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Introduction
Measurements of limiting currents have been widely adapted during

the past 25 years for the study of mass transport conditions at solid-

,liqdid interfaces. The relative simplicity of the experiﬁental

apparatus, and the facility with which a limiting current plateau méy

be'detexmined lead to a widespread applicaﬁion of ;his technique,

beyond the tféditional boundaries of "electrdchemisfry".ll’zl

Limiting current measurements allow the determination of mass transfe:'

¢oefficients with a better accﬁracy than that offered by other mefhods

available for:this purpose.

This éommunication is concerped with the analysis of unsteady-
state effects in the measurément of limiting curreﬁts. Thé response
of transport processes to the driving force, thevapplied potential,
requires careful consideration in the design of thé experiment and
in the interpretation of data.

- The following methods have been commonly employed for reaching
the limiting current:

1..‘Application of a single overpbtential step which is sufficient
to allow the limiting condition to bevreachéd,_but nof large |
endugh to allow a consecutive electrodé proéess:to dccur.[3]

2. Stepwise iﬁcreasé of the current, or of the ngrpotential. Steps
.may be well defined (programmed) or may‘ﬁg applied in a more or lessl
arbitrary'fashion.[4’5’61 |

3. Appiication of a current ra@p.or of a linear potential scan, with

adjustable rate of increase of current, or of pOtential.[7’8’9]



4. 1In studies involving forced convection: application of a constant

current and diminishing the intensity of convection (e.g., by
the the the -
reducingsrate of flow orpvelocity of movement of pelectrode)

until limiting condition is reached.[lol
Each of these methods are supposed to allow the determination of the

true steady state limiting current, which corresponds to a negligibly

small concentration of reactant at the electrode surface when the

concentration profile in the mass transfer boundary layer has reached

the steady state.

The time elapsed from the closing of the electrolysis circuit to
reaching the limiting condition should be sufficient to establish
the steady s#atevconcentration profile. This time period.will clearly
depend on the method chosen for reaching the limiting current, and
on the prevailing hydrodynamic ‘conditions which influence the nature
and extent of the'boundgry layer. |

The maiﬁ.considerations which prompt investigators to reach the
limiting current as rapidly as possible are as follows: a) When a

small volume of electrolyte is used (e.g., in a non-flow system) the

(11

bulk concentration may undergo significant change during the experiment.
b) When the electrode reaction involves the deposition of a metal
(e.g., copper) fhe surface progressively roughens éé the deposit builds
up, causing é‘gradual change of the surface area and of the charagter

(12]

of the mass transfer boundary layer. The effect of progressive
surface roughening may be sufficiently severe to preclude obtaining a

limiting plateau at all.

]



Tne development of steady state convective diffusion requires
finite time. Because the concentration profile in forced convection
1s determined by the imposed velocity field* the estimation of the
time required to establish steady state is relatively straightforward.
Such is not the;case when only the gravitational force acts on the
fluid. Here the fluid motion results from the density gradient that
develops'as'a consequence of'depletion (or augmentation) of
concentration of reacting species at the electrode. Development of
the velocity field lags behind the development of the density gradient
~at the surface. Because the driving force depends on:::ncentration
difference between bulk and interface, the mass transport process
in dilute electrolytes requires longer time perlods to reach steady
state than in concentrated media. Prolonged electroly51s required
in such cases can lead to bulk depletion and (in the case of metal
udeposition reaction) excessive surface roughening; Therefore, to
obtain:a steady state limiting current in the shortest possibleltime
is generally a more critical problem in free convection studies.

Fenech[6] observed the dependence of anparent limiting currents
on the method (i,e., stepwise or continuous) by which the limiting

condition was reached. Hickman[13] employed a linear current ramp

* , -
Although the concentration profile of the reacting species depends
the current density, in the presence of large excess of supporting

electrolyte, this will have only minor influence on the velocity field.
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in an effort to devise a well defined, repréducible method for_the
execution of 1iﬁiting‘cufrent measurements. In the deposition of
copper from stagnant acidified copper sulfate solutiong onto a cathode
facing downﬁard,‘Hickman fopnd that iAL,,the apparent limiting
current (i.éf, current at the transition time).decreases as %% is
reduced (fig. 1). As shown in fig. 2, when the orientation of the
cathode is éhanged to face upward, thereby allowing free convection,
the apparent limiting currents again decrease Qith decreasing g% .

In this case, however, a steady state value of iL was obtained when

the time elapsed between starting the current and reaching the
limiting condition

di ' :
t = iL rrs > 8 minutes . )

Using linear increase of AE , the cell potential, Fenech[6]

found that reproducible, steady state iL could be obtainedbfor copper

deposition on horizontal electrodes facing upward when
£ = 500my/2UE) 5 3 gy | )

However, when the bulk concentration of CuSO4 was below 0.01M ,
difficulties were encountered in obtaining reproducible limiting
currents. As shown in fig. 3,instead of well defined plateaus,
maxima and minima appeared in the i vs AE curves. The current
maximum at 0.3 volt decreased when a lower scan rate was applied, but

it didn't disappear. This "camel-back" type limiting current curve



may be explained by the long time requireo in dilnte solutions for
exceeding the Raleigh stability limit. The current maximum.results
from unsteady state diffusional transport, and when the transition time
is reached the current begins to decline.until'the slowly developing

convection eventually improves the transport of reacting ion to the

" surface. The current again ascends until the electrode potential

reaches the value required for‘hydrogen»evolution'to begin. Unfortunately
neither the current maximum, nor the minimum may:be interpreted as
corresponding to the true steedy state limiting cnrrent,vsince
throughout this time'period'the density profile near the electrode,
hence the velocity field, is not fully developed.

Rather dramatic evidence of the effect of slowness of the
developnent of convective patterns may be found in Bohm and Ibllsllél
study-of tranSport by free convection between narrowly snaced
electrodes. - Fe(CN)g+ was reduced on a nickel electrode which

formed together with a parallel diaphragm a vertical slit open at both

ends. Flow to and from a large reservoir of electrolyte resulted

: from}the chenge in density.in the gap. In small gaps the limiting

current wouldn't reach steady state even after Seyeral hours. The
use of copper deposition for the study of this model is clearly not
suitable; the gradually increasing surface roughness makes it
impossible to achieve steady state convective flow.i

| A comparison betweenvtimes reqnire&.to.reacn‘liniting_current
under free convection and‘under forced convection by'either a current

ramp or by potential scan is not possible because experimentalvdate



and relevant theory are both lacking. However, some insight can be
gained by examining the results available for a simpler boundary
condition, namely for a concentration step at the electrode. These
solutions were oﬁtéined for free convection at a vertical planar
electrode and for forced convection between parallei platés-

(Lévéque - type mass transfer). Table I presents representative values
of the time required to reach iL. for these two cases. The values

for transient free convection at a verﬁical electrode were calculated

‘ 1, 1151 |

from an approximate solution by Siege in the diﬁensiouless form:

Dt 1/2 ' '
;E (erSc) =3, (3)

' : reach a .
The time elapsed topsteady state concentration profile in Lévéque-type

mass transfer (mass—transfer entrance regime in high-Sc fluids) was

calculated from the solution by Soliman and Chambré:lls]

- 1.25 (%)

Dt (sz)zl3

2\D
b4
for a 99% complete approach to the steady state. S 1is .the transverse
velocity gradient at the wall. For example in flow between parallel
plates S = 6u /H , where u is the average linear velocity and

avg avg
H the distance between the plates.
the
As shown by egs. (3) and (4)jptime elapsed before local steady

state is achieved depends on the distance along the mass-transfer

surface in the streamwise direction, x . Furthermore, in slow forced.



Table I. Time required to reach steady'state Iimiting current
(in seconds) in laminar free and forced convection along
a planar electrode in a solution of 0.05M CuSOa, 1.5M H2804

.at 25°C. Current densities (in ma/sz) are bracketed.

Distance from ‘ : '
leading edge (cm) | 0.5 1 5 10 40

Free convection at 42 60 133 189 377

vertical plate . | (2.84)  (2.40)  (1.61)  (1.35).  (0.95)

Forced convection
between parallel
_ plates (1 cm

distance) ‘
Re =10 95 151 444 07 1777
| (1.31)  (1.04)  (0.61) - (0.48)  (0.30)
100 21 33 96 151 1382
(2.82)  (2.24)  (1.31)  (1.04)  (0.65)
1000 4.4 7.1 21 33 83
- | 6.08)  4.83)  (2.82)  (2.24)  (1.41)
2000 2.8 4.4 13 2 52

(7.66)  (6.08)  (3.56)  (2.82)  (1.78)




laminar;fldw (Re < 100) transition times are comparable to those

in laminar free convection. : - ' .

The times listed in Table I are valid only for the response to |
a step in the reactant concentration at the electrode. Because in “
the step approach a current equal to the limiting current (or a
sufficiently negative potential) is imposed already at t =0 ,
it is to be expected that the times necessary to gehefate steady-
state limiting currents by a current ramp or by potential scan are
longer than the simple transition times given by eq. (3) or eq. (4).

In the folloﬁing results of two series of experiments are
presented in which steady staté limiting currénts were generated by
a current ramp and by potential scan. The miﬁimum times required
to reach limiting current by these two methods are then compared to
those requiréd when a current or potential step is applied instead.
In experiments using potential scan, unlike in eaflie: work,[4’6]
-instead of the cell voltage, the cathode potential was controlled
relative to an identical reference electrode.

For sake of convenience, the rotating diskAwas chosen as the
experimental vehicle; here the mass flux is uniformally distributed
over the‘electrode surface when limiting current is reached. To
avoid complications arising from changes in thersurface morphology

during passage of cﬁrrent, reduction of ferric~cyanide was selected

as the electrode reaction.



7Exp¢rimenta1

A Wenking 61 RH potentiostat was used both in the.potential scan
and current ramp experiments; in the latter the potential drop. over
a fixed resistance was. controlled.

Current and electf;de potential were recorded by a Vidar 12289
Low-Level Data Logging System, consisting of é Vidar 510'Integrating
Digital voltmeter, Vidar 12029 scanner, Vidar 625 Digital clock,
Franklin 1040 High—SpeedAPrinter, and Vidar 650;8 Coupler. The data
in digital'form were either ﬁrinted out directly, or sforedvon
magnetic tape and processed by computer. The highest scanning speed.
ﬁas 30 signéls per secpnd.

The rotating disks employed were of the design recommended by
Riddiford, with an embedded nickel electrode of 0.4 cm diameter.

. Before eachfséfies df experiments, to obtain clean,_sfabilized
sqrfaées, the disk and the nickgl fefere;ce electrodé‘weré pre—treéted .
by cathodic hydrdgennevolution in 5% NaOH soiution at a current
density of VZOIma/cmz for 10 to 15 minutes.

The eléétrolyte waé an ?quimolar solution of K3Fe(CN)6 and
K&Fe(CN)6 prépared from reagent grade chemicals, ﬁith NaOH added
és supporting electrolyte. The concgntration of K3Fe(CN)6 was
approximatgly :0.02M , that of NaOH 0.4M . The gxéét reactant
concéntratiohs and physical propertiés for the two seriés of measurements'

are given in Table II. Experiments.were‘conduéted at 25.0 * 0.1°C .
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Table II. Properties of electrolytes.

c =c HJ = 0.4M
K3Fe(CN)6 K4Fe(CN)6 NgOH
A, Currént-rgmp measurements: B. Potential-scan measurements:
c 3. = 0.0184M c 3. = 0.0143M
Fe(CN)6 ' Fe(CN)6
p = 1.022 g/ml - ' p =1.021 g/ml
= 0.985 cp = 0.984 cp
D =7.88 x 107° cmz/sec | ~ D=17.89 x 1076 cm?sec
Results

A, Curfent'ramps

A series of current ramps were applied at two different rotation
épeeds (115 and 491 rpm), with di/dt rénging from 0.005 to 12
ma/cmzsec.. Figure 4 illustrates the curves obtained. The limiting
current plateau gradually approaches horizontal inflection as di/dt
is increased. The appargnt limiting current was taken to be the
value at the inflection point; this was ‘located at approximately |
;900 mv overpotentialiexcept at the highest rates of increase,
where it tended to shift to higher potentials (up tq -1;1 volt).

Table III allows a comparison of results obtained at different
speeds of rotation. In unsteady state mass transfer at a rotéting
disk the time may be rendered dimensionless by combining it with
the diffusivity and the mass transfer boundary layer thickness, 6 .

This yields:
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ST o= thc-1/3 . : ' .- (5a)

If we now insert in eq. 5a the time in which a current ramp reaches
the current level corresponding to steady state limiting current, we
can write:

1 wse /3

T dijdc° | (5b)

Figure 5 shows the results in a double logarithmic plot of
.apparent limiting currents relative to the steady-state value,
~against the dimensionless time T' . At short times the apparent
limiting current appears to tend toward a cube root dependence on time.

The results may now be compared with the time in which the
‘steady—state concentration is established following a current step
7] the

at the rotating disk. According to a solution by Hale,

' stationary concentration is established to within 1% in a time-period

teut s 3546t (6)

This time is indicated'as T
step

The minimum time to obtain steady-state limiting currents by

in Fig. 5.

means of a current ramp, Ti o 60 » is apparently an order of magnitude

larger than tstep .

'' refers

* ' : .
'Superscript, ' 1s used to denote current control while
to potential control. Subscript L is used for time required to .

establish steady state.
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Table III. Apparent limiting current values obtained by current ramps.

115 rpm 491 rpm
d_j~.x16'3 i T'=..jlu_)s_c-_1{j _‘.i_i_-.x1o3 i T'=M
dt AL di/dt dt  ° AL di/dt
, v(ma/cmzsec) (ma/cmz) dimensionless (ma/cmzsec) (ma/cmz) dimensionless
5.03 3.18 723 130 5.19 192
5.43 3.16 670 133 5.19 188
10.3 3.23 353 258 5.20 96.7
10.4 3.23 350 260 5.24 95.9
21.7 3.23 168 414 5.31 60.2
81.6 3.37 44.6 421 5.31 59.3
163 3.56 22.3 835 5.53 29.9
172 3.38 21.1"° % 857 5.48 29.1
- 261 3.60 13.9 1700 5.96 14.7
266 3.62 13.7 1760 5.71 14.2
494 4.00 7.36 3370 6.35 7.41
506 4.03 7.19 3400 6.29 7.34
1063 4.57 3.42 6660 7.30 3.75
1150 462 3.16 6700 7.42 3.73
2040 5.23 1.78 11620 8.34 2.15
2140 5.35 1.70 11620 8.42 2.15
4360 6.42 0.834
4680 . 6.48 0.777
6975 7.66 0.522
7040 7.62 0.517

3
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B. Linear potential scan °

A series of potential scans were mcde at 490 rpm, ranging from
dn/dt %'—S mv/sec to -2 v/sec ; ‘Figure 6'illustrates the divs n
‘curves thus obtained. 1In the limiting-current region curreut
fluctuations (#1%) with a frequency soueuhct higher than l‘sec'-1
‘ were obscrved; these appear tobbe chéractcristic'for potential control
‘in that region. The limiting-current volue was determined by
averaging ovet the olateau which extended here betwecn -400 and
~800 mv. .

At higher scan rates the plateau was reached at more positivc'
values (—200vmv);-th1s>was apparéntlf due to an incipient current
maximum at approximately -100 mv. At the highest scan rates the
, maximum could be clearly recognized (Fig. 6 ¢ and d). When a current
. peak occurred the following current plateau was higher than the
steady-state limiting current. _ |

Table IV lists the peak‘and olatcau currents, and the potential

- scan rates. The scan times may be expressed in the dimensionless

form

B -1/3 . -1/3 E
1/3 _ ® Sc w Sc RT )

= wt S T = T dE " (an/dtar

T" .

Note that. t in eq. (7) is the time in which the scan reaches a
'.potcntial —RT/nF (or -25.6 mv at 25‘C for the reaction used in this
work)and that the time to reach a potential of =400 mv, correspondlng

_to the llmiting current is approximately 15 times greater.
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Table IV. Apparent limiting current values obtained by linear potential
decrease. (490 rpm).
dn/de i'AL L hax ™ = wdiigi/B
(mv/sec) (ma/cmz) (ma/cmz) dimensionless
4.55 4.76 - 26.50
8.77 4.78 - 13.75
15.6 4.79 - - 6.85
27.9 4.79 - 4.33
27.9 4.80 - 4.33
54.7 4.84 - 2.21
114 4.89 5.16 1.05
221 5.01 5.95 0.546
433 5.14 8.30 0.279
436 5.13 '8.28 - 0.277
633 5.46 9.48 0.919
920 5.70 11.05 0.131
2165 - 8.06 16.5 0.0557
2097 16.5 0.0575

- 8.06
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' FigUreb7 shows in a double-logarithmic plot the apparent
limiting currentsi(plateaus) and peak currents, relative to the
steady—state limiting currents, -against -the dimensionless time
(eq. 7) At short times the apparent limiting currents seem to
depend inversely on the square root‘of the dimensionless time.

The time of transition to the steady-étate limiting current
by a'potential scan.may now be COmpared.with the time in which the
steadyestate flux is established following a concentration step at

the rotating—disk electrode. Solutions for the concentration-step

(18] [19]

A transient were given by Olander and by Filinovskii and Kiryanov.
A numerical solution valid for high-Sc mass transfer has been
»obtained[‘] which shows that the stationary flux at the electrode

is established to within 1% in a time~-period

-1/3

S = 2.05 . (8)

T. = Wt Sc

_ This time is indicated as T in Fig. 7.
. ‘ ~ step ‘

Taking the value of current at =300 > n > <400 mv , the minimum
‘scan period to reach steady state limitingvcorrents is 1 = 20 .
As in the'case of current ramps, this is an order of magnitude
. larger than TS ,vthe time required to reach steady state following
a_potentialfsteg. -Thus, compared to the approach to steady state

limiting current by a current ramp, the potential scan technique is

approximately three times faster.
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Discussion
The results of both types of unsteady-state limiting-current
measurements may_be interpreted in terms of a pure-diffusion model
which‘is valid at the limit of high rates of current or potential

increase.

Near the disk surface the convection velocity toward the disk is

u, = —ay203/2,71/2 | B

wvhere o = 0.51023 . The convective term in the equation of convective

diffusion is very small if

1/2
s/ (10)

Ferry ()

i.e., an order of magnitude smaller than the steady-state diffusion
layer. =

In very fast transients the limiting current conditiqn (c=0) ,
Oor a current maximum, is reached before the diffusion-layer has
grown enough to make convective transport important. This is evident
in particular from the potential-scan experiments, where the pure- |
diffusion phase distinctly precedes the convective;diffusiqn phase if
the scan raﬁe is fast énough.

In the'following the pure-diffusion model is first applied to a

deposition reaction. The results are then reconsidered for a redox

reaction.



-17-

A. Current-ramp experiments
The response of the concentration at the electrode, c, > to

a linear1y increasing cathodic flux:

N = -D(gs) = -c st | ,‘ (11)
- o
o 18[20]: .
¢~ % - —4st3/2 : : (12)
“°  sapt/?’

where

s = |d1:/dt| o _ ' (13)
N L
and 'cb 1s the bulk concentratiom.

R Zero concentration at the electrode is reached in a time

1/3
t = (-—21'—‘?7) . (14)
16 s o - .

and the flux will be 1.209 cb(sD)ll3 . Theréfore,,at high.current
increase rates the apparent 1imiting current is p;oportional to

‘(d:l/dt)ll3 . ~In terms of the dimensionless variables of Figure 7:

: s (11.“’ Sc—l/3)—1/3' |
«iA.I../?L. = 1.662 Ti/_dé—_- . (15)
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This equation is shown as a solid line in Figure 7. Although the
experimental values deviate from eq. (15) they tend toward the
theoreticallline at higher values of . di/dt .

The deviation from eq. (15) cannot be ascribed to the fact
that a redox reaction is involved. Since the flux is controlled,
eqs. (11-14) are valid for the oxidized species, i.e., the ferricyanide
ion (ox) . The accumulation of thg reduced species (red) at the
cathbde will also be according to eq. (12), but with Dreé substituted
for Dox , and Sred equal to 8 x in an equimolar solution. The

concentration overpotential is then

RT 1 - aY23/2 )
n=- in 1/2.3/2 (16)
1 +kA "7t
where
16 six 1/3 - o
A= 3;5;;— - a7
and
- 1/2\ /. 1/2
k= (cox,bDox )//(cred,bnred) : (;8)
For the experimental solutions k = 1.1 .[1] From eq. (16) it is

clear that the time passed until the potential is sufficiently negative
for hydrogen ion reduction will be less than the theéretical time

(eq. 14). The limiting current then will be less than predicted by



-19-
eq. (15). A similar reasoning shows ‘that charge'traﬁsfer overpotential,
if significanf, would lead_téva'loﬁer'limiting current. It is also
unlikely théf capacitive effects are important since for this reaction
;he sﬁrfécevoverpotential is négligible compared to the c0nééntrétion
overpotential. |

Theimost'probable cause of the4positive deviatipns'from ﬁhé
pure-diffusion aéymptote'is the contribution of conQective supply'
‘ofbreactant, even at high rates of current incfeas;.‘ (See‘Discussiqn,'

Section C.)-

It is interesting to compare the results of Hickmanllz]

(Fig. l)»wiﬁh eq. (14). The proporﬁioﬁality betwéen t and 52/3'
is Vé?y satisfactory (Fig. 8). The diffusivity of cu’t derived
from the slopé'is D=4,73 ><.10_6 cmZ/sec; in good agreement with
.rotating-disk effective diffusivitieé!l’ZIJ Note that the data poinﬁ
for\thevlpwest. di/dt deviates most from tﬁe least-squares slope. ‘

This is probably caused by secondary éonvection,at the edges of the

embedded electrode.

B. Potential scan . experiments

The response of the flux at the electrode, N , to a concentration

step, ¢ ~-c_ , is well-known:

ke (22 - e oy JE o
N_—fn(ay)o--(cb, co)‘,;—t-. , (19)
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If the surface overpotential and ohmic potential drop are

negligible, the boundary condition for a linear potential scan

a = d¢ _ nF|dn/dtl : . (20)

T dt RT

iS
’ ’ o cb ’

and, by application of the superposition theorem, for a negative

- scan:

N = ~c /2D = B(/aE) (22)
) ™
where the function
- 2 Y Az Ty
P(y)=eyfe da L (23)
0

has a maximum P(0.92414) = 0.54104. [2?]

The current maximum in potential scanning accordingly should

depend on (aD)l/2 , 1.e., on (dn/dt)llz :

i ., = —0.610503 can@ . (24)

or in terms of the dimensionless variables of Figure 7:
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-1/3\-1/2 .
_ w Sc _
imax/iL'— 0.9838(—-—-—-——-—d¢/dtv) . (25}
Thé potential at the peak should be independent of dn/dt :
n__=-0.8540 RT . (26)

It 1is to be noted that the peak current is ﬁot a limiting current
in the uéual'seﬁse, because <, = 0.426 cy - .

Since a redox reaction is ihvolvéd, one should - account for the
contribution of the product ion (reduced species)'tb the overpotentiai.
The agcumuiation of the producé ion tends to decrease the potential
to mofe négative values; when the potential is contfolled, the
result is a lowering of the current. The effé;t will be negligible
in solutions with a small ratio of reactant (ox) - to product - (red)
ion bulk concentration; in ﬁhat'casevthe;conversion rate at the
~ cathode is too small to caﬁse ; large shift of ﬁhe potential with
.;espect to the equilibrium potential. The effecc will be large in
solutions with an excess of reactant (ox) ion; a mathematical
solution is available for this case (Sevcik—Randles equation).

In the present case of an equimolar solution no simélifications
are possible. Consequently, a numerical solution had to be obtained

using the characteristic diffusion parameter

c D 1/2 i :
y =_( ox,b )(box ) f | | (27)

cred,b réd
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For‘equimolar ferricyanide—ferrocyanide solutions k =~ 1.1 . The

detailé of the numerical solution, which employed a procedure given

23]

by Acrivos and Chambré,[ are given elsewhere.[l]

Figure 9 shows the current, expressed in dimensionless form:

i T \1/2
L=- c nF |aD / ’ (28)
ox,b ox

against the logarithm of the dimensionless potential ¢ = -nnF/ (RT) .
As a check on the accuracy of the solution,_the Parameter k was
varied from 10--3 to .10+5 by decades; Below k = 10”3 thé current
maximum has the'value given by eq. (24), as in a deposition reaction,
and its potential is given by eq. (26). At high valueé of k, i.e.,
for potentials much more positive than the standard redox potential,
the current méximum has the value given by the Sevcik-Randles

equation

1 ae = 0.4463 cox’an/anox R . (29)

three _ .
where the constant agrees to ~ significant figures with that computed

by Nicholson and Shain.[24] The peak potentials become dependent on
. .
k shifting by -%2n 10 for every decade increase of k .

For the equimolar solution (k = 1.1) , the current maximum:

imax = 0.52738 canVaDox . | (30)

or
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: (m Sc—l/3)—l/2
imax/iL = 0.84995 .

ox
d¢/dt (1)
The peak potential is ¢ =1.6 , or n=-41.1 mv at'ZS?C.
Figure 7 shows that, for fast scans, eq. (30) predicts i ax

/

'reasonably.Well.

Girina, Filinovskii and Feoktistov[25] measured current maxima

. for reduction'of ‘Tl+ ‘at copper amalgam by potential scanning at a
rotating disk electrode. They found good agreement with eq. (29),
which is the appropriate equation for this reaction. As expected, the
minimum scan. period to reach a steady-state limiting current was
accordingly shorter; the reported value corresponds to TE = 14 .

In the present work, the experimental peak potentials were
larger than predicted ranging from -65 to -190 mv, and increased
with the scan rate. The ohmic drOp included in the measured over—
potential is probably respons1ble for this shift. At the highest
peak currents the ohmic drop was estimated to be 35 mv.v It is not
. unlikely that the inclusion of ohmic drop in the controlled potential
" leads to a shift of the peak potentials as large as those found
ekperimentally. In view of the good agreement between predicted and

observed current values this was not explored by further computations.

C. Minimum time to reach steady-state limiting current
The minimum time necessary to obtain a steady-state limiting
current by means of a potential scan is appreciably shorter than the

time needed in a current ramp (T" = 20 vs T 60) The ratio of



the‘minimum times is practically the séme-as the ratio of thé times
elapsed to steady state following a concentration or current step
(Tg = 2,05 i§_Té = 5.46) . 1In both cases the difference between the
two transients is caused by the relatively rapid depletion of the
solution nearest the electrode if fhe potential is controlled,
compared to a more gradual depietion, extending farther into the
solution, when thg current is controlled.

Under potential control the final adjustment of the concentration
ﬁrofile-to steady state occurs mainly at a distance from the electrode,
where the convective supply of reactant is ample. Under current
control this final adjustment takes place close to the electrode
where the convection is less effective. Consequently, to avoid
"overshooting" the limiting current, a longer approach time is needed.

It is interesting in this connection to compare the current-time
relationships for a potential scan and a currént ramp, both leading
fé the steédy-state limiting current in minimum time (Fig. 10).

If the potential-scan response is approximated as an instantaneous
step to the limiting current, the a;ount of reactant rémoved during
the current ramp is 1.5 times that removed by‘the potential scan.
AkThis is another illustration of thé greater effect of convection
during current—rémps than during potehtial—scans.'

Figure 10 also illustrates that a potential scan establishes a

near-limiting current very rapidly compared to a current ramp. In

deposition reactions where a rough, powdery deposit develops near

[12]

the limiting current, the shorter transition to the steady-state
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1imitihg'¢urrent_may therefore be a questionable advantage of the

potential-scan approach.

Conclusions

1. _Thé minimum time to éétéblish the éteady—state limiting
current at'a'rofating'disk”electrode'wés found to be 20 Scl/3/w
 (seconds) .in potential scanning, and 60'Scl/3/w :(seconds) for
current tamps.

2. Tﬁeée minimum times are each an order of maénitude larger
A than-those.réquired.to achieve steady~state'f0110wing, respectively,
Aa:concentration step or a current step at a rotating disk electrode.
The steédy—sfate limiting current in free convection at horizontal
.élec;rodesvis also reached neatly 3 times mofe rapidly by linear
potential increase than by a current ramp. |

.3.' As derived from consideration of convection-free diffusion,
apﬁarent limiting currents generated by high rafé current ramps

g_g)-l/3

approach a dependence on (dt . The 1AL resulting from fast

potential‘écans tend toward a depgndence on (%%)—l/Z s, and the current
maxima may be accurately predicted by considering the effect of

unsteady state diffusion.

‘Summary
In the measurement of limiting currents, unless the approach
to the mass tranéfer limiting conditions by a current ramp or by

potential scan is sufficiently slow, the apparent limiting currents
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obtained are higher than those corresponding fo steady state transport.
A review of experimental results on limiting currehts in free
convection at horizontal electrodes indicates that steady state
transport may be achieved nearly three times faster by potential
scan than by a current ramp. Examination of limiting current data
obtained on a rotating disk reveals that this is also the case‘in
laminar forced cogvection.
An unsteady state diffusion model allows the prediction of
the maximﬁm current obtained in fast potential scanning. Criteria
are established for estimating.the time required for reaching steady
state transport conditions when a current ramp or potential scan

is used for the approach to limiting current.
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Vv Symbols

. _ -1
normalized potential scan rate [sec ]

concentration [mole cm-3]

diffusivity [cmzsec_ll

applied cell voltage [v]

‘Faraday's constant = 96501 C.

distance between electrode plates in forced convection [em]

current density [amp cm~2]

‘apparent (unsteady state) limiting current density [amp cm—z]

. steady-state limiting‘current density [amp cm—z]

dimensionless cnrrent density, eq. (28)

redox diffusion parameter, eq. (27)

number of electrons transferred in reaction

mole flux [mole cm 2sec l]

gas constant (8.3143 J/mole®K)

molsr flux increase rate, eq. (11)

transverse velocity gradient at electrode [sec-l]
time.[sec]

temperature [°K]

velocity.[cm sec-l]

distance in direction of flow from 1eading edge of electrode [cm]

distance perpendicular to electrode [cm]



Greek Symbols

n

H

overpotential

-28-

[v]
-1

viscosity [g cm—lsec ]

kinematic viscosity [cmzsec—l]

density [g cm

dimensionless

dimensionless

“dimensionless

dimensionless
dimensionleés
dimensionless
dimensionless
dimensionless

rotation rate

]

time, eq. (5a)

time for current ramp, eq. (5b)

time for potential scan, ed. (7)

time in which iL is reached By current ramp
time in which iL is reached by potential scan
time in which iL is reached by current step
time in which iL is reached by potential step
overpoténtial (nnF/RT)

[rad sec_l]

Dimensionless Parameters

Gr
x

Re

Sc

Grashof number glApx
Reynolds number 2uHv

Schmidt number VD

Subscripts

b

(o]

max

oxX

red

in the bulk

3p—lv~2
1

1

at the electrode

at the current maximum (potential scan)

pertaining to

pertaining to

oxidized species

reduced species
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Figure Captions

Figure 1.  Apparent limiting currents on a horizontal electrode facing
' downward as a function of rate of linear increase of
applied current. (From ref. 13.) '
Figure 2. Apparent limiting currents on a horizontal electrode facing //”'W
upward as a function of rate of linear increase of applie :
current. (From ref. 13.) : (

Figure 3. '"Camel back" limiting current curve obtained by linear
increase of applied cell potential. Slow development of
free convection is a consequence of the low concentration
of the reacting ionic species (6,7).

Figure 4. Appafeht limiting currents'generated by current ramps

at a rotating disk electrode. Steady state iL = 3.18 ma/cm2 .

Figure 5. Logarithmic plot of dimensionless apparent limiting current

against dimensionless current increase rate. i, = steady-

state limiting current, iAL = apparent limiting current

[i.e., current density at the unsteady state transition time].

Figure 6. Apparent limiting current curves generated by means of 2
’ potential scans at a rotating disk electrode iL = 4,79 ma/cm” .
Figure 7. Logarithmic plot of peak currents and apparent limiting
- currents against dimensionless potential scan rate.
-iL = steady-state limiting current.
Figure 8. Interpretation of the data of Fig. 1 in terms of
unsteady-state diffusion (eq. 14). .

Figure 9. Current response to potential scanning for a redox reaction.
' 1/2

k = (cox,b/cred;b)(nox/nred) . Dimensionless current,
i m_1/2
I=- .
c nF  aD
ox,b ox

Figure 10. Comparison of current vs time during transition to the
- limiting current in minimum time by current ramp and
by potential scan. '
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