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Abstract
- The relative merits of different methods of detecting a non-
uniforﬁ;current distribution on a disk electrode are discussed. Some
implications of such a distribution are preSented. Experimental results
are reported for collection efficiency measurements on the system of

Albery and Ulstrup.
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Introduction

‘We consider here several aspects of the current and potential

distribution on a rotating disk electrode, a problem for which a theoret- -

cal analysis has been p‘resen't.e'd'"eau"ﬂlier.l_:4 Since this electrode is
popularly regarded to have a unlform current dlstrlbutlon, 1t.1s appro-'
'prlate to g1ve examples 111ustrat1ng under what condltlons a nonun1form
d1str1bution can be‘exp'ect'edf We shouldealso‘likevto‘discuss.poss1ble‘
methodaiof'detecting'tﬁat'a nonuniforu current distribution prevails.
In thlS connectlon, new experlmental data are glven for one of these
methods, that 1nVQIV1ng the rotatlng r1ng dlSk electrode system as used
, , ;
by-Albery‘and Ulstrup.? |
Current D15tr1but1on on. a Disk Electrode
- The current dlstrlbutlon on a rotatlng dlSk electrode is
deecribed'ln deta11»1n'reference 2 " On- the ba51s of mass-transfer con-
siderations alone, Lev1ch has shown that the current d1str1but10n should
" be unlform; and the_di%k SUrface is~said'to be uniformly‘accessible.from
a mass-transfer standpoint. This-conClueion is Valid at.the limiting'
current,fwnere'the concéntration‘ofvthe reactantfisgzero over the entire
| surface=of_the'disk_electrode. (See;,however, the_paper7}on the effect of
radial diffusion.) H o |
At currénté?beldwtthe limiting current, tne_ohmic potential
drop tends to produce a nOnuniform'current distribution.v,The5extreme
case is the primary current distribution’
i‘ 0 5
(l T /r )1/2

s o T . (1)
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‘which correspoﬁds to the solution of Lsplace's equation for the potentiai
when the‘poténtiai.in tﬁe solution adjacent to the eiéctrodé is uniform.
ﬁere, the disk‘elect;ode is taken to be embedded.in;a large, insulating
plane with the counter electrode at infinity; The primary current
distribution prevails when the surface overpotential.for the electrode
feaction isinegiigible and there are no mass-transfer limitations.

Fdf ihtermediate cases, the>CUrrent distribution can be

described in terms of seven parameters,” of which we consider two here:

ZFr i,

| ZFrl, 4 o lim :
J = _R—T-E;_ a,nd: N} = -I’(g) —-W:—_ . (2)

J can be:fegarded as a dimensionless exchange current density and N as a
'dimensionlessilimitihg current density.-.Smail valués:of J lead to a
uniform current distfibution; large values to a ndnuniform distribution.
Even for:a small value of J; the distribution can be nonuniform if the
cdrfent'is large. Hererqne can ﬁse as a parameter the average current
density made dimensionless in the same manner as J in equation 2. The
value of N detqrmines how large the dimgnsionlessvaveragé current
.density‘canvbe Qithput excéeding the limiting current. At the limiting
currént,_the current.distribution is uniform, Eut this mass-transfer
effect loses force at currénts_only slightly below the limiting current.
The current density, whether it be the- exchange current
density, the limiting current density, or the averége current density,
is made dimensionless with the elecﬁrode radius L the solution con-
ductivity Ko and otherAparameters over which there is little experimental

control. Large disks and low conductivities promote a nonuniform current



'distrioution, and Viée !éria,' For laboratory work on polarography and
electrode k1net1cs, small dlSkS and small reactant concentrat1ons with - | -
anlexceSS.Of supportlng electrolyte,can be~used to'ensure a unlform current
dlstributionr ﬂﬂoweVéf; in.eugiheering'595tem5-inVolving electrOplating;
tcorroslon etc., a nonunlform current . d1str1but10n must ‘be expected |
Ohm1c effects can lead to the fOllOWlng undesirable results.
| l; Nonuu1form dep051tlon or dlssolutlon.v |
2;"{Error5gid“kinetic ﬁarametereycaICulated'uith neglect ofdcurrent'
) noﬁuﬁiformitiee} |

3. Loss of control in analytical determinations. Harrar and Shain®
giVe:allucid accouﬁt ofisuch:an'example'in”large'CeIISQ
4. Waete:of'curreht5in'cathodlc protectlou in'corroding systems.

1'Somefuumerical examplesvmay be helpful;'.For r, = 0.25 cm,
K, e:bil.(ohm-cmj-lﬂ‘if ﬁflmA/cmz,; - 1, and T = 293° K, lthe value of J
isyaoout'o l; For small values of the average current dens1ty, thls, |
Value of J 1mp11es a falrly unlform current dlstr1but10n, but for an.
Aaverage current density -of 0.1 A/cm?, the current-dxstrlbutlon will be
uonuuiforu._7ﬂowever, for a value of io'= AQ.A/cmZ,'the value of Jlie
about.4600; and'the-current,diStributlon will*bevnonuniform at all:
curreut.deneities (except'very cloee to the limiting current):

As an- example of the ohm1c effect in corrosion studles,;we

:mlght ask how large a dlsk electrode .can: be protected cathodlcally by a
counter electrode at 1nf1n1ty, w1thout»waste of current. We-assumev
'that4the disk;is rotated,.the flow is laminar, and the liuiting current

for the oxygen reaction is uniform.



..‘The desired cﬁrrent distribution for cathodic protection is
Qetermined by the limiting current distributidn for oxygen reduction.
This reéﬁlts'in a potential variation in the solﬁtidp adjacent to the
"pfofecfed:;ﬁrfaée, The pdtentia1‘differéhcé.Aéo bétﬁeen the solution
adjaééﬁt»fé the éenter of the disk and that adjacent‘to_ghe outside edge
of the diSk;'qu a‘uniform cﬁrrént distributidn, can be obtained from

reference 2 as
AQO = 0'.3,6338‘rqi/1<°° . (3)

 We want’the'eléctfode to have a potential between that nécessary to
prevent'okidation'of-the metai ‘(éay& ¥0,1 V vs. NHE)kénd
lthai;wtﬁdd:h'hydrggen'g§neration begins (say, -1.0 V vs._NHﬁ). This
means that AQo'should be no largérntﬁan 0.9 V. For a limiting current
denSity of 10 mA/crn2 and a conductivity Qf'0.04 (ohm—cm)—l; the 1aigest
disk wﬁi¢h cén’bevcathodically protectéd is ro'= 9.9 cm. |
The above equation can also Qe used for anodic protection of
an electrode with active-passive kinetics. The potential of the‘elecfrode |
should be large enough to ensure that the surface is in the passive
region and_small.enough tb ensure that it is not in the transpassive:
region.iiASSume that fhis.give; an allowed mékimum of A@o 6f 0;5 v énd
| that the current density in the passive'region'is 10_5 A/cmz. Then,
the largest disk whicﬁ can be protected anodically corréspon&s to ré =
5500 cm, again fo:'a conductivity of 0.04 (ohm-cm)-l. Equation 3 can
also be.used-;q_gﬁide the selection of conditions forvconstant-pdtential

electrolysis.



Detectlon of the Current Dlstrlbutlon
Varlous methods are concelvable for detectlng a nonunlform

current dlstrlbutlon on .a rotatlng disk electrode. D1rect measurement

of the dep051t thlckness has been used. w1th success by Marathe and Newman.®

Irene'Sun,vat'Berkeley,,has sectionedta‘radioactive deposit on a disk

electrode, and autoradiograms of radioactive-deposits have been made by

Jorden"énd'Finston.lof‘ o

| Albery end»Ulstrunsvhare_measmred cdilédtibn_efficiencies at
the'ringvetectrode of a'ring;disk syStem>with a riem towerd‘detecting‘a.l
: nOhunifomfcurrenttdistribntion'on thevdrSRVelectrOde.e If the current
:density'is'higher neérdthe edge’of;the disk tnan at the center,'then the
| collection-efficiency?at the ring Should'beihigher than that calculated
mithwtheiassumption of’; uniform cnrrent denSity on the disk. A quanti-
tative comparlson of theory and experlment is made difficult by the fact

that a current to the r1ng will accentuate the nonunlformlty on the d1sk.

Nevertheless, the results of Albery and Ulstrup show a lower-measured

coilection efficiency. This conflict led us'to'repeat the experiments,
'.as described in the next section;v Bruckenstein'and Millerll-have elso
vtreated th1s c0nf11ct coming to conc1u51ons s1m11ar to ours.

| It would be more stralghtforward to use the: r1ng -disk system
as a seétioneddelectrode for the purpose of measuring the nonun1form1ty
ofvcnrrentddistribution. In this appiication;vthe ring andvthe disk
would'be-held'at the-seme potential so as to function as a single
electrode to the parts of which the current could be measured-separately;
Since this:is a classical method of.meaéuring current distributions; we

have~essessed in a separate paperlz-the error,which might be introduced-

e



*

by the nonzero gap between the iing and the disk. Experimental measure-
ments are also reported for-this tethnique;
Angell, Dickinson, and Greef13 have measured the potential

distributioh‘near a‘rdtating disk electrode. In order for such measure-

 ments to detect a nohuhiformitY»of-current distribution on the disk;

méasureméhts'wQuld have(tO'bé made quite close to the electrode itself,
as shown by the thébreticai potential pféfiiés along the disk axis (see
figure 1);;TMcIntyré”and'?eck14vhave developed an interrupter technique
and appliéd it to the ﬁeaSUremeht-of the ohmi;'pbténfialfdrop at a rotating
disk eléétrode{' Although the ohmic potehtial drop to the center of the

disk can vary by 27 percent depending on the_unifofmity of distribution

~of the same total current,zvan'ihterrﬁpter technique will ideally measure

thewohmic'pgfential drop correspdn&iné'to the'primar} current distribution,
indepénﬂé@t'of the actuai éﬁrrgnt.distribution prevailing before interrup-
tion of thé current. 1> | | |
Ring Coliectionngfficiehcies forvthe BromideeBromiﬁe System

”:Albefy and Ulstruﬁs have iepofted the results ofréxperiments
with a_ring-disk aésembly to teSt critically fhe predicfibﬁs qf_current'
distribution on a disk electrode. The disk was operated at a given current
as an aﬁqde, oxidizing bromide to bromine, which was thén reduced back
to bromide atrthe fiﬁg; The_nbnuniforh current distribution on the disk
should produce a concentration of bromine at the édge of the disk which
is higher‘than'that.expéctgd from the average'current.density. This
should'resultlinba hig@er‘cuirent on fhe ring (or a higher collection
efficiency) than that Qredicted by Albery and Bruckens_tein.'16 In other

words, bromine produced near the edge of the disk has less'chance to
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dlffuse away and not react at the ring. . In contrast, Albery and‘Ulstrup
report a lg!gg current on the r1ng
| Three effects might complicate the interpretation of these‘h

_results:' | o | |

I. Operatlon of the rlng cathodlcally enhances the nonun1form1ty of the
current dlstrlbution on the disk and should lead to a still higher
colleot10n_ef£1c1eney.

2. :The{ohmicfpotential drop.may have been large enough in some of the
:dilute‘solutions.to:Obviate the‘iimiting‘current measurements on the
'ring,hthat is, thevring,mayfnotfhave,been'at limiting current at
thetpotential of its operatiOn. This possibility'ie difficult to
asseee thedreticallY’since.the placement of the reference eleotro&e

."15 not 1nd1cated in the work of Albery and Ulstrup
3. Kinetlc complicatlons on the disk mlght have resulted in the
'iproductlon of lessubromlde than was supposed.
" For thelrotating ring-diékhsyetem'described below, calcula-

'tions w;fefﬁade of the ohmic potentiai drop‘between the ring and the

referencehelectrode; with the ring operating at limiting current. The

results of Newman2 an& of Nanisl7 were used for the calculations. It
was fopnd that the ohmio effect was too5sma11,vand in the‘wrong direc-

| tion;-torbe of importance'for,the concentrations used in the meaeure-

ments reported below..

| Slnce the 1mportance of the last p0551b111ty could not be
determlned from the data reported by Albery and Ulstrup, the measurements
rwere'repeated.‘ The solutions were NaBr and HC_lO4 in water. - The ring,

disk, and counter electrodes were made of platinum. The dimensions of
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" the rlng—disklassembly (RDl) were: r6>= 01442 cn' = 0.504“cm,vand7

T, = O-éZl'cm-' The ‘calculated collectlon eff1c1ency was 0.340. The

r1ng and dlSk were 1mbedded in epoxy, and the overall radlus was 1.27 cm.

The reference electrode probe (Luggln caplllary tip) was placed in the

: plane oy'the dlsk at r =2, 27‘cm. A Regatran constant current power

.4

supply ma1nta1ned a constant d1sk current A Wenking potentiostat and

voltage ramp generator were: used to measure the 11m1t1ng current curves

on the;rrng,. Currents were determined by measurlng the potent1a1 drop
across precision resistors. The vessel containing the solution and

'eIectrodeslwas'open’to ambientvair and was at ambient temperature (23 +

29C);- The r1ng dlSk assembly was . rotated at 1550 revolutlons per minute.

Polar1zat10n curves for . the ring, whlch were typlcal of

- those obtalned in the more concentrated solut1ons, are shown in figure 2.

The' 11m1t1ng current plateau is broad and well deflned It can be seen
that the r1ng current at +400 mV {vs. SCE) could be taken as the limit-
‘1ng current, forvthese solut1ons and the referencefelectrode placement

T'USed herel: At decreaSedeconcentrations,-especially that of HClO4’ the |
ox1de on_the“platlnum,ls,more'narrow.

o Addltionai-dgta_forjgeyeral,different concentrationsrare
reportedVin Table 1. The measuredpcollectiOn_efficiency isvgreater than
,thatUCalcUIated for all but-three'entriesvin the table. The departure
from the,caléulatedvvalue-offthe}collectioniefflciency is_greater than

the experimental error (<1%) and is indicative of a nonuniform current

dlstrlbutlon. 'These-results ‘shotild be contrasted with those of Albery and

Ulstrup who found good agreement between measured and calculated efficiencies.
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Potential scan curves for the ring for a solution compositon of

0.1 M NaBr and 0.01 M HC104.

' Curve A: Zero disk current.

CUrve B: 1.0 mA disk current.
Curve C: 5,0 mA disk current.
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_Tableul.:fCollectioh_efficiencies for NaBr-HC104 Systemsr:

'Solutioh“CdmpOSifion_ . Total Disk'Gﬁrrent (mA)

_Ir/_Id_

© 0.1MNaBr - 0.1
0.1 M KC10, S 10
' | 5.0

10.0

0.350

0.345

0.360 -

0.350

0,01 M NaBr - - 0.0

0,01 M HC104_vj',  ; o 1.00

0.350 -

0.353

0.001 M Nabr - 0.005

,0.1 M HC10 0.010

4
0.020

0.030

' 0.040

0.050

0.100

0.050

0.350

0.350

- 0.340

0.340
0.350

0.350

0.350

. 0.354

0.001 M NaBr 0.010
~0.01°M HC10, o 0.012
10.050

10.10

'0.:340 :

0.360

--0.360

0.355

10,0001 M NaBr 0,02

4

0.1 . MHC10 . 0.03

0.350

0.350..

3
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'waever; the more interesting systems are the dilute solutions
in whicH A1befy'and Ulstrup found tﬂe anbmaiou$ collection efficiencies.
More specifically, fér a solution"of 1073 M HC10, and 3.3 x 1073 M NaBr,
they found lower than expected ring currents for disk currents above a
qertain level (cufrent”density not known since the disk radius was not
specified). -To investigate the possibilify that these results were
caused by»kinetic complications on the disk, disk;polarization curves
were.meééuréd for‘différént prepafations of the surface. Typical results
are shown in figure 3. |

' 3

Curves 1 - 4 were obtained in a solution of 10 ° M HC104,

1073 M NaBr, with RD1, and in the sequence numbered. Curve 1 was taken

_after the ring-disk had been freshly buffed on a metallographér's wheel —-

ouf'usuainpreparation; The run (and each subsequent run) was started
at #506 mv (vs; SCE) and'swept at 156 mV/min to more positive potentials,
wifh simultaneous measurement of the disk current. . Immediately after
curve i,wés;obtained, the‘potentiai”was returned to +500 mV, another
sweep;was_started, and curve 2 was obtained. The difference in the two
was caused by the'different state of the platinum surface in the two
runs. ’This was confirmed by: (1) prereducing the disk at -100 mV(vs. SCE)
for l.Svﬁinuteégbefore curve 3 was taken, and then; (2) preoxidizing the
disk af +2500 mV (vs. SCE) for 1 min before curve 4 was obtained.
Finally, a curve was obtained dfter the disk had been prereduced at -100.
mv (vs.vSCE) for 5 minutes, and the results were idénticai to curve 3.

g Similar investigations at concentrations of 10-2 M HClO4 and

IO_S'M NaBr revealed that the inhibition of Br2 production on a preoxidized

surface was much less important than for the above system. With a lower
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DlSk polarization curves in.O0. 001 M NaBr - 0.001 M HC10
Curve 1: Freshly buffed. : .

Curve 2: Run immediately after 1.

Curve. 3: Prereduced @ -100 mV for 1 min.
Curve 4: Preox1dlzed @ +2500 mV for 1 min.
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conceyttation of.HClO4 (1'()_4 M,Tloés.M NaBr) howevér, it was not possible
to obiain a cﬁfreht due to Br reduction of more than 0.12 mA (total
diék,cﬁrfénf), no matter how_much';he disk had'been'Erereduced. These
observations reveal the limitations of cqnpentration.and'surface prepara-
tidn khigﬁ are appr0priate:for measurements of coileétioh_efficiency with
tﬁisvby$ﬁ§m. One ﬁay conclude'thét:'(l)_bromine évblufioh‘dn the disk

is aﬁfecﬁgd“by thevSurface.prepération, i.e., igjinhibited_by oxide on
the'ﬁﬁgfgéum; and; (2) a reproduciblé sﬁrface may be obtainéd’by pre-.
rédné%ibﬁfbf tﬁé.&isk:”‘Similar'inhibition effects have been obtained

18

recently for the C1™ - Cl, system.

2
The influence of the preparatioh of‘the &isk surface on the
collettibﬁ efficiencies in dilute solutions-is demonstrated by the results
in Table 2; For Eréoxidiied platinum diské, these results are qualita-
' tively in agreement'witﬁ those of Albery and Ulstrﬁp. PreSumably, the
extra disk current on a'preoxidized'surfaée'(abbve that required to |
pfbducé the Bfé dete;tgd'op the ring) goes.ta pfoduée oxygen which is
not reduééd-dﬁ the ring in the potential fegion'scahned. Howevér,
Eféfédﬁééd}piatinﬁm.shows é strikihg difference, i.ep, the collection
efficiency is conStant up to the disk limiting current. This indicates
that'all the disk'cﬁrrent.is going to prbduce_Brz, whichwis then detected
on the.;ing. | _ |
| We conclude that thevresults obtained by Albery and Ulstrup
reve@l»tﬁé state of oXidation of their platinum disk rather than any
shorfcdmiﬁgs of the treatmeﬁt of Newman.2 Proper measﬁrement of collec-
tion efficiencies fbr this system provides support for NeWman's results.
A\reéent,paper by Bruckenstein ana Miller11 reports measﬁrements in

general agreement with the present results.
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Table 2. Surfacé‘trééfhént effects on collection efficiency in NaBr -
. HC10, systems. ' o '

Solution Total Disk -I'/i ' Disk Treatment'_
Composition  Curremt (mA) = ® ©
O.OOIIM:NaBrf 0.01 | , '0:330 Prereduced @ -100 mV for'l'minA.
10.001 M HCIO, . 0.02 v Q.330-, | e o
. 0.05  0.330 R
"lo,gs . 0.340 B "
010 -0;340"- , "
0.5 0.350 X
0.3 o0.340
0.40 0.330 N "
0.25 0.120 - Preoxidized € +2500 nV for 1 min
0.40 | .0.075' o
Q.ool_M;NaBr 0.01  0.340 Prereduced @ -500 mV for 1 min
0.0001 M‘HC104 ~0.03 0.330 , : "
©.40.05. . 0.330 | .
0.10  0.330 -

M
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Conclusions
,anuniform current distributions on a disk electrode may be
detected in several ways. Of ‘these, theVméthod'of_measuring the deposit

thickness on‘the disk, and the technique of using the ring-disk system

.aS'a’sectibned electrode are probably the most straightforward. The"

collection efficiency method, pfopoéed by'Aibery'and Ulstrup,5 is not
as.simple tp-interpret, but may be used to provide qualitative evidence
for nqnunifdrm cﬁrrent distributions. Experimental data have been
reported_hefe which support the-predictioné of theory2 and should be
contrasted with the data of Albery and Uistrup.S
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.
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