm.
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The.central ﬁarﬁ 6f‘jhe:éléétr6de Waé machinédvfrom'oxygén-ffee;
high purity éoppef to:precisé\dimensions ahd then embedded in.an eéoXy
resin cast; .It was‘further"machined to the desired_shape.

The disk was atfacﬁed té é spindle which.was tightly fi%ted in
two 7/8—inch o.d. Nekaeparture TT7T RC bearings. These bearings were
mounped insidevd heavy brass bearing case in order to keep the eccen-
tricity as Small.asipoésible. "The eccentricipy/aﬁ the edge of the disk.'

was measured to be less thén 0.002 inch.?/

"~ Anode /[
7 : v

The anode was designed to provide an area more than 100 times
larger than the cathode for the purpose of minimizing the anodic over-
v.potential. The anode was embedded at the bottom of the vessel and could

" be taken apart to clean the surface before each ekperiment. 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 referencev
electrdde. It was connected‘to the eléctrolyt;c cell-through a capillary
tﬁbe filled with electrolytic solution of?the same concentrﬁtioh~as in
the cell. The capiilary had a fine tip which faced downward and was lo-
'cated at the side of the roﬁating disk. The use of a copper reference

electrode was desirable since it would not contaminate the solution and .

involved no liquid Jjunction potential.

2. The Electrical Circuit
The schematic diagram of the circuit for measuring-the limiting speed
of the rotating disk is shown in figure 2. The current source was a

Lambda, model 28 regulated power supply. The current flow in the cell was
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jmeasurea with a Keitﬁley Model olOR 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 vith a
variable speed motor (Booine Electric Co., Type NSE 11R, two:shaft AC-DC
motor with a gear ratio of 10 to 1) controlled by a precision DC voltage
power supply (Power Design Inc., Model 5015A). - Because of the direct |
proportlonallty of rotatlng speed ‘to the motor voltage the atproximate
~ rotation speed could be monitored during the course of a run by means of

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

/
7

electrode potentlal. It was p0551ble to measure the exact rotational speed

with an accuracy of 1% by a strobotac (General Radio Cos, Type 631 BL).
3. Experimental Procedure /k / |
» Reagent grade Cusbu was used without further purification. Distilled:l.
water was used in the preparation of all solutions, Cylinder nitrogen
was bubbled through the solution to expel all dissolved oxygen,~wﬁich |
may affect the surface of the electrode during the reaction. Thevtempera-
ture was é5°C.> | |
| Before each run, the surfaces of the electrodes were cleaned as follows:.
l; The electrodes were polished with 600-A silicon carbide.taper
until all previous traces of deposit or corrosion were gone. The maximum
scratch on the surface is then on toe.order of 10 ¢ (lO-3 cm).>
2., The cathode was further polished on plate glass using fine lens
powder (aluminum oxide powder mixture) of 0.3 i grain size as grihding
" compound. |
3.  The electrode was washed with carbon tetrachloride followed by

5% sodium carbonate solution.

k. The surfaces were rinsed with tap water followed by distllled water.;:

o,
; T



| 13 : l,'-

The disk electrode.was'initially set at a relatively high speed
(5-10 times higher than thef"limiting speed"). The speed was decreased
by decreasiﬁg the volfage fd the ﬁotor which drove the.shaft of the |
disk.  The total’bVerpoténtial was not very sensitive to this decrease
of speed at a given current density until it came closé to thé limiting
speed where the potential sharply increased. At this point the rotationv
speéd was messured b& a strobotac; A typical fibt of the potential of

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

7

IIT. Resglgs |

The limiting speeds ranging frém 60 rpm to 500 rpm were measured at
constant current dénsity according to the proceduré given. in the previous 
féection for four values of the bulk concentration: 10;02 M,HO.OS M, .v |
0.1 M, and 0.3 M. Theoretically,bin épite of thé‘concentfation dependencé
of the pﬁysical properties, g&é., the limitingvcurrent density is still
proportional to the squﬁre root of rotation speed. This has been veri-
fied in fhis work. Straight lines passing through. the origih were obtained
for the square réot of limiting speed plotted against‘currenf density for
_thé four concentretions studied. The élopes of these lines, ilim/'iﬁ; are
shown in figure 4 and in teble 1 where ﬁhey have been compared with the
values predicted from the theoreticél analysis8 which considers?variations
of physical properties, non-zero interfacial veiocity, and the finite
Schmidt number. For Levich's equation, the physical properties were
evaluated at the bulk concentratiénﬂ‘ The theoretical analysis indicates
a correction of +1.57% to the Levich equation for a 0.02 M copper sulfate

solution and +13.l% correction for a 0.3 M soiution. The experimehtal

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

”-, jmpurity in the low concentration copper sulfate. solution without sup-

o . ‘ 1
porting electrolyte may depress the migration effect considerably 5.

Table 1. Limiting.currents for copper deposition.

M experimental theoretical Levich
0.02 o, 0,86 3.0k 2,995
1 0.05 - - 7.04. - TAT3 . 6.986
0.1 S 1h.06 L7 1ka3 13.05
0.3 S 381 S - 33.71

Ih the ciassical measuremen% of the limiting current density,bthe
éﬁfféﬁ% ig ﬁié%féé’ﬁé: %ﬂg éiéé%faéé ﬁoténtial rélative to Ehe feference
electroée (AV in equation (i)). But in a.solutiop with no supporting
electrolyte, tﬁe large phmic drop in the solutionlobscures the plaﬁeau

at the limifing’current. This is seen in figure 5, which shows the
current-potentiél curve for a rotating copper disk electrode in a O.l M
copper sulfate soluﬁion at a constant rotgtion.speed of 300 rpm. The
disk had a radius of 0.25 cm, and thé speéific conductivity of the bulk
solution wasl6 0.00872 6hm-l-cm_l. The theoretical concentration over-
potential nc was given by Newman an@ Hsueh8. The surface overpotential
ng, vas calculated by equation (2), with the veluest | a = 0.5, n = h,‘

and io é 1.0 mA/cme. Actually the variation of io with the cbncentration
at the surface should be taken into account. The 6hmic drép of the
solution A can be estimated from equation (5) with \ determined

from the fact that the reference electrode probe in ourvexperiment was

located in the piane of the disk 2.5 em from the axis of rotation. The
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sum of these mwlculated terms is shown along with the experimenta]_'l.y
mea sured values»of the electrode potentlal. One sees: from the figure
- that the ohmic arOP is the largest.eontribution to the toﬁalepotential
and'can egsily obscure.the-break in the concentration polarization

curve in this experiment.
Iv. Discussion e
In the study of elecﬁrede kinetics, Qgefrs mainly interested in
'fhe surface overpotential,rbu£ in.a solu%;on of low conductivity the. -
ohmic resistance domlnates the overali-polarizatlon mea surement. Hence', e
- it is worthwhile to emphasize how the several contrlbutions ;o the‘

polarization depend upon the various system parameters:
ng erends on i aﬁd o C _
N depends on i/'JE;and Co ,4
A@ohm depends on-i~r6/xw.and the position of the referehce.electrode;
where Co is the concentration at the surface andfcoo is the bulk concen-
tration, If ?olarizatibn is measured af a constant value of i/'JEL then

both nc and c. are constant while surface overpotential and ohmic drop

o

varye. Furthermore, 00 . is proportlonal to the radius of the dlsk elec~

ohm .
trode and should be reduced relative to the surface overpotential by a
r reduction of theveleetrode diameter. This may result in a confliet with
the criterion'that the electrode diameter shouid be much greater than
-the thickness of the diffusion layer, but in future Wbrkvboﬁh factorsl

 should be considered in the design of the disk.

V. Conclusions
1. From the theoreticel analysis, the effect of variation»of

physical preperties and non-zero interfacial velocity at the electrode

Vi \
At

3+ \
W

R .



surface are important in mass transfer studies of concentrated solu—

. tions w1th the rotatlng dlSk electrode._ ThlS has been confirmed

irjpexperimentally 1n this work for copper depos1tion from copper sulfate
. ’“_iri"solutlons.‘j | | | | "
L | 2. 'Inia solution'without=supporting electrolyte; the high ohmic”’iw
‘ N iﬁ;drop of the solution overshadows the plateau on the current voltage »fEﬁ
T lkhny.;fcurve due to the concentration polarization.-fwork on nonaqueous solu:f_'

o S s :
"tions by the rotatlng disk electrode method may face the same problem.»;

B ﬂf,It can be overcome by the use of the. limitlng speed technique.z;
S p, e
e 3. In electrode kinetic studies W1th ) solution of low electricalyu

;

"“}Aconductiv1ty, the proper size of the dlSk has to be considered with

'f{f:reference to both the thickness of the diffu31on layer and the ohmic _7“

/
Lo

C

hﬁpdrop in the solutions.
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,Nomenclature

e __;;'concentration o: fbinary electrolyte.
: f .v" - Faraday 5 constant (coulomb/equ1v)
1;;Hlékli5.i Lo current dens1ty (amp/cm )
d ' 1, :j - exchange current den51ty (amp/cm )
3 i’mviﬁi - molallty (mole/kg) . S ..iig_
ﬁdn'fi{ -'number of electrons 1n equatlon for. eleotrode reactlon.
. ro'f;.~ radlus of rotatlng dlSk electrode.t/ﬂ
R }j- unlversal gas constant (Joule/mole-deg)

}'-'catlon transference number with respect to solvent velocity._?u

v':T :=Ye temperature (° K)

! AV’z,:-rpotentlal difference between rotating disk electrode and
’ - reference. electrode. oL

?-:gy fﬁlie'normal dlstance ‘from disk.
igpzi»,d~-pvalence or charge number of species i’
- a;‘2”;7»transfer'coeff1C1ent.
4 ';'.;!mean molalract1V1ty coeff1c1ent.
.'nc 3'—iconcentrat10n overpotent1al.1
”nél~,;— eurface overpotential.
K f ipedspeciflc conduct1v1ty (mho/cm) o
o P J;;dlstance parameter, defined in equation (6)
b, - potential difference between reference electrode just outeide

. diffuse double layer and one out51de the dlffu51on layer.
“?OMncpmammldmm.'

a0 - rotation speed (radlans/sec or rpm).

+
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NEQ;Typlcal dependence of electrode potential on rotatlon speed.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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