Lawrence Berkeley National Laboratory
Recent Work

Title
CURRENT DISTRIBUTION ON A ROTATING DISK ELECTRODE.

Permalink
https://escholarship.org/uc/item/7kt531r3

Author
Marathe, Vinay.

Publication Date
1968-06-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7kt531r3
https://escholarship.org
http://www.cdlib.org/

WEEK LOAN COPY

TWO

ing Copy
ion copy, call

’

irculat

Library C

is a

I3

IS

“n
<
W
@
3
o
3
o
b
2
=
@
3
o
Ty
e
o
S
©
R
=
S
£
=
2
=
3

For a personal retent

Th
Tech

e

ivision,

.

D

.

Info

.




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
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
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL-18264

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

AEC Contract No. W-7405-eng-48

CURRENT DISTRIBUTION ON A ROTATING DISK ELECTRODE
Vinay Marathe
(M. S. Thesis)

June 1968



ABSTRACT s @ o‘o . Q q ; . 4 ©° e @

" 1.

2.

3

S

u

~ TABLE OF CONTENTS

INTRODUCTION « o o o o o o o o

»THEORY .« o , . @ Qvi *» o & @ ©

2ul

242

2.5

2.4
2.5

'216

" DESIGN OF THE ROTATING DISK ELECTRODE 4 « o « o + s ¢ o o

Basic Relations « « o

AnalySiS g.o . @ ; s &

Concentration Profile in

* * & L4 L4 * -

the Diffusion

L4

.

£

Layer

Potential Distribution outside the Diffusion

. 4

.

Layer

Overpotentials ; 8 & S B W B b s e e & E N e

“Eqdationéband'cbmputatiomal»Schemen e ¥ v e e ws

3,1 Design of the Rotating Disk Electrode s « s 5 o o «

. 3‘2_' Design of_the Cell‘g 6 & @ Q‘v.v:c u.v - d:o { f

545

 EXPERIMENTAL WORK o o o & o & = o o s o s o

Lol  Experimental Setup T

b2

Experimental Procedure .+ « » o » 4 »

'u.3  Meagurement of Deposit Distribution .

RESULTS AND CONCLUSIONS « & » « s o o o s

-

.

"APPENDIX & & o« o o P N Y IR T T S TR S

NOMENCLATURE'QvA‘p » 4-? ; *« & & ¢ e+ 4 ® B " ¥ & €

¥

ACKNOWLEDGMENTS « o » o v o s # 4.6 o o o o s o o o

*

»

-

&« & ¥ & 9

*» o &

L

L 4

b .

+

L 4

E

Electrode and Cell.Specifications .« « « ¢« o » & & o

»

10 -
12

15

L7
17
20

20

20 -

oo

25
3k

35

57

REFERENCES e o s e e 8 4 o e s c_; D A ; v . ® ¢ a s e 39



CURRENT DISTRIBUTION ON A ROTATING DISK ELECTRODE

Vinay Marathe

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

June 1968

ABSTRACT
The current distribution on a rotating disk electrode, for the
deposition of copper, was studied experimentally for comparison with

the theoretical predictions_reported earlier;13 Copper electrodes

were used with copper sulfate and sulfuric acid as the electrolyte.

The.experimental résulta vere found to be in good agreement with

Newman's numerical results.
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INTRODUCTION |

The basic theory of the rotatingidiSK‘electrode was first developed
and published by Levich in 1942. The hydrodynamiCS of a lamina rotating
.in an infinite.medium had been solved earlier by von Kdrmdn and Cochran.4
_Using this and aSSuming'constant physical pr0perties, Levich solved the
convective diffusion equation for the steady state. Ever since, the ro- .
tating disk electrode has received considerable attention.'_More recently
‘the transient hydrddynamic and mass transfer characteristics were'studied
by Olanderls, Halee,vand‘Filinovskii and Kiryanov.s fhe velocity and con-
centration profiles, with:variation in physical prdperties.accounted for,
. have been recently solved by Newman and Hsueh. :v' |
" Now the rotating disk electrode i85 a versatile tool for the study of
. electrode processes. Among the several applications, the determination

of diffusion'coefficients has received the most attention. Many of the - .

: .values reported are in reasonable agreement with those obtained by other

methods. The diffu51on coefficients obtained are integral diffusion coeffi-
cients like those from the diaphragm cell technique. The rotating disk _ _
belectrode is being increasingly used for studying.moderately’fast electrode ,
' reactions where mass transfer plays a role in the overall rate. It has
been used for studying the effect of additives and for determination of -

bulk concentrations. It offers some advantages over other electrode systems
in studying the above mentoned and other electrochemical phenomena. First

" the mass transfer.and_hydrodynamics are well_understood efthis is notftrue
ofumany other electrode'systems. The effects‘of'natural convection'are '

eliminated due to the strong forced convection. In addition the current

o density on tne disk electrode is uniform at the limiting current.
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iNeWmanlz has reéently shown that below the limiting current the
current distribution is nonuniform and is obtained by solving for the
conéenﬁfatipn and potehtial distribution simultaneously with electrode
kinetics supplying the boundary conditions. The distribufion is governed
by several paraméters involving the transport propertiesiof the electro-
lyté, the angular vélocityvof the disk, and electrodé kinetic constants.
Newman's theory is valid for metal deposition from'a single salt solution
and electrode,reactions‘with an excess. of supporting electrolyte.

The aim of this work is to check Newman's theory by studying the
current diétribution fdr copper depositién from goppér sulfate aﬁd sulfuric
| acid. The deposi£ thicknesé:is measured experimentaliy. This should be:
proﬁorﬁionalbto the'current dénsitygdietributi6n‘if the deposit has uniform -

 density
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2. . THEORY

2.1 Basic Relations:

Some basic relations pertaining to transport processesvin electrolytic
systems,arevstated here so that.they can be referred to later on. - Newman’*
has treated these and other fundamentals in detail in a review on transport
processes'in electrolytic»solutions. These relaéions are based on the
' assumption of constant physical propert1es and the dilute solution theory.
The flux (moles/cm sec) of any component i is given by

Hi_= -ziptiiV¢.- DiV'ci + ciz . o (1)

On the right-hand side the three‘terns.represent contributions due
to migration, diffu81on, and convection, respectively. i
The current den81ty (amp/cm?) at any point in the svstem is related
to:the fluxes according to
—1-=FZ ziNi S @
= ) e T v
Material balance.for a species &ields-
| .:.bci S | R o o
s+t VN, = R -;,._-_ N &)
where R is.the rate of production. (moles/cm sec) of species i by homo-
geneous reactions. Since we are dealing with stationary processes |
-(steady—state) and the reactions occur only at the electrodes, the above
‘equation reduces to _ , o A
| vE 0. . W
| The_eouation of electroneutrality‘ R o -
Y ome =0 G)



in (L) we get

2.2 Analisis:
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states that the solution is electrlcally neutral. This is valid every-
vhere in the solution except in the double layer in the immediate vicinity
of the electrode.
 Substituting (1) in (2) and employing (5) we get
= -F2V¢Z i, 19 " FZziDchi . . (6)
i

_nEmploying‘the equation of continuity, V-v = O:and:substituting (1)

_X-Vci = D V2c + z,u FV'(cV¢) . ' - (7)
In Appendix A it 18 shown that for 8 binary salt the current density
on the cathode is given by

nFD dc o
S : (8)
1't+ Y]y=0 | |

and the equation of convective diffnsion.is

. V‘VC WEC : | (9)
ere L mM maDenuD (10)
4= — o end T zu +z_u_

++..._‘ _ 4+ +
snd'n = number of electrons produced when one ion or molecule reacts.

Relations (8) and (9) are also valid for a minor component with

o excess-supporting electrolyte when-t+ =0 and»D 48 the fonic.diffusion

cOefficient'of the'species.:~

1

- At low cUrrents or high rotation speeds when the mass transfer limi=~

" tations are negligible, the concentrations at the disk surface do not

differ from the bulk concentration. The concentration overpotential 1is
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negligible and if we ignore surface overpotential the solution adjacent

to the disk is equipotential. The current distribution can then be ob-

tained by using.(6) with Ve = 0

i=- QWZ zoe,u, = -:cm%’: | (11)

where @ is obtained by solving the Laplace equation_(valid since Vei = O,

" charge balance) subject to boundary conditions appropriate to the geometry.

This ylelds wnat is referred to as "the primary current distribution"§ the .
current'densit& isdinfinite.at.the:edge of the disk'and at the center equal
to 50% of tne average'current density.. .

- As opposed to this, when mass transfer is COmpletely controlling,
the reactant is used up as soon as it arrives at the electrode, and the
concentration is zero everywhere on the disk. Due to this, the concentra-

tion profile can be solved without computing the. potential distribution.

The current distribution is then obtained by equation (8)

.n_F_Q_ac ”(12) |

This is the so—called-"limiting'current distribution” and, as shown
later, is uniform in this case. | | B

In the 1ntermediate range mass transfer limitations are neither
negligible nor controlling. The concentrations on the disk surface are
not known and must, along with the current densities, be such that they
adJust themselves to the overpotentials available after subtracting the
ohmic drop (potential outside . the diffusﬂpn 1ayer) from the voltage applied
to the cell. However, the potential outside the diffusion layer cannot |

/
be determined independently since the solution adJacent to the disk is not



mated by

" if Schmidt number, Sc =
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equipotential. Hence an iterative approach, where the concentration
profile in the diffusion layer and the potential outside the diffusion

layer are computed simultaneously, is necessary.

2.3 Concentration Profile in the Diffusion Layer:
‘The concentration profile is obtained from the "equation of convec-

tive diffusion",:equation (9)." Since there is axial symmetry and the

only dominant term on the right'is the y-term, this'becomes

T _ e

vy StV y 3y " ~ay2 . (13)

Very close to the electrode surface the vélocities can be approxi-

SRR R - A 0 |
v, = aryﬂ\/;. gpd v, = -8y Q\/;. (1h)

where’a-é 0L51623;‘»It ié-v&iid to use thé above approximation in the
diffusion layer‘if it is thin édmpared to the momentum boundary layer i.e.,
. % ,_ié,la#ge' For électrolytic solutions Sc is of
the order of 1000. .Equation (13); after substituting for the velocities
ylelds the folldwing concentrgtion pfofile : | |
—_— +z B/ P )] (15)

- m=0

where o o ’ /3 ." : -‘ > 

and 6 (;) is obtained from ‘ N
o+ 3;29' - 6m§9 =0 (17)
satisfying the boundary conditions

6 =1 at’ =0 \ o (18)

6 =0 at = o
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The concentration on the disk Burface will therefore be -

o«

€y = Ca [1 + Z Am(r/ro)em] - '_ (19)

m=0

and the current density on the disk using (8) is
o nFDc. 1/3' © ' 4 o
c . , v :
Y O N o). (e0)
i =G 5 }: Am(r/ro) em(o). o (20)
' - m=0 - S ’ v

At limiting current the concentration is zero everywhere on the disk
surface. Hence, from (19), o=l Ay =0, m= 1,2, 3...... . 'The

limiting current density i then obtained from (20) as _ :
. nFDe, 1/3 o .
' - — ' B . .
iim T l > VV (0) : g (21).

and has no radial dependence, i €. is unlform.

2.4 Potential Distribution outside the Diffusion Layer.

Outside the diffusion layer the conductivity is constant x (due to
~uniform concentration) and conservation of charge yields Laplace 8 equa-

tion. 1In rotational elliptic coordinates defined by

y=rfn am rer N@EO@®, (@)

.the Laplace.equation becomes

5-5 [(1+€2) 33] [(1-n2) ] 0. - (23)
For the rotating disk- electrode, boundary conditions take the form
%% =0atn = 0 (on the insulating annulus)
# =0att=»(far from the disk) - & (24)

@ well behaved at 1 = 1 (on the axis) .
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The solution of (23) subject to the above conditions is

g = -IZE% Z BnPQn(n)MEn(e) (25)
. n=0 .

where Pzn(n) = Legendre polynomiasl of order 2n

Mzn(ﬁ) Legendre function satiafying

with the‘boundgry conditions

Moy = latﬁ M2n E=x.
The ohmic drop has been non—dimensionalized with the coefficient
RT/ZF for consistency with the overpotential expressions

Z

-z,2 /(z -2_) for single salt
S _ (26)

1y

-n with excess supporting electrolyte .
Fromv(ES) the ohmic drop extrapolated to the disk surface, ¢0; is

obtained by letting & =

=0 .

~  The current density just outeide the diffusion layer will be

{
¥
'
lal

8
¢

o R 1 B :
TR E), WaRO @)

and since the diffusion layer is very thin this should be equal to the
current density on the disk surface (20) This facilitates & relation-

ship between B 's and Am's.



B,n =‘ZETN z Qn,m'Am- ' (29)
m=0 o . '
where nZF-De,, 1/3 ‘ ,c; - |
* R S Yo ACY R
and k0 (0)

(hn+1)——(—7f 1-1 )"’P (n)dn . (3)
. The last equation is obtained by utilizing the orthogonality of -

-Legendre Polynomials and the fact that
r- = 1‘- " when & o (on the disk)

2.5 Overpotentials.

The disk being metallic must be at a constant potential v (applied

voltage) given by :

Vot @
where ”¢o = ohmic drop, extrapolated to the disk surface
'ns = surface overpotential
~‘and | , nc’= concentration‘overpotentialf_

The concentration overpotential is given by

Eb@GE. e

This is valid for metal deposition from a single salt and'also for
the reaction of a minor component with excess supporting electrolyte.
The surface overpotential is related to the surface concentration

and the current density by the expression

T C ‘
@ g
where r is the slope of a logarithmic plot of exchange current density versus

concentration.
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| At low currents.when lll << io 3 Cu ™ Co nc = 0 and ns tends to
zero and the above equation yields

dai
_ Eﬁs =1, RT (m+ﬁ) (35)

The current varies linearly with ns and the slope is independent

of the current level. This suggests the dimensionless exchange current

density , r
ZF "o
J-—i TTC— (36)
as one of the parameters controlling the current distributiOn.-v
At higher currents when li' >> 1 but Iil << ilim’ one of the ex-
ponential terms in (34) becomes negligible and
1 _I - c
o ¥ [on |1 Zni] | (371)

i.e,;'ﬂs is'no'longer’linearly related to the current density and the slope
depends on‘the'current 1eve1. In consistency wifh the earlier expression,

the'dimensionless average current-density is defined by

- 28l -
5= iavg RT €, ° _ (38)

Parameter N, deflned{in.eoustion (30), may be expressed as

. dim -gg‘_g o :
N’--WRTIC ‘v o : - (39)

and 80 csn be“considere& as a dimensionless limiting current density.
Newman has given several plots of current and cOncentration distribution
on the disk surface with N, J, and b as parameters for some values of

a, ﬁg Y, and t, .
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2.6 Equations and Computational Scheme:

 The system can be represented by the following equations:

o0

Cy = Co [l-+}:;Am(r/ro)2m] : . (a)

: m-O . '
/3 . -

i = > \/'.ZA(r/ro)QmG(O) ()

m=0 ' e

foo ) B @
n=0 |

v’=¢+n+n'-9 @

nchT [“‘ m)*h(“‘:)] ; @

o6 - RS

By =% Z %atac '@

For numerical calculations all the series have to be truncated.

f
I

The coefflclents A of the concentration series (a) have alternating signs
and large and considerably varying values depending on where the serles
- is truncated. It is therefore more convenient to express the concentration

in terms of Legendre polynomiale

"eo =';w [1f+ji aZPéé(r/r;>J.;
- =0

This facilitates easy determinationIOf'the eoefficiente by'using the
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f

orthogonality of Legendre polynomials

_ _ N | |

) a; = (h£+1)\/r <§;-- ‘> sz(r/ro) d(r/ro) (h)
o]

" and then Am's can be obtained by comparing the two series.

It is seen from (19), (20), and (21) that

- c
atr=0 i =l“'&"9 o.
PTlim ©

The current distribution can be obtained by the iterative procedure

indicated in Figure 2-1.

“af
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Given N,‘ J,a, B, 7
and t,

'

Assume Cgq, at r=0

and coin‘pu te i

Initial guess: C,
and i constant
- Co-

%07 RotTy

4

=14-

 XBL685-2799

Figure 2-1. Computational Scheme...

Y

Compute B,'s No “Convergence
. -by {q) , . |
Obtain ¢ (r) Compute i from
by (c) (b) and colculate &
- Compute 7 and 7, Compute ol’s' by (h)
~at r=0. obtain V modify for convergence
by (d) compute Am's
,Compuvfe n (r) By successive
by (d) |_-_,| approximations obtain
led =g (4q ()] | Colr)from (edond (1) |

es _
. Results
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3. DESIGN OF THE ROTATING DISK ELECTRODE

3.1 Design of the Rotating Disk Electrode

The design of the disk electrode should conform as closely as possible
to the theoretical reQuirements. Riddiford , in a review on the rotating
disk system, has suggested several design factors based on theoretical and

1

efperimental'considerations.}

First a disk of finite radius'rl will be effective as an infinite

lamina if_the.diameter_is considerably larger than the momentum boundary

. v

In additlon to ensure that the disk will function as an infinite

layer, i.e.,

lamlna no serious edge correction should be introduced due to the finite
span of the disk, i.e., the- flow in the upper half should not interfere
wlth the'flow_ln the lower half. To achieve this ‘the thickness of the

diSklshoulé"be less thsn l/36th of the disk:diameter and the size of the

" shaft should less thenk30% of the size of the disk.

Practicai'considerations like too small a thickness of the disk for
machining and rigidity, may rule.out some of the above factors. Yet it is
necessary to confirm experimentally that the flow in the upper ‘halff of
the system is confined to Y < 0.,

'The disk should be horizontal and eccentricity (both axial and

.perpendicular to the disk axis) should be minimum. The disk should be

smooth to the extent that rugosity is much 1ess than the momentum boundary
1ayer thickness to maintain the theoretically expected velocity profiles.

Fluid velocities near the disk surface can be approximated by (1k4)
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only if the flow is laminar. Experimental studies of turbulence in thev
rotating disk system, enumerated by Riddifordle, report varying values for
the Rizétrans)'and'Re (critical). (These are respectivly the values of

Re = —%%—at which the flow ceases to be completely laminar and the Re for
onset of turbulence.) Most values for Re'(trans) are around 2 x 105, the
lowest one being 1.8 x 10°. To ensure that laminar flow prevails every-
where, the Re at the outer edge of the disk should be less than l{8vx 105.

At lover rotation speeds when Re ~ 10 the contribution of natural
convectiOn ie no longer negligible and also thebmomentum boundary layer
becomeS'comparable to the disk size. To prevent these (Re)avg should be
considerably larger than 10. | | - |

To eliminate edge effects and to avoid unprotected edges, it is desirable
to use electrodes w1th only the central portion of the lower surface actlve.

There is always some distrubance to ‘the flux at.the outervedge of the
working surface since the thickness of the diffusion layer beyond 1t is

uncertain.b To minimize this disturbance the radius of the working surface

should be much greater than the diffusion layer thickness, i,e.,

1/3
r, >>1.61 \/_

' The potential distribution requires a finite disk embedded in an infi-

, nite 1nsulat1ng plane with the counter electrode and cell walls at 1nf1n1ty.

I

\\/,,yi\

ddlford claims that this is achieved by any disk satisfy1ng the fluid
flow and mass transfer requirements if the cOunter electrode is large enough_
to confine polarization‘to the'rotating diskrelectrode.' Recently Angell,r.
'DiCkinson, and 'Greef2 measured‘the potential distributions for disk»electordes.
- satisfying Riddiford's criteria and found the results to be in good qualita~

tive agreement with Newman's  theory. 2713
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The shape of the electrode chosen is in conformity with the shape

recommended by Riddiford and other workers.

3.2 Design of the Ceil

Theoretical analysis assumes that all bounding surfaces - liquid-
air surface, walls of the cell and the counter electrode - are at infinite
distance frém the rotatiﬁg disk electrode. Accord%ng to Gregory and
Riddiford” this féquifemehi ié satisfied when the bpunding gsurfaces are
C.S cm from the rofating disk élecfrode.L |
‘ ) Kreith et allo;studiéd.ﬁhe effec£ qf varying the sepafation of a shroud
from the diék on.fhe mass transfér frdm/napthalene disks rotating in air.
 With mass transfer rates expressed by the ratio of Sherwood number observed
for a”given’éepafation;;Sh, to the'theoretiéal vglue for infinite separa-
tion, Sh,, they found that

Sh - .. S :
S " »o..9 when y/2ry = 0.2.

.The cell'diménsions satisfyzthe sbove requirements. It was observed
that for 1argér electfodes than those used in this work there was con-
vsiderablevswirling and vortex formation. This could be avoided by'using

baffles or increasing the cell size on the basis of.dimensional analysis.

3.3 Electréde ahd Cell Specifications:
| ‘The cell is made of Lucite and 1is lh’bm in diameter and 10 cm in
height. It ﬁas a circular inset in the bottom for the counter electrode
(copper:‘ diameter 7.5 cm) to whiéh the electfical copnection can be
screwed on. The cell 1s held to the 11d by five screws. The 1lid is

attached to the motor-shaft-spindle assembly and has openings for thermometer
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and reference electrodeé.

The rotating disk electrode dimensions are shown in Figure 3-1.
These dimensions conform, as closely as possible, to all the féctors
mentioned earlier. For the copper sulfate-sulfuric acid systeml(in the

range of concentrations employed)

v = Kinematic viscosity = 102 em?/sec
D = Diffusivity N6 x 10'6 cmg/sec : !
{2 = Rotation speed ~ 10 to 31.42 fadians/sec.

The disk electrode'iS'shown in Figﬁre 3-2. The central copper por-
‘tion is machined to dimensions and cast in epoxy'resin (cqmposition
mentioned in section L.3). The epoxy is then machined on'a.lathe to the

shape and dimensions indicatéd in Figure 3-1.



o -
Epoxy-————~\“22§;€/
Copper —|| = | 2.8
3/8" 24 TPI ——
~left-handed “/1*__2 — %

threads

XBL685-2798

Figure 3~l1. The rotating disk electrode. .
: All dimensions in cm. iy
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XBB 686-3955

Fig. 3-2. The rotating disk electrode
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4., EXPERIMENTAL WORK

4.1 Experimental Setup:

A constant current (DC) was supplied by a Lambda Model 2B regulated
power supply. The currenp-was‘measured with a Keithley Model 610R Elec-
trometer to an accuracy of 2%.

The electrical connection to the rotating disk electrode was achieved
by means of a mercury well. The disk was mounted on a spindle and held
there by 3/8" 24 TPI left-handed threads. The spindle was tightly filled
in two 7/8-inch 0.d. New Departure RC bearings. The bearings were mounted
to a heavy brass bearing case in order to keep the eccentricity to a
minimum. Gordon® has discussed the spindle assembly in great detail. The
spindle was coupled to the shaft of a variable speed motor (Bodine Elec-
trigal Company, Type NSE 11R, with a gear ratio 10:1) controlled by a
precision DC voltage power supply. The speed of rotation was determined
by a General Radio Type 631-BL strobotac with an accuracy of about 1%.

The temperature was maintained at 25%0.1°C by immersing the cell in

a water bath controlled at 25+0.1°C.

L.2 Experimental Procedure:

As stated earlier the rugosity of the disk surface should be con-
siderably less than the momentum boundary layer thickness in order to main-
tain the expected velocity profiles. The momentum boundary layer varies
in thickness with the transport properties of the electrolyte and the
rotation speed; for the solutions and rotation speeds employed it was
equal to or more than 5 x 10"2 cm. Consequently the disk electrode has

to be subjected to the following surface treatment: .
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1. The electrodes were polished successively on #0, #00, #000,
and #0000 emery paper using kerosene as a lubricant. The last paper
has a grain size of 15 to 20u.

2. The electrodes were polished on a wheel mounted with caﬁvag
~ cloth (Diamond Abrasive 1H) et moderate speeds with kerosene &s a
lubricant.

3. If necessary the electrodes were polished on a wheel mounted
with Microcloth using v-Alumina (0.054) as the grinding compound.

4, Electrode surface was cleaned ﬁith isopropyl alcohol or carbon
tetrachloride.

5. The electrode is rinsed with distilled water followed by the
electrolyte to be used in the cell.

The Eisk electrode was then mounted on the spindle and the cell
assembled. The system was left in the bath for a few hours until it
attained the temperature of the bath (25*0.1°C).

The conditions for deposition are chosen such that the expected
current distribution is fairly nonuniform and the deposit is quite smooth.
For instance, with only copper sulfate, the deposit is so rough that it
is difficult to characterize the deposit thickness at a point. With
considerable excess of sulfuric acid the distribution is not sufficiently
nonuniform for measuring the variation in deposit thickness well enough.
The concentration of the electrolyte was therefore chosen to be 0.1M
sulfuric acid. As in many other areas; data are comparatively plentiful
at 25°C and so the experiments were done at this temperature. If the
deposit is not very thin compared to the momentum boundary layer the veloctiy

profile and consequently the current distribution might be altered. So
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once a value is selected for the average current density the time of
/
deposition is computed such that the maximum deposit thickness is less

3 2

than 2 x 10 ° cm (momentum boundary layer thickness = 5 x 10°° cm).
The rotation speed is set‘to the desired wvalue by controlling the

DC voltage supply to the motor. The current to the cell is set to the

selected value and deposition done for the estimated time. Deposition

times were 15 to 30 minutes.

4.3 Measurement of Deposit Distribution
.. Possibilities of employiné'conventional non-destructive testing methods

for measuring thin film thicknesses were investigated.

Tolansky‘?o haé reported that films slightly less than a microinch
can be measured to an accuracy of 1% by interferometry. He also reports
that films down to l/25th of a microinch could be measured by this tech~
nique with some loss of accuracy. There is, however, one requirement -
that the deposit be bright and smooth. For the example reported he had
fluoride additives in a chloride bath. No additives can be employed in
the present work since these may alter transport properties and electrode
kinetic parameters. The deposits were fairly bright but not smooth enough
to give an interference pattern. Consequently this approach had to be
abandoned.

Radiographic methods pose both theoretical and practical problems.
The disk size is comparable to the size of the counter window and hence
‘an elaborate procedure employing a set of lead plates with circular
openings of various sizes would be necessary. In addition since the amount
of copper deposited is so small a very high initial source activity would

be necessary to minimize the statistical errors inherent in radiation
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intensity measurements.> As a result this approach was also given up.

Other methods are not accurate enough for our purpose - for instance,
ultrasonic testing methods - or are too involved and require that the
film and base metal have considerably different properties - for instance,
eddy-current-testing requires considerably different conductivities
(here again the small size of the disk electrode would pose some problems).

In-this work the distribution of the deposit was observed optically
by sectioning the electrode at a plane passing through its axis. Before
machining it down to the axis the electrode is embedded in epoxy resin to
prevent burring of the deposit.

The disk electrode, after depositing copper at the desired conditions,
was washed with water followed by isopropyl alcohol. It was then embedded
in an epoxy resin made up of

100 parts by weight Resin 826 (Shell Chemical Company)

10 parts by weight LP 3 (Accelerator, Thiokol Chemical Company )
15 parts by weight D 4O (Catalyst, Furane Plastics Company )
and cured for 16 hours at 65°C after pumping down in a vacuum to eliminate
bubbles and gaps at boundaries. It was then mounted on a brass stud
(3/8 inch 24 TPI left-handed threads) and machined on a lathe. One-half
was then machined off on a milling machine leaving about 5/1000 inch
- for polishing and etching. Figure k-1 shows a sectioned electrode after
polishing.

The sectioned electrode was polished on emergy paper followed by
diamond on canvas cloth wheel and Y-Alumina on microcloth wheel as des-
cribed in surface treatment. It was then etched so that the deposit could

be distinguished from the electrode due to difference in grain structure.
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Fige 4-1 Sectioned electrode after polishing.
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The etchant used was: 50 parts water, 50 parts ammonium hydroxide and
20 parts of 30% hydrogen peroxide.

The deposit was then observed with a metallographic microscope and
microphotographs (magnification of 1000) of the deposited layer obtained.
at various points by a Polaroid Camera attached to the Metallograph.
From these microphotographs the thickness at various points was obtained

and as stated earlier (t/tavg) vs (r/ry) should coincide with (i/iavg) vs

(I'/I‘o)-
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5. RESULTS AND CONCLUSIONS

The theoretical current distribution is specified if the parameters
N, J, ®, a, B, ¥ and t, are known. However, as shown in the computational
scheme, it is easier to assume c, at r = O, obtain the distribution, and
then compute ®. Thus only N, J, a, B, ¥ , and t, need be known.

N and J involve physical properties, like v, K_, D, transference
. number t,, and exchange current density io' The physical properties were
obtained from a correlation for physical properties of the copper sulfate-
sulfurié acid system by Selman, Hsueh, and Newman.>°® The conductivities

were obtained from data reported by Richardson and Taylor.17

For comﬁuting N by (30) the transference number t, should be known.
If considerable excess of sulfuric acid is present, t, = O. For copper
sulfate only, t; = 0.363 (at 0.1M copper sulfate), and data for the
intermediate range is lacking. Teonly other place where t,_ enters the
computations is for obtaining the concentration overpotential, n,, by
equation (33). Concentration overpotentials are negligible at low currents
and small compared to the ohmic drop and surface overpotential near limiting
current. Consequently an error in t, will not affect the result appreciably
through nc. However if the dimensionless limiting current density, N,
is computed on the basis of an erroneous t+ it will alter the results
considerably. For this reason N was computed according to (39) using the
limiting current density data obtained by Selman (unpublished). For
0.1M copper sulfate and 0.1M sulfuric acid at 300 rpm the limiting current
density was observed to be 65 mA/cm®. From equation (21) and this value,
the transference number was calculated to be 0.244h. It is considered

desirable to use this value rather than t, = O for calculating concentra-

tion overpotentials.
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The data on exchange cuf}ent densities are quite scarce for the
concentration range used in this work. Mattsson and Bockris®t have
reported exchange current densities but at higher concentration. If
these data are extrapolated to 0.1M copper sulfate-0.1M sulfuric acid,
we get an exchange current density of about 1 mA/cme. This is in fairly
good agreement with values obtained from the data reported by Tor Hurlen®!
and Karasyk and Linford®. The value of ¥, the slope of log i, versus
log c curve, was also obtained from the data of Mattsson and Bockris®t
. and found to be 0.42 (however, they state that their data would yield a
value of 0.6). |

The electrode kinetic parameters o and B were obtained from Mattsson
and Bockris®®. They have reported values at several concentrations and
concluded that within limits of reproducibility

aZ = & = 1.5 and BZ = o & 0« 5

Shown in Figure S.l* are microphotographs of the deposit at several

points along a radius of the disk‘elecérode. From these the thickness,

average thickness, and (t/tavg) are obtained. Tabulated below are results

obtained from similar microphotogrephs.

Figure 5-1: Microphotographs (~ x 1000) of the deposit at various
points when N = 22.2, J = 0.382, @ = 0.75, B = 0.25, v = 0.k42,
B = 12.3 - :
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Fig. 5-la Deposit at r/ro = O

XBB 686-3958

Fige 5-1b Deposit at r/ro = 0.2,



DB

Fig. 5-lc Deposit at r/ro = Oull,

XBB 686-3960

Figse 5-1d Deposit at r/ro 2 0y
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XBB 686-3961

Fige. 5-le Deposit at r/ro = 04 8a

XBB 686-3962

Fig. 5-1f Deposit at r/ro = 1.0.
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Electrolyte: O0.1M copper sulfate - O0.1M sulfuric acid.

T =25°C £ =300 rpm 1, = 0.25cm
Z =2, Kk, = 0.051 ohm'lcm'l, v = 0.9439 x 10'2 cme/sec
N =22.2, J = 0382, a = 0.75, B = 0.25
v = 0.42, 174, = 65 mA/en®

(t/tgyg)

r/ro 5 = 4.8 5 = 12.3 . § = 17.12°

19.4% of 1q44 49.5% of 114m 69% of ijip
0 0.8367 0.7h1T7 0.7655
0.2 0.8571 0.7748 0.8078
0.4 0.8816 0.8165 0.8481
0.6 0.945 0.8912 0.9079
0. 1.0165 1.0022 1.006
140 1.323 1.7024 1.465

These results are plotted along with the theoretical current distri-
butioﬁ obtained from Newman's theory in Figures 5-2, 3, 4. Measurements
closer to the limiting current density were rendered difficult due to
powdery deposits; in some cases to the extent that the deposit is partly
washed away while rinsing the electrode after defosition.

Recently Albery and Ulstrupl have reported their experimental work
with ring-disk electrodgs. The electrolyte is NaBr/HCth and the ring
electrode is at such a potential that all the intermediate reaching it is
destroyed. The intermediate is produced at the disk. They have shown
that the ring current depends on the geometry of the electrodes and the
concentration profile of the intermediate at the outer edge of the disk.
They employed Newman's results13 for the latter. This is not justified

since their system does not satisfy one of the basic requirements of
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Newman's theory - that the disk islihbedded in an infinite insulating

plane. .However; Albery end Ulstruo postulate that the diécrepancies

between their experimental results and Neﬁman's numerical results may

“be due to the omission of the migration term in the convective diffusion

f‘equation by NeWman.. a | |

The experimental method in this work is 8 direct approach to testing
|

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

of experimental accurscy.
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| .APPENDIX |

Here we . show how relationa (8) and (9) are developed for a binary -

salt.
nIf;a'moiecule of the éalt‘dissociéteé ihto.v+ cations and V_:aniona
sl
R T
and S gV, +zv =0.

"+
Writing equation (7) for»thévcatibn and anion we get
o V°Vb = z,u FV°(cV¢) +D V20

'v Vb = z u FV'(cV¢) + D Vec .

Subtracting one. from the other and subetituting for V¢ in any one
,of them glves | '

UVac

S z+u+D - z u_ D R
D = ) . T
2,0, -z u_

where .

The current density on the ¢athode”1s‘given by
- L2 o o ‘
i=-2FN =23F V+cVﬁ + §+FD+?+Vc .

The' convection term vanishes since the velocity normal to the ‘elec-
trode 18 zerO'on the“surface.:'
" In the diffusion layer . | :
5 _
i=F cV’¢(z+ v, tzuy ) + FVc(z v,D_+ zvD).

" Here the convection term vanishes due to electroneutrality. Sub-
tracting the two equationa and substituting for V@ in the earlier one we get

2 2
z+u+v+F cD_Vb

z_u_cF

e

4+ z +FDV+VC



__ OFD

l-t+

Ve .

[
1

Hence

These are also valid for a minor component with s_upportihg elec-
trolyte when't, = O and D is the ionic diffusion coefficlent of the

reacting species..
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NOMENGLATURE
0.51023 ]
coefficients in series for‘surface concentration
-coefficients in seriee for‘concentration profile
coeffiCienté in éeriee'for potential distribution
2 concentration of reactant, mole/cm
k concentration of species 1, mole/cm
-v‘concentration'at the disk surface, moi.e/cm3
. bulk concentrati‘o'n,"imoie/crn3
; - 'diffusfio'n' coefficient, cgnve/sec E
Faraday's conétant,'coulonb/equiv
':normal current density at electrode surface, amp/cm
‘exchange current density, amp/cm |
T average current density,-amp/cm
,ilinf iiniting'current“denéity, arhp/cm2 ' ' 1é
J 'dimensionless exchange current density, wee (37)
' average mass transfer coefficient
'number of electrons produced when one reactant ion or molecule reacts
- dimensionless limiting current density, see (30), (hg)
viflux of species i, mole/cm -sec
"radial coordinate,.cm |
"radius of the active surface of the disk, cm
' radius of the disk, cm o |
.universal gaa constant, Joule/mole-deg

T

= -%— ,uReynolds number



i
[e]
i

»-..»/1) Schmidt number
k.r Lo

5 B = ’ Shervood numher
Sty -'transference number of reactant
t deposit thickness at a point
tavé[:average deposit ‘thickness over the disk electrode
T'-;l~absolute temperature, °K~ »
| 'fI_'..'bulhrvelocity vector,‘cm/sec-v

'vi,v »velocity components, cm/sec
mob111ty of species i, cme-mole/Josle-sec

vV -potential of the disk electrode,/yblt f

¥y _'.coordinate normal to. the disk, cm:
_zi,':icharge number ‘of ‘species i -
‘Z" ‘see (26) . |
.a,B,T kinetic parameters, see (3h)
5 quimensionless average current density, see (38)
Q,,f* dlmen51on1ess normal distance,isee (16)
'ﬂkﬁ - eiliptic coordinate,'seef(éa) AR
‘”qc : concentration Overpotential, volt-_-‘,
'né ev surface overpotential, volt
f-eﬁ functions in series for concentration profile.-»Eu
Km " bulk conductivity, ohm lcm 1 | | |
_ v . kinematic viscosity, cm. /sec
¢ elliptic-coordinate, see (22)
P electrostatic potential, volt
¢° :*fpotential extrapolated to disk surface, volt
Q i fangular-velocity, radians/Sec.
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