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» ABSTRACT

" A model is proposed for the behavior of a diffusion controlled
reversible deposition reaction occurring on a rotating disc e]ectrodé
under conditions of multi-sweep cyclic voltammetry. Results are presented
for dimehsioh]ess concentration, current density, and charge density
functions, obtained by the application of the Nernst—SfVer approximation
for transient convective diffusion. The existence of a periodic-staté
is demonstrated for cycle times of the order of the characteristic time
for the rotating disc. Diagnostié criteria oflpotential electroanalyti-
cal use associated with the periodic state are developed in terms of di-
mensionless swéep rate, reversai time, and cathodic reversal overpoten-
tial. It is found that significant differences exfﬁt in the current and
concentration functions as determined during the first and second - also
periodic - cathodic sweeps. The potentiodynamic determination of diffu-

sion limiting current densities as well as the applicability of a tri-

angular periodic potential waveform in plating are also briefly discqssed.

Key Words: Electrode, deposition, mass transport, voltammetry.
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Introduction

It has been demonstrated (1,2) that the application of periodic
current pulses tb a rotating disk electrode (RDE) gives rise to an
output signal which also becomes periodic éfter a short timé. In multi-
sweep éyc]ic voltammetry (CV), a periodic triangular potential waveform
is app]fed to the electrode and one might therefore expect the current
- response to become periodic after the passage of re]afive]y few cycles.
The purpose of thé present investigation is to define conditions for the
rapid attainment of the periodic state and to describe the characteris-
tics of the peribdicvsfate when electrodeposition reactions are studied
by multi-sweep €V. |

In‘the analyses to be présented, we examine the behavior of an
electrodeposition reaction under conditions of pure diffusion control.
Capacifive.contributions to the current and electrolyte resistance effects
are neglected. The deposition reaction is assumed to occur reversibly
with the deposit at unit activity. Here in Part I, we treat the problem
-~ of a rotating disk electrode (RDE), and employ the Nernst-Siver approxi-
mation (3) for transient cbnvective diffusion.

Even with the foregoing assumptions and perhaps the simplest
electrochemical reaction, the complexity of the computational problem is
still considerable, especially when the reaction occurs on an RDE under
multi-sweep CV conditions. However, these assumptions enable one to
obtain -analytical expressions for most quantities of interest. With
réspect to the more general use of multi-sweep CV in electrodeposition,
analysis of reversible deposition behavior is expected to exhibit the

characteristic features of a pure diffusion control, and can thus serve
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as a guide for treatment of more realistic deposition problems. Such
_problems will have to be treated numerically and the existence of a guide
would be very helpful for the optimal manipu]atioh of parameters.

It‘is shown from the analysis presented here that besides currents,
methods exist for the computation of both the concentration of the react-
ing ion and the intégra] charge associated With the deposition process.
This is achieved by the introduction of dimensionless current density,
charge density,'and concentration functions. It is shown that if the
electrode potential, initially at equilibrium, is changed linearly in
the cathodic direction for a time greater than the RDE characteristic
time, then, upon cyclic potential reveksa), all three functions become
periodic with respect to time. In other words, periodicity.is attained
1mmediéte]y after the first cathodic sweep provided that it'extends
beyond the RDE characteristic time. | |
| The first cathodic sweep ih multi-sweep CV is equivalent to Tinear
sweep voltammetry (LSV). The LSV current response for reversible depo-
sition of an RDE has already been described in the literature (4). The
periodic cyclic voltammogram is significantly different from the LSV.

For instance, the height of the cathodic maximum is reduced, the extent
of this reduction depending on the dimensionless sweep rate. In addition,
its position on the potential axis is not fixed. Whereas the first sweep
begins at zero current, the foot of the periodic CV current wave exhibits
a dependence on dimensionless sweep rate which is of diagnostic impor-
tance. Concentration functions during single and multi-sweep CV are
shown to be complex, e.g. the existence of multiple concentration extrema

into the electrolyte in the beginning of the periodic cathodic wave gives
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rise to local mass fluxes away from both the electrode surface and the - .
bulk electrolyte towards a depleted region within the boundary layer.

However, concentration profiles are shown to provide physical insight

- towards understanding of the existence of a current maxima in multi-sweep

CV. Finally, the charge density functions show that any complete CV sweep

results in the formation of a net deposit on the electrode surface.

Definitions and Analysis

We begin our analysis by introducing dimensionless parameters. This
is important not dn]y because their number and range of variation is
greatly systematized,-but also because RDE behavior under CV conditions
is described by a combination of dimensional sweep rate, v, and rotation
speed, w, rather than by each alone. This combination appears (4-7) in

the definition of the dimensionless sweep rate.
_ 2
o = nFv§"/RTD [1]

where & is the thickness of the Levich diffusion layer, and D 15 the
diffusion coefficient of the reacting ion. n, F, R, and T have their

usual meaning. 62/0 is the RDE characteristic time, defined once & is

- fixed by the rotation speed. It should be noted that eq.[1] becomes

obvious once one réa]izes that it is the simplest way to reduce v. Also,
it should be emphasized that o increases with increasing dimensional

sweep rate, but decreases with increasing rotation speed. For example,

at 100 rpm, o~10 when v = 100 mV/secT]in an electrolyte with v = 10_2

cmz.secf] and D = 10°° cn?.sec”! (n=1,T = 25°C). However at 1000 rpm,

, . -1
o drops to ~1 under the same conditions, and a sweep rate of 1 volt.sec

is required to sustain its value at that rotation speed.
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Dimensionless distance, time and concentration are defined by the

following equations:
2 _ b
£ =x/8 3 T=Dt/6" ; C=1-c/c [2]

where x is the distance away from the electrode surface, t is time, and
cb is the bulk (also initial) concentration of the reacting ion.

The dependence of the potential on dimensionless time is.shown in
Fig. la. The initial potentiaj is the equilibrium, Eeq’ computed from

the Nernst equation on the basis of cb. EC is the cathodic reversal

potential reached after a time of 8 sec at a sweep rate of v vo1ts.sec'];

8' is then a dimensionless reversal time defined by
Vo 2
' = Do/s [3]

Since the initial potential is Eeq’ the interval E;:-Eeq is also one of
cathodic overpotential varying from 0 to Nes where né is the cgthodic
reversal overpotential. Figure 1b shows the dependence of the surface
concentration on dimensionless time. When the potential is linearly de-
pendent on time, the concentration is exponential through the Nernst
equation. The list of dimensionless variables is extended by defining
t.and t_. These are dimensionless times into a cathodic or anodic

c a
sweep, respectively. From Fig. la,

T = 298" + tC O<hé<e' ; T during a cathodic sweep [4a]

T = (2241)0" + L O<Té<e' ; T during an anodic sweep [4b]

Equations [4a] and [4b] are important in separating t in two components:
the number of already applied complete cycles, %, and time into a cathodic

or anodic sweep, Te OF g5 respectively.
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We now focus on the definition and methods of computation of the
concentration, current density, and charge density functions. Let us
assume for the moment that a step potential is applied to the RDE such
that the surface concentration becomes 0 at t=0 and remains atvthis
value for all t>0. The solution of this prob]ém, Cs(g,f), is related

to C(g,t) by means of Duhamel's: (or superposition) theorem (4,8,9):
- 3C -
C(g,t) -f 70 (022) . C (g, T-A)dx [5]
0
where C(0,t) is the time dependence of the surface concentration (Fig. 1b).

According to the Nernst-Siver - approximation,
o 3 Joa-1 s . 2 2
Coleot) = T-g + 2,0, (=10 (gm) * sin [(1-g) jn] exp(-3"n"2)  [6]

By combining eqgs. [4] ,[5] ,vand [6] , expressions for the concentrations
during a Sweep can be derived (see Appendix). Apart from &, the'concentrations
will depend either on TC or on Ta’ depending on the direction of the potential
sweep, and also on the parameters o and 6'. We can then write Ccz(g,rc§o,
6') for the dimensionless concentration during the (2+1)th cathodic sweep
as a function of dimensionless time into the sweep; Teo distance, £, away
from the electrode surface, dimensionless sweep rate, o, and reversal
time, 8'. The corresponding symbol for the concentration during the
(g+])th-anodic sweep 1is C;%g,ra; g,0'). |

Once concentrations arevaVaiTab]e, currents can be cbmputed from
‘their g?derivative on the - electrode surface.. We define a current den-
sity function, J,'as the dimensionless ratio of the current density to
the diffusion limiting current density, iL. The current density functibn
during the (2+1)th cathodic cycle will depend on T and on the parameters
o and ¢'. We can thus represent it by JC (Tc;o,e'); similarly, we can -

use Jax(ra;o,e') for the (z+1)th anodic cycle. J's can be computed

either from
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JC (rc,c,e ) = - ‘SE—'(OsT 3656°) 3 (ra;o,e ) = -:—E%— (Osfa30a9 ) [7]

or direct]y by Duhamel's theorem,

TC 3C . .TC :

- ol : s _ _ [ 3C o .

J = -f 5T (0,1) . 5E (0,7-2)da f3T (o0,2) . 63(0,7”-(1-‘ 2))da [8]
0 A o |

" where the function 63 originates from differentiation with respect to

&£ of eq. [6].

Since detailed expressions are available for the dependence of current
on time, the-charge deposited during a time interval can be computed. We |
define a charge density funct1on R, as the dimensionless ratio of the
charge density deposited during a sweep to a characteristic charge density.
The latter quantity is i 6 /D, i.e. the charge that would be depos1ted if
the diffusion limiting current was applied for § /D

By definition, R's do not represent charge accumulation during
repeated cycling but are specific to a'particu1ar cycle.. The symbol
Rcz(o,e') will be used to denote the value of the charge density during -
the (2+1)th cathodic sweep as a function of dimensionless sweep rate and
reversal time; similarly, for Raz(c,e'). Apart from Rc'and Ra’ a third

charge function is of particular significance:v
L R 2
Rn (099 ) - RC + Ra v [9]

Rnl represents the net cathodic (Rn>0) charge deposited during the

complete (sL+1)th sweep.
Expressions for the charge functions have been derived by integrating

J's over time:

el
% . %0 . i\a. . L 0 - Ly .
R 020) = 9 x om0 Mg 3 R one) = f 9, M 50,0 e, [10]
0
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Although g¢'>1 is hotAa very important parameter in the compdtation of
concentration and current density functions, its sighificance becomes
decisive for R's. Since most electronic equipment available for electro-
chemical measurements control potential, it would be more useful to ex-
press R's as functions of reversal overpotential, e rather than e'Q
Expressing ne as multiples of RT/nF, we may introduce a dimenSion]ess

overpotentia],_H, by -
H = n/(RT/nF) ; HC = nc/(RT/nF) ’ [11]

Expressions for Rco(o,Hc), Rc(°’Hc)’ Ra(°’Hc)’ and Rn(o,HC) have been

derived and are given in the Appendix.

Attainment of a Periodic State

It is shown in the Appendix that for
6" >1; 6> §2/D [12]

all functions CCQ, Ca2 5 Jcl H Jalv; Rcz, Ra2 become 1ndependent of ¢ for
all practical purposes. In other words, if the first cathodic wave (LSV)
lasts for a time greater than az/D, then all subsequent anodic waves are
identical. Furthermore, the second and all subsequent cathodic waves are
also identical. This is true irrespective of the value of the dimension-
less sweep rate. The restriction on the value of 8' is not very serious
since 62/D is usually a small quantity. However, one should be careful

in realizing that the criterion for periodicity is time rather than rever-
sal overpotential. For example, at a rotation speed of 100 rpm, 62/D

~ 2.5 sec. At a sweep rate of 1 vo]t-sec'], the reversal overpotential

should be at least 2.5 volts for the periodicity criterion, eq. [12], to
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be met. Conceivably, if 6'<1, Tetting 2>~ will give rise to a periodic
state which will be in general different than the one established when
eq. [12] is satisfied. In this paper, we ana]yze'the periodic state
arising from reversal times greater than the RDE characteristic time.
Dimensionless periodic functions will be denoted by ¢-independent symbols,
and by using > 1 instead of 9' for emphasis. For example, the periodic
cathodic current density function will be JC(TC; os=>1). It should be noted
that periodic cathodic functions are independent of ¢', so that its exact
value is not of>significance as long as it is>1.

Results and Discussion

We begin by discussing the periodic cathodic and anodic current
density functions, Jc(rc; o,>1) and Ja(ta§0;>]). Contrary to stationary
electrode behavior behavior, RDE voltammetry gives results which are para-
metrized with respect to o alone, rather than combinations of ¢t and o8',
a fact which renders direct correlations with overpotential impractical.

It has been shown {4) that Je (tr _30), LSV current function, is a monotoni-

c
cally increasing function of Tos when 0<3; also JC°(o;o) = 0 and JC°(w;o)

= 1. In other words, on the first sweep, the initial value of the current is 0,
in agreement with intuition, since the initial potential is the equilibrium

potential, and for large v . values, the diffusion limiting current, iL, is reach-

C

2
e

ed. For o023, a maximum in JC° is observed. The reason for existence of
this maximum will be explained in the discussion of the concentration pro- .
fi]esf Although the position of the maximum on the dimensioh]ess time

axis changes to lower e values as ¢ increases, when ¢>4, the maximum

appears at the same location on the overpotential axis, equal to 0.854

(RT/nF) (= 22/n at 25°C). This is true only for JC° for a reversible
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deposition; reactions with finite kinetics (6) show a markedly different
behavior. For large values of o (024) achieved by fast dimensional sweep
rates, v, or low rotation speeds (eq. 1), or both, the role of convection
becomes insignificant and RDE behavior becomes indistinguishable from
stationary e]ectrode'behavior. This is so because in this range of o
values, LSV peaks appear at very short times, in which the concentration
disturbance is limited to a small distance 5nto the diffusion layer. Lack
of rotation speed dependence renders the value of the Jc° maximum a linear

1/2

function of ¢'/2 with a slope of 0.61. It should be noted that o'/2 is

the only dependence which eliminates &(thus w) from the combination iLol/z.
'.Upon multiple sweeping, the behavior of the periodic currents is
markedly different from thoée obtained by LSV (Fig. 2). This is expected
since periodicity means relatively large times at which convective effects
are fully operational. An important feature of the periodic cathodic
current function is that a portion of it near its foot is anodic, i.e. sub-
strate dissolution rather than deposition occurs. The tail of the period-
ic current during the anodic sweep is also anodic. The pefiodic cathodic
current does not exhibit a peak for g<3. For higher o va]des, a maximum
appears, which has the same physical origin as the LSV maximum; the origin
of these maxima are discussed in the analysis of concentration profiles.
As expected, the periodic anodic current function is always monotonic,
since no conceivable limitation on the dissolution reaction exists. As
will be seen later, the amount of deposit disso]vedrduring a cycle in
which the current is anodié never exceeds the amount deposited during the '

same cycle when the current is cathodic. By performihg a multi-sweep

experimént then, one does not run into the danger of dissolving the
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initial electrode substrate. However, this should initially be of the
sahe materials as the reaction product, to guarantee the definition of the
eqﬁi]ibrium potential as well as to satisfy the assumption of constant
deposit actfvity.

The general shabe of the periodic current density functions indicates
that there are three criteria of diagnostic importance. These are: the
dependence of the value of the‘foot of the cathodic sweep current (an anodic
current) on o; the dependence of the Tocation and height of the cathodic cur-
rent maxima on o. Two prbperties of the current density functions should be
emphasized. The abserice of an extremum in the periodic anodic current rend-
ers such considerations as maxima sepafation on the time (or potential) axis
inapplicable, and the expressions for JC aresindependent.of 8' provided that
eq. [12] is satisfied. That is why the quantities of diagnostic importance
are defined only by ¢ and not by ¢ and e;; ’Since the periodic anodic function
assumes virtually the same values as thekcathodic function at its foot and
tail, it follows that it also exhibits an insignificant dependence on &'
at these'points.

The dependence of JC on ¢ at tc=0 is described by the fd]]owing

relation:

3 (05 0:31) = 3 (8% 0,31) = 1-6/2coth(s/2)t [13]

This equation shows that JC(O) is always negative (anodic current) and
that its value can become significantly higher than -1 depending on o,

i.e. several multiples of i, can be measured in the anodic current region

L

TApplication of de z’Hapital's rule shows that this expresSion‘has a
finite limit as o»o0; i.e. Tim J_ = 0, despite 1im coth(dl/2) = .
0+0 0->0 o
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(Fig. 2). Foro>9, eq. [13] can be simplified
3 (032 9,>1) = 1/2 [14]

The height of the maximum in the periodic current function (0>3) is

significantly lower than in LSV; whereas,

R | [15]

a numerical correlation indicates that

0.251

- 1/4
J¢ max = 0-881 ¢ -0.881 67" 5029 [16]
Values of JC max in the range 3<0<9 are reported in Table 1. It should be
- .- o
‘noted that as ¢ increases, the difference between Jc,max and Jc,max also
increases. Jc nax 2ppears at generally higher cathodic overpotentials
than Jc,max ; whereas
Hopax = 0-854 50>4 [17]
in the case of periodic current functions,
z - - > 18
Hooy 213 - 1.4 5029 [18]

It should be pointed out that like eq. [16], eq. [18] is a numerical
result, the validity of which has been'investigated in the range 9<¢<50.
We conclude our discussion on current density functions during LSV

and multi-sweep CV by an analysis of their behavior in terms of dimension-

'a1 times and potentials. To this effect, a single electron reversible

- deposition reaction is chosen (n=1) occurring on a RDE with ¢ = 100 rpm
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2

at 25°C from an electrolyte with v = 1072 en?.sec”!

; the diffusion

2 1

coefficient of the depositing ion is assumed to be equal to 10-5 cm”-sec” .
With these data, the RDE characteristic time is ~2.5 sec. Figure 3a shows
- the dependence of JC° (LSV current function) on dimensional time, for
various values of the dimensional éweep rate. At v =20 mV-sec_], g~1.9
and no maximum appears. When v = 100 mV-sec'1 (0~9.6), the maximum ap-
pears at ~0.21 sec and its height is described by eq. [15]. At 300 mV.
sec”! (0~28.9), the maximum appears at a much shorter time of ~0.07 sec.
An interesting féature of Fig. 3a is that the time necessary for the
attainment of the limiting current (Jc°=1) decreases with increasing Sweep
rate (10). It would thus seem advantageous to use as high a sweep rate as
possible if the aim of the experiment is the measurement of iL.

In order to attain periodic behavior in subsequent sweeps, the LSV
sweep should last for at least 2.5 sec, in accordénce with eq. [12]. 1In
terms of overpotential, one would have to apply at least 750 mV when v

1 1

= 300 mV-sec—], as opposed to 50 mV if v = 20 mV-sec” '.' Figure 3b shows

the LSV and periodic cathodic current functions plotted vs. cathodic over-

potential. It is clearly seen that as v increases, the difference in

height between J ° and J also increases. When v = 20 mV-sec'],
C,max c,max

Jc° and JC differ only around ne = 0. The overpotential at the maximum
for all LSV curves is 22 mV, whereas for the periodic curves it is ~35 mV;

also, JC max for 300 mV-sec-] is slightly displaced towards more cathodic
’ 1

overpoténtia]s as compared to the one at 100 mV-sec” '. With respect to

TThe exact value of D may be very sighificant with respect to these
considerations.
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Timiting currents, higher overpotentials are required to attain i It

L-
becomes obvious that although smaller times are required for the measure-
ment of iL, the combined time-sweep rate effect gives rise to the oppo-

site behavior in terms of overpotential, i.e. for faster sweeps, a higher

overpotential must be applied for the current to reach the iL value.

~Since in many situations undesirable reactions may occur concurrently

with the deposition process, the choice of sweep rate in the potentio-
dynamic determination of iL should result from a balance between times
and overpotentials.

We now turn our attention to the concentration profiles which develop
into the electrolyte during a multi-sweep CV experiment on . a RDE. These
are drawn in Figs. 4 and 5 from expressions for LSV and periodic CV con-
centrations developed in the Appendix. Two representative values of o
are used, 6 and 1, chosen by the presence or absence of a maximum in JC°
and Jc. Figures 4a and 5a are the current functions for these values of

o. In all other figures,‘the_function 1-C{g, T30,08') = c/cb instead of

C(g, t30,8") = 1- c/cb is plotted. Since the surface concentration (g=0)

b exp(-g6') during a cathodic sweep and increases

decreases from cb to ¢
from c? exp(-06') to ob during an anodic sweep, the function c/cb changes
from 1 to exp(-09') and from exp(-c6') baék fo 1. For a given value of
T, Or T, the derivative of the concentration cdrve evaluated at the sur-
face (g=o)_yie1ds the Va]ue of J at that time.

Figure 4b refers to curve (a) in Fig. 4a. Concentration curves bend
continuously and their g-derivative at £=0 is in the same direction,
since the current is always cathodic. Curve (c) is nearest to the

cathodic maximum. Comparison of curve-{c) with (b) and (d) indicates
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that the appeérance of a maximum 1n'JC° is related to the curvature of
the concentration profile into the electrolyte. It appears that the rate
by which concentration changes at £>o cannot match the réte of variation
at g=o. Thfs curvature gives rise to transient currents higher than 1L’
despite the non-zero value of the concentration. When sufficient time
passes, the whole pfofi]e comes closer to being linear, the curvature at
£=0 decreases and consequently, the cathodic currenf a]sb decreases. As
shown by line (f),-Fig. 4b, the concentration profi]e is almost linear

at TC=1.

When the first - also periodic - anodic cycle begins, Fig. 4a(c), the
concentration'profi]e is almost linear (1~1L)(curve (f) in Figs. 4b and 4C).
and the current is cathodic. The current remains cathodic for the time inter-
val O<t_<0.85. whén 1, = 0.85, 0 =0 as witnessed by a 0 derivative at £=0
for curve (d) in Fig. 4c. For ra>0.85, the current is anodic and an in-
evitable concentration extremum is formed into the electrolyte, which is
most pronounced when Ty T 1. The existence of this extremum can be pre-
dicted without a formal solution of the diffusion'problem, since it 1is
the only possibility which can simu]tanéous]y satisfy three requirements;
that the current be anodic (surface'derivative pointing downwards);
that the concentration at £=o0 vary between cb and ca. O only; and that
the concentrétion at §=1 be fixed at cb (according to the boundary condi-
tion jmposed by the Nernst-Siver approximation).

In the beginning of the second - also periodic - cathodic sweep, the
concentration profile has a complicated shape (curve (a) in Figs. 4c, d,

e). At the same time, the surface concentration changes rapidly. The
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inability of the concentration into the electrolyte to match the rapidity

of the surface concentration change results in a complex regime of mass

'fluxes shown in Figs. 4e and 4d (exploded version of the early stages of

4e). Curvature readjustments can now explain both the existence of a maxi-
mum in the periodic cathodic current function and the fact that it is
lower in height and delayed in time. _

Apart from'Figs. 4a and b5a, fhe differences between Figs. 4 and 5
are mostly of quantitative than qualitative nature. Curve (d) in Fig. 5b
clearly shows that at the chosen low value of the dimensionless sweep
rafe, the value of the current is faf from i when tc=1, despite the fact
that the periodicity criterion, eq. [12], is met. Finally, the concentra-
tion extremum is less intense during the periodic anodic sweep, resulting
in faster readjustment during the following periodic cathodic sweep.

We conclude our discussion with an analysis of results pertaining to
the charge density.functions. These are drawn in Figs. 6a-c and Figs.
7a-b. Figure 6 illustrates the dependence of R's on ¢ and 8', whereas
Fig. 7 on ¢ and Hc' The abscissa in Fig. 6 has been choseﬁ with the pur-
pose of contracting the scale of possible o values. Apart from this,

R.° depends 1inearly on s~ for large values of o;vthe periodic charge

“1/2 " Although both Figs. 6 and 7

functions are ultimately linear in ¢
describe the same functions, they differ in their potential experimental
determination. ‘In Fig; 6, each cycle has a fixed time duration; in Fig.
7, what is implicitly fixed is the reversal overpotential. In view of

the paramount significance of 6' in determinfng the value of the charge

density functions, this difference is extremely important: it accounts

for the fact that the charge increases with increasing dimensionless
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sweep rate when o' is fixed, whereas it decreases with increasing sweep
rate when HC is fixed. It is widely known from‘single sweep CV theory

on stationary electrodes that charge is inversely proportidna] to dimen-
sional sweep rate (usually its square root). Since charge functions for
stationary electrodes usually depehd on (nF/RT)wve, it is implied in this
statement that, during the experiment, the reversal overpotential, ve, is
fixed and y is varied. It seems that emphasizing experimental conditions
in RDE theory is necessary, mainly because of the dependence of relevent
CV functions on both ¢ and o6'. It is appropriate here to recall that

o increases not on1yvas;a result of increasing sweep rate‘but also of
decreasing rotation speed. It is intuitively expected that when both
reversal overpotential and dimensional sweep rate are fixed, less charge
should be deposited as the rotation speed decreases.

For a fixed 6', if is interesting to compare the values of the charge
density functions with the charge that would be obtained, were the_cur-
rent constant and equal to iL continuously during the performance of the
experiment (interrupted lines, Figs. 6a-c). In the range of o values of
electroanalytical significance (023), it is seen that the values of the
charge functions are primarily determined by 8'. This is expected
since the dimensionless time interval during which the current is differ-
ent than iL is increasingly shorter as o increases. It follows that the
range of o in which R's change significantly is below the value for which
the cathodic current maximum appears.

Since the current density during an anodic cycle is always below the
corresponding value for the cathodic cycle when both are cathodic and the

opposite when they are anodic, it is expected that the periodic anodic
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charge density will always be lower than the periodic cathodic (Fig. 6b).
It turns out that fore'>1, it is also positive irrespective of o, indi-

cating that during any periodic anodic cycle a net deposft is added to

.the electrode. Obviously, the net charge density function, Rn (Fig. 6¢)

is also positive, indicating that a comp]eté cycle always results in the
formation of a net deposit. Similar conclusions can be drawn for the

first sweep as well, since RC° > RC always. Interestingly, for very

. large values of ¢, the interval over which the current is different from

iL is very narrow; in the 1imit of ¢+, both periodic RC and Ra tend to

' and Rn to 26'. With respect to Fig. 6¢, it is important to note that

R,<2e' for all finite o. In other words, the amount of deposit obtained

by. plating with a non dc potential as in Fig. 1, can never exceed the

amount obtained by dc platina at the limiting current, iL.. This result

is in égreement with conclusions drawn from the study of pulsed currents (1).

The present results are rigorously valid only for deposition reactions

with infinite]y fast kinetics. Since the LSV currents do not have anodic

portions, it is possible that RC° can exceed o' as seen in Fig. 6a.
Interestingly, the excess RC°=e' is always less than 1/3 for finite ¢ and
is independent of g'.

Figure 75 is a plot of R vs. Hc for two representative o values, 1
and 7. The range of Hc’ 4<Hd<40 for n=1 corresponds to approximately
100-1000 mV. For Hé>4, the dependence of R on HC is linear to a good
approximation. Note that for o =7, the periodic charge density functions

are drawn for Hé>7’ to satisfy eq. [12]. No such restriction exists for

RC°, for all . For o=1, eq. [1] is satisfied for all Hé>4. Figure 7b

emphasizes an interesting mathematical observation, namely, that the
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function, R;

] - - . = -1
Rl (o) = oRy (o,H) = 2[H_ + exp(-H)-1] 5 R (o,H ) = 207 [H_

+ exp(-H.) -1] | [20]

is a function of reversal overpotential alone. For H¢>4’ it is also

is inversely proportion-

linear in Hc' A1ternative1y, for a fixed HC, Rn

al to o, indicating linear dependence on the rotation speed w, and on the
inverse of the dimensional sweep rate, v. When both « and v.are varied
so that ¢ is the same for each combination, Rn becomes independent of w
or v alone. This result emphasizes the fact that CV on a RDE is descri-
bed by a combination of v and w as it appears in o, eq. [1], rather than

each alone. In connection to Fig. 7a one should note that for 6=1, RCO,
Rc’ and Ra are close to each other; their separation increases with in-
creasing o but in each case there is a maximum for os.
Conclusions |

It has been demonstrated that multisteep CV on a RDE leads to the
establiéhment of a periodic response in concentrations, currents, and‘
charges provided that the duration of each cycle is of the order of the
RDE characteristic time. The first cathodic (LSV) sweep is the only one
which is not periodic. Since this result originates from thé study of
reversible deposi%ion reactions; its validity for other mechanisms can
only be provisional.

The existence of a quickly attainable periodic state is significant
in two respectﬁ. From the mathematical viewpoint, it indicates that

the computational effort involved in the treatment of complicated reac-

tion mechanisms need not be as great as one may originally think. From



-

-19-

the e]ectroané]ytica] viewpoint, the periodic currents and ¢harges offer
information of diagnostic importance, in addition to that obtained from
LSV data. Experimentally, this is equivalent to the recording of two
sweeps in each case, instead of only the first. However, one should be.
cautious in interpreting multi-sweep periodic data: the dependence of
the cur?ent functions is not as strong as in LSV. Inaddition, the pro-
Tonged existence of the complicated mass flux regimes arising during CV
experiments may lead to undesirable effects. Clearly more experimental
and computational work must be done in order for the screening capacibi-
lities of the LSV-RDE and CV-RDE techniques to be ascertained on the

quantitative level.
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List of Symbols

€q

H
max

coefficient; ref. 8

~ concentration

bulk concentration

dimensionless concentration;véq.v[z]

Laplace transform of C

dimensionless concentration obtained when an infinite
potential step is applied to an RDE for a reversible
deposition reaction; eq. [6]

Laplace transform of CS

periodic dimensionless concentration during an
anodic sweep; eq. [Al16]

periodic dimensionless concentration during
a cathodic sweep; eqg. [A15]

dimensionless concentration during the f1rst
anodic ‘sweep; eq. [A12]

dimensionless concentration during LSV sweep; eq. [A11]

dimensionless concentration during (2+1)th anodic
sweep; eq. [Al14]

dimensionless concentration during (2+1)th cathodic
sweep; eq. [A13]

coefficient; ref. 13

diffusion coefficient

equilibrium potential

reversal potential
dimensionless overpotential; eq. [11]
dimensionless reversal overpotential; eq. [11]

value of H at the maximum of the periodic current
density function
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value of H at the maximum of the LSV current
density function

current density

current response of an RDE to which an infinite
potential step is applied for a reversible

deposition reaction; eqs. [A19], [A51], [A52]

diffusion limiting current density
summation index

summation index

- periodic anodic current density function; eq. [A27]

periodic cathodic current density function; eq. [A26]

current density function dur1ng the first anodic sweep,
eq. [A23]

LSV current densify function; eq. [A22]

current density function durlng the (2+1)th anodic
sweep; eq. [A25]

current density function during the (z+1)th cathodic
sweep; eq. [A24]

maximum value of JC

maximum value of Jg
number of applied complete potential cycles

Laplace parameter

periodic anodic charge density function; eqs. [A34],[A47]
periodic cathodic charge density function; eqs. [A33],[A46]

periodic net charge density function; eqs. [A35],[A48]

charge density function during the LSV sweep; eqs. [A32],
[A45]
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charge density function during the (2+1)th anodic

sweep; eq. [A31]

charge density function during the (2+1)th cathodic

sweep; eq. [A30]

net charge density function during the tomp]ete

(2+1) sweep; eq. [9]

defined by eqs. [20],[A49]

maximum value of RC

dimensional time

dimensional sweep rate

dimensional distance away from RDE surface

thickness of the Levich diffusion layer

F(4/3); eq. [A51]
dimensionless distance; ref; 8
overpotential

cathodic reversal overpotential
reversal time

dimensionless reversal time; eq. [3]

~dummy variable of integration

eigenvalue; ref. 8

eigenva]de; ref. 13

electrolyte kinematic viscosity
dimensionless distance; eq. [2]

dimensionless sweep rate; eq. [1]_
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dimensionless time; eq. [2]

dimensionless time into an anodic sweep; eq. [4b]
dimensionless time into a cathodic sweep; eq. [4a]

RDE rotation speed
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Table 1. Values of JC in the Interval 3<g<9.

max

—c,max
1.059

1.176

274
1.354
1.421
1.478

(Vo] [0} ~ (o)) ($)] E=) w‘a
sl

1.528
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

"Fig.

1

3a

3b

4a

4b

4c

Dependence of electrode potential and surface concentration on

dimehsion]ess time during mu]ti-éweep cyclic voltammetry.

a. Electrode potential |

b. Surface concentration for a reversible deposition'
reaction (Nernst equation).

Periodic Current density functions in terms of dimensionless

time; numbers on curves are values of the dimensionless sweep

rate; in Fig. 2b anodic current functions have been omitted.

LSV current density function in terms of dimensional time for

various values of the diménsiona] sweep rate.

LSV (solid 1ihes) and Periodic (interrupted lines) céthodic»

current density functions in terms of cathodic overpotential

for various values of the dimensional sweep rate. All solid

Tines begin at 0. Interrupted lines begin at some anodic value

of the current which can be computed by eq. [13].

Current density functions for og=6.

a. JCO(TC;6) - LSV sweep (begins at zero)

b. Ja(ra;G,l) - periodic anodic

c. JC(rC;G,l) - periodic cathodic

Dimensionless concentration profiles within the Levich diffusion

layer during the LSV sweep for o=6. Corresponds to curve (a)

of Fig. 4a. |

As in Figq. 45, but during the first - also periodic - anodic

sweep. Corresponds to curve (b) of Fig. 4a.
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As in Fig. 4b, but during the initial stages of the second

- also periodic - cathodic sweep. Corresponds to curve (c) of
Fig. 4a.

As in Fig. 4b, but during the second - also periodic - cathodic
sweep. Corresponds to curve (c) of Fig. 4a. |

As in Fig. 4a, but for o=1.

a. JC (rC;1)

b. Ja(ra;l,])

c. JC(TC;] 1)

As in Fig. 4b, but for o=1.

As in Fig. 4c. Corresponds to curve (b) of Fig. 5a.

As in Fig. 4e. Correspords to curve (c) of Fig. 5a.
Charge density functions during the LSV sweep in terms of

dimensionless sweep rate for various values of dimensionless

‘reversal time.

1: Rc (0,2) 5 2: RC (0,6); 3: RC‘(a,lo)

Charge density functions during the periodic cathodic and
anodic sweeps.

1: Ra(c,l) , 2% Rc(o,l) s 3: Ra(o,6), 4: Rc(c,6) ;

5: Ra(o-,10); 6: Rc(o,10)

Net charge density functions.

1: Rn(o,l) 3 28 Rn(o,6) s 3: Rn(c,10).

Charge density functions in terms of dimensionless cathodic
overpotential

1: RC (1,Hc); 2: Rc(l,Hc) s 3: Ra(l,HC) ; 4: Rn(l,HC)
5: R, (7’Hc) ; 6: Rc(7’Hc) 3 7: Ra(7’Hc) ; 8: Rn(7,Hc)
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Fig. 7b Dependence of the o-independent combination R’;=oRn,in terms of

dimensionless cathodic overpotential.
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APPENDIX

Mathematical Derivation of Concentration,
Current and Charge Density Functions

Letting & be the thickness of the Levich diffusion layer,

dimensionless quantities are introduced by eq. [Al]:
_ 2 ) b
£=x/8 ;1 =0Dt/8"; Cle,t) = 1- ¢/c [A1]

where D is the diffusion coefficient of the ion being deposited and
g,t,C are dimension]ess distance, time, and concentration, respectively.
Figure la shows the dependence of applied potential on dimensionless
, the electrode equili-

q
brium potential computed from the Nernst equation on the basis of cb.

1

time. The initial value of the potential is Eg
At a constant rate of v volts-sec” ', the potential is changed in the
cathodic direction for o sec until it reaches Ec, the cathodic reversal

potential. ' is a dimensionless reversal time,

o' = Do/s’ [A2]

During the "anodic" cycle, the potential returns to its original value
at the same rate. The first cathodic sweep refers to LSV, the first
complete cycle is single sweep CV and several cycle to multi-sweep CV.

A combination of the RDE characteristic time,éz/D, characteristic
voltage, RT/nF, and v yield a dimensionless sweep rate, o:

. -
=hE .8 A3

where n,F,R, and T have their usual meaning. As demonstrated in prior
LSV-RDE theory (4-7), o is a parameter of special significance.

Since the initial potential has been assumed to be Ee the potential

_ q’
axis is also one of overpotentia1, beginning at 0 and ending at the

cathodic reversal overpotential, e Figure 1b shows the time

f
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dependence of the surface concentration obtained from the Nernst equation:

1- exp(2no6 ')exp(-ot) 3 2ne'<st<(2n+1)e " ; cathodic cycle
C(OsT) = - [A4] ‘,_
1- exp[-(2n+2)c6'Jexp(ot) 5 (2n+1)e'<t<(2n+2)e'; anodic cycle .

a. Concentration Functions

In order to derive expressions for C(¢,t) we introduce another
function, CS(E,T), which is the solution to the problem when an infinite -

overpotential is applied to the RDE. Then,
Cs (0,7) = 1 [AS5]

i.e. the surface concentration drops to O at the instant the infinite
potenfial step is applied. The reason shy Cs(g,r) is introduced is that
C(g,t) can be obtained from Cs(g,r) by an integral transform known as
Duhamel's (or superposition) theorem (£,9). - Since the initial conditions

for the dimensionless functions are 0, it holds that

C(e,p) = p. C(0,p) . C (&,p) [A6]

where p is the Laplace parameter and C(0,p), E;(g,p) are the Laplace
transforms of C(0,t) and Cs(g,r), respectively; C(z,p) is the Laplace
transform of C(g,t), our unknown function. Equation [6] can be inverted E
by convo]ution'in several ways. The most convenient turns our to result

from associating p with E]O,p), to yield
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cer) =f L) - cleen) [A7]
/ |

where A is a dummy variable of integration. MNote that

(]
—
Y
-
lal
~

|

= 1-g + 2 jf] fj(g) . exp(—jzwzr) [A8]

-h

_

™

S
1

= (-1 Gm 7V osin [(1-0)§0] [A9]

While performing the integration indicated by eq. [A7], it is convenient
to express time in terms of the number of cycles, and time into a cathodic

or anodic sweep. We can thus write (fig. la):

-
n

226" + e : 0<16<e' 3 cathodic sweép [A10a]

(22+1)0' + <

]
]

a’ 0<ra<e‘ ; anodic sweep [A]Ob]

where Te is dimensionless time into a cathodic sweep, L is time into an
anodic sweep, and g is the number of complete cycles which have already
been applied. The outcome of the integration in eq. [A7] are two concen-
tration functions, one for the cathodic sweep and one for the anodic
sweep. Apart from ¢ and T (or ra), these will depend on 2 and on the
two parameters, o and 6'. We thus extend the symbol C(£,t) to Cﬁ(g,rc;
0,8') to describe the dimensionless concentration during the (JL+1)th
cathodic sweep (i.e. after the passage of & complete cycles). The corres-
ponding symbol for the concentration during the (1+1)th anodic sweep is
Ci(g,ra;c,e'). For the special case of single sweep CV, 2=0, the catho-
dic (also LSV) function is independent of 6'. The notation for this case



C4A

then is Cco(g,rc;o) and Cao(g,rd;c,e'). The following results are

obtained:

i) single sweep CV; cathodic (also LSV):

¢ 2(e,t 50) = (1-5)[1-exp(-ot )] + 2oexp(-ot.),F; #(e) (3220 !

20 2y fi(eexp(-ght ) (30T [A11]

ii) single sweep CV; anodic:

Cao(g,ra;o,e') (1-g)[1-exp(-c08') exp(or )1 + 20 exp(-08"') E
£5(8) (3%P=0)”!
- ZojE] i (£) exp(- J nle ) exp(- 3%:%1)(3%2-6) " - 26 exp(-06')
explot,) 5, f<sMJ23w>
+ 20 exp(-o6 ) g f5(g) exp(-J i252r T, (3%4%+a)] | | : [A12]

iii) multi-sweep CV; cathodic:

¢ (engsons’) = (1-)[1-expl-ot )] + 20 exp(-otc) %y F (5)(5%%0) ™

T L 2 2 22 -1
-20j=] fj(g) exp(=j"n TC) (i -0)

L %0 2ni??e") (%47 -0)
'20n=] j=1 f (g) exp(-j"n" 1 )EXP( nJ T 6 J ﬂ o

T 2 2 2.2 -1
+20 exp(-00') Iy sI; f (£) exp(-3%n 2, Jexp[-(2n-1)§%%"'] (3 o)
3 2 2 22 17 2.2, -1

+20 exp(-o6' ) nf1 3Z T(e) exp(-3%n"c) expl-(2n-1)§"n"6 "] (3" +0)

SL © -

-20 n= ] j= ] f («E) eXP( J TT T )exp[ (2n- 2)(3 T +o) [A13]
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iv) multi-sweep CV; anodic:

Cal(g,ra,o, Yy = (1-e)[1- exp( -g6"') exp(or )] - 20 exp( -56"') exp(cr )

I 1520 (3% %0) 7 + 20 exp(-00') 127245) "]

j (g) exp(- J 'IT T, ) (3

Jj= 1 J
. 2 2 2 2
20 n= 0 i ]f () exp(-3°r ra)exp[-(2n+1)3 T8

'] (§%4%-5)"]

2 ©
+ 20 exp(-08') I I f (£) exp(-3n’r 2 EXP( 2nJ2 26)(3%n%-¢) "
n=0 j=1 'j
—eg') L. T 2 2, -1
+ 20 exp(-o8') Iy 52y fi(g) exp(- -2t 4) exp(- 2n3%n%0") (30 7+0)
2 - v
- 2 nz] 55 £5(e) exp(-3%nte )-exp[-(zn-1>j2nze-] (5%4%4) "] [A14]

Several terms in eqs. [A12]-[A14] contain the expression exp(-kanze') where
k usually is a non-zero integer. Even when k=1, the largest value that
this term can take is exp(—jznze'). For 6'>1, terms multiplied by exp

(- k32n26 ) are very small and can be eliminated, rendering eqs.[A12]-[A14]
much simpler; furthermore, both Ccz and Cal become independent of 2. The
physical interpretation of this is that the first anodic potential sweep
and the second cathodic sweep yield concentrations which are periodic func-
tions of time, irrespective of the value of o, provided that 6'>1. The |
restriction on &' is nof 1imiting since when o'=1, the dimensional reversal
time is.of the order of 52/D, wh{ch is a small number. In the elimination
of terms containing exp(—kanze') care should be taken to retain terms for

which k=0. The following results are obtained:

v) muiti-sweep CV; periodic cathodic:

Cleste30,21) = (1-g)[1-exp(-ot )] + 20 exp(-ot ) = f5 (£) (§%P-0) ™"

c’ j=1
- 4o -E f. (a) 32 2 exp(-3%n%x )(j4n4-02)‘] ~ [A15]

Te
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vi) multi-sweep CV; periodic anodic

Ca(E,Ta;c,>1) = (1-g)[1-exp(-c6") exp(OTa)]- 20 exp(-06')exp(ot,)

b 2 2. -1
J'=] fj(g)(J w +0)

+ 4o exp(-06') j§ J/S) 322

ERIERADN

exn(-j [Al6]

One should note that the periodic concentration is independent of 6'. The
notation chosen for the periodic functions does notvinc]ude a dependence on
23 also, we use the symbol =1 in place of e'; t0'emphasize.the restriction
on 8' for quick attainment of the periodic state.
b. Current Density Functions

We define the current density functions, J, as.ratios of the current
density to the diffusion limiting current density, iL. J is dimensionless
and, in general, will depend on ré (or ra), the number of cycles, &, and
the parameters o and 6'. The notation for the éurrent density function
during a cathodic sweep is thus Jcl(rc;o,e'), and Jal(ra;c,e') for the sub-
sequent anodic sweeb. Expressions for J's can be derived either by appli-
cation of Duhamel's transformation or by différentiation of the concentra-
tion functions at the surface. In essence, both methods are identical;
however, if expressions for C's are not available, a suitable form of
Duhamel's theorem yields J's directly. Since

i

Lo [A17]

it follows from eq. [A7] that

aC
.)/igg (0,2) * SEé (0,7-1)dA [A18]

-
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aC § (2.2 . -
gg (09T) = - [1 + 2 j=1 eXp('J v T)] =" 63(03“1T) [A]g]

63 is one of the theta functions (11) whose relevance in RDE modeling under

the Nernst-Siver approximation has been repeatedly demonstrated (4-6), Wecan

then write
. T
’—fl)=fg—c (0,2) + 0,(0,7i(x-2)) da [A20]
L/ °F
0
and compute JCQ and Jal using eq. [A10]. Alternatively,
L acc
J. (15 0,8') = - gg——'(O,TC; 0,6") ' [A21a]
X . aca,?, .
Ja (Ta; 6,8') = = —— (0,7_; 0,8"') : [A21b]

13 a

where eqs. [A13] and [A14] can be used for the differentiations. Once
expressions forldc2 and Jal are available, the same elimination of terms

2nze'), k=1, can be done as previously, for 6'>1. Phys-

containing exp(-kj
ically, this means that after the first cathodic (LSV) sweep, the.current
during the first ahodic, second cathodic and so on is in the periodic
sfate, i.e. doesvnot change with further cyc]ing. It turns out that when
~the value of the dimensionless Sweep rate ¢ exceeds ca. 3, JC2 exhibits a
maximum both during the first and periodic sweeps; after the maximum, its
value decreases to iL. When ¢<3, ch increases to iL monotonically. In
terms of dimensional time, attainment of iL experimentally during the LSV

sweep would guarantee that subsequent currents are periodic. However,

this is not necessary since the criterion for periodicity is 8'>1,
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irrespective of whether iL is reached withinVGZ/D or not.

It should be noted here that when 6'<1, a periodic behavior of JC2
and Ja2 is exbected to be reached as g+=; furthermore, the two periodic
states may in general be different; i.e. JC(TC; o,=>1) # ch(rc; 0,<1)
and J, (=

a‘''a
and Jaw has not been investigated, since reversal times significantly

3 0,>1) & Ja“(ra; 0,<1). The detailed behavior of J "

less than 62/D are not expected to be of experimental importance. Express-
ions for the current density functions are as follows:

i) single-sweep CV; cathodic (LSV)(4):

n ™8

Jco(rc;o) =1 - 01/2 cot(o]/z) exp(-orc) - 25 341 exp(-jznzrc)‘”

(izwz-c)-] ' " i [A22]

ii) single-sweep CV; anodic:
1/2 1/2

Jao(ra; 0,6') = 1-6 ' “coth(o )exp(-ce')exp(ora)-ZojE] exp(-jznze')

[od

T .2

-1 =1 J 1r2 exp(—jzwzra)

eXp(-jZWZTa)(jznz-é) + 4o exp(-c6')
(j4n4—02)'1 [A23]

iii) multi-sweep CV; cathodic:

oo

Jcl(Tc; a,0') = 1- o'/% COt(o]/Z)exp(-cr) - 2 j£1 exp(-jznzfc)(jznz-c)—]
2 ® .
- 20 nE] j'E] exp('jzﬂ'z‘['c) exp(-Zn jzﬂ'ze')(jz‘nz—o)-]
2
£ j : ' . -1
+ ZGGXP(-ce') nz] ji] exp('JzTTzTc) exp[_(zn_])\]znze ] (JZNZ_O)
% ; 2.2, -1

+ 20exp(-g6') 3=1 exp(-jznzrc) exp[-(2n-1)j2nze'] (i%7"+0o)
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L ©
z X

T 2902 §=

exp(-jznzrc) expl-(2n-2)3%n%6 ' 1(3%n%0) "] [A24]

iv) multi-sweep CV; anodic:

Jaz(ta, 0,8') = ]-0]/2C0th(c]/ ) exp(-o06 )exp(or ) + 20 exp(-06') E
.2
exp(-i°nt,) (§%n%4a) ™!
t e .2 2 2 2 2 2 1
- 2 nio jE] exp( i 2, ) exp[ (2n+1) §°7%6'1(i v -0)"
;o3 2 200y(42.2, 4]
+ 20exp(-06') n= ] JZ] exp(-j ) exp(-2njw ") (§SnS+e)”
z w 5 5 ' ]
+ 20exp(-c6') = 0 Jz] exp(-j“r°t ) exp(- 2nJ )( -0)
L o
-2 Iy 5y ex(- JznzTa) exp[-(2n-1)jznze'](j2n2+o)-] [A25]
v) multi-sweep CV; periodic cathodic:
J ( >1) = 1-61/2 1/2 z 2 2
l1e; 0 ) = 1-0"/"%cot(a'/ “)exp(-ot ) - 4o P i exp( J n T )
(; 4"4_02 -1 | | A26]

vi) multi-sweep CV; periodic anodic:

01/2 1/2

Ja(ra; o,>1) = coth(o )exp(-oe')exp(ora) + 4o exp(-c6"')

? 22

E 30 exp( -j%n%x )(J4 4 g2y

a271"

tThe identities .- Zo(jznz—o)'] ='1—o]/2C0t(01/2) and .E] 20(j2v2+c)-]

j=1 J
gl/zcoth(o]/z)-l have been used in the derivations (12).
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c. Charge Density Functions

We define charge density functions, R, as ratios of the charge
density to a characteristic charge density. The Tatter quantity is the
product of a characteristic current density, 1L’ with a characteristic
time, az/D, and represents the charge per unit electrode area that»wou]d
be deposited over a time 52/D were the current constant and equal to iL.
We choose R on a per cycle basis instead of a cumulative quantity which
would describe deposit accumulation during a complete multi-sweep experi-
ment. There are three types of such functions: Rcl is the charge
function associated with the (2+1)th cathodic‘sweep; Ral is associated

with the (sL+1)th anodic sweep; and Rn2 is the net charge deposited during

the complete (sH-])th cycle; obviously,
L _pft.p?
R.* =R+ R, [A28]

From their definition,

) .

6

'3 Yy - 2 . ' . L 1y o £ . '

Rc (s,8") —f Je (Tca 0,6 )dtc, Ry (o,8") —f Ja (Ta, 0,0 )dra [A29]
0 0

note that R's are only functions of ¢ and ¢' since they are integrals of
J's over t. By performing the integrations indicated in eq.[A29], the

following expressions are obtained:

i) multi-sweep CV; cathodic:

o]

1/2 J[1-exp(-08')] - 26 jﬁ] [1-exp(-j2n26')]

1/2

Rcl(o,e') = 8'-8 cot(o

[3202(3242-0)1"]
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) ,Q/ ©
.2 R . -
- 2 ni] jil exp[-(2n-2)] ﬂze ][J2n2(32v2+0)] 1
L w
¢ 5y jEy exel-(2n-1)3%% 4o 3PnCexp(-00') + 2 §Pn7-207]
. . 2)+-
[\]2“2(\]4ﬂ4_0 )] 1
;3 22 2 2 2 2
- n£1 jil exp(-2nj“n“9' )[40 jn"exp(-c6') + 20] w2 + 2 ]
[j2n2(j4“4_02]-]
= 22 22,.22
+ 20,7, 5%y expl-(2m+1)3% % 103 (5" )1 [A30]
ii) multi-sweep CV; anodic:
Ral(o,e')‘= 8' - c']/zcoth(c]/z)[l exp(-06')] + 20 exp(-o8') i

[1-eXp(-j2v26')][jzwz(j2n2+c)]']

oo

+ 20 exp(-08') jI; [1-exp(-3%r%0")13%° (5%47-0) 1"

- 20

I exp(-3%e") [P (55P 017!

[ ]
™M = il M8

- 20 I by exsl-(2n-1)3% %0 135 (550400 ] !

2 ©
z Z

n=1 j=1

2

+ eXP('anznze')[4c j21r exp(-08') + 2 j2w2-202]

2 2,. -
[J 1r (34'"4-02)] 1
2 ‘o
_ L T
n=1 j=1
[] .2 2( .4 4_ 2)]-1

eXP['(2n+1)J2w26'][40 jzwzexp(—oe') + 20 j2n2+202]

L o 1
+2 I, jE] exp(- (2n+2) §2n20" ][J2 2(5% 2,2 o1 [A31]
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Simplifications of egs. [A30] and [A31] yields expressions for Rc(o,>1)

and Ra(o,>1). The following are equations for the charge density func-

tion during the LSV sweep, Rco(o,e'), and the periodic cathodic, anodic,
and net charge density functions, Rc(g,>1), Ra(o,>1), and Rn(o,>1),

respectively.

1/2

- - 2]
1 ]/‘cot(

RO(0,6") = 0" +1/3 -7 + o Jexp(-o0')  [A32]

Rc(°’>1) =g' - 20f1 v g 1/2 cot(o ]/z)exp(—oef) + c-]/zcoth(o]/z) [A33]
R (0:>1) =6 + 207 exp(-08') - c']/zcot(o”z)exp(-oe_') |
- o V2coth(s/?) | [A34]

R (5,>1) = 20* - 207" [1-exp(-08')] [A35]
Often repeated application of de &' H5pita1's rule yields

gim R = 0 [A36]
00 '

which is in agreement with intuitive expectation but is not obvious in €gs.

[A32-A35]. For large values of o,

Rco - 6" +1/3 - o~! (1inear dependence on o) 5 o> [A37]
. 0 _ .
2im RC ="'+ 1/3 [A38]
g+

The periodic cathodic function exhibits a maximum at ¢ =16;

:vR - !
Rc,max c(16,>1) 8 f 1/8 [A39]

R ~g'+ 0-1/2 (1inear dependence on 0-1/2) 3 o>>1 [A40]

Cc
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gim RC =g’ [A41]
g

Also,
2im Rn = 28" [A42]
0> |
Rn> 0, o ¥ 0 ‘[A43]

Numerical investigation of charge densities indicates that they increase
(except for Rc when ¢>16) with increasing o, for a fixed value of 8'.
However, this is the caSe when ' is fixed. In usual experimental ar-
rangements, the fixed parameter is the reversal overpotential, Ne Ex-
pressing ne @S multiples of RT/nF, we introduce a dimensionless cathodic

overpotential, Hé,

Hc = nc/(RT/nF) = g6’ - [A44]

The charge density functions can then be expressed in terms of ¢ and HC

as follows (o6'>1):

1/2

R O(a,H,) = 1/3 + o_](HC-1) + o™V eot(o/%)exp(-H_) [A45]

R(ouH_) = o™ (H_-2) + o"/Zcot(a!Z)exp(-H ) + o™ /2coth(a'/?)  [ns6]

o-][Hc + 2exp(-Hc)] - l/ cot( ]/Z)exp(-Hc)
-c_]/zcoth(o]/z) ' [A47]

Ra(O'sHC)

R (osH,) = 207 [H_ + exp(-H)-1] [A48]
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It should be noted that

oRy(osH ) = R' () = 2[H_ + exp(-H_)-1] [A49] *

j.e. R' 1is independent of o and depends only on Hc' ObViously, for a
fixed HC, all charge density functions decrease with increasing o. This
point is better illustrated in the discussion of the equations thus far
derived on their relevence to electroanalytical investigations.

Applicability of RDE Models Other Than the Nernst-Siver Approximation

Equation [A18] can be rewritten as follows:

T . '
. i
) o f 2 (0,) - 32 (ose-n)dn [AS0]
L 0 L
where is/iL is the current density measured when a potential step is

applied to a RDE such that the surface concentration is o for all r>d:

As a]readyvmentioned, ~
1.s

o () = 63(0,1r'ir) [A19]

L

when the Nernst-Siver approximation is used. Alternative expressions

have been derived by Nisancloglu and Newman (8) and Viswanathan and Cheh (13).

These are:
(Nisancioglu and Newman)

B. exp(-ezxjt) s e = T(473) [A51]

*The factor r(4/3) arises because Nisancioglu and Newman use different
dimensionless parameters; e.g. ¢ = r(4/3)t, where ¢ is dimensioniess
distance according to these authors and ¢ is defined in eq. [A1].
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(Viswanathan and Cheh)

i -
s(z) _ L 2
. T+ .5 Cj] exp(-x j]T) | ‘ [A52]

Coefficients Bj’ Cji and eigenvalues Aj’-kj1 have been computed numerically
and reported in tabular form. Equations [A51] and [A52] are very similar.
Equation [A52] was independently proposed specifically to treat diffusion
problems related to pulsed potentials. Equations [A51] and [A52] bredict
identical results (to 4 sfgnificant figureﬁ) over their range of applica-
bility. Combination of eq. [A50] with each of eq. [A51] and eq. [A52]
yields expressions for the g2-dependent current density functions. For

the (2+1)th cathodic sweep, these are as follows:

(Nisancioglu and Newman)
3 2(rc;c,e')-= 1-exp(-orc) +'oeexp(-0Tc) L B-(ezxj-c)-]

c j=o0 7]
-oe jfo Bj’exp(-ézkjrc)(ezlj-o)_]
-ae n§] jEQ'Bj exp[-(2n-2)ezxje'] exp (-ezxjrc)(ezxj+c)']
+ge exp(-o6') né] jgo B, exp[-(2n-1)ézxje']exp(-ezxjrc)(ezxj-o)']
+ge exp(-q6") n§1 j§; Bj exp[a(Zn-l)gzxje']exp(-ezxjrc)(ezxj¥c)']
-oe ng] jfo Bj exp(-Znezxje') exp(-ezxjrc)(ezxj;c)'] . [A53]
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(Viswanathan and Cheh)

2 L | '
e (rc;o?e ) = ]-exp(-orc) + o exp(-ot ) J]] C (A i -5)~ T

T . 2 2 -1
- 0. C. exp(-xj]rc)(xj]-o)

=1 7
1 1
;%
= 0 if] Cj] exp[-(2n-2)x ] o' Jexp(- A ] C)(A 1+ )
;% | 2 2 -1
) 2 -
.+ cgexp(-o06') C. exp[-(2n-1)xr.%"'Jexp(-2.%t ) (1.%-0)
| “‘Jﬂ 3 U I B
;g 2 2 2, \-1
+ oexp(-c8') C. exp[-(2n-1)x.% "' Jexp(-1;t ) (¥.“+c)"~
. _ n= 1 J]] J; iy 3y ¢y
- gt n§ C. exp(-2nx, e;)exp(-x.zrv)(x.z-o)'l : [A54]
n=1 351 "J, 31 Jp ey | '

Equations [A53] and [A54] could in principle be used to yield values for
JCQ. However, the number of published coefficients and eigenvalues is
not sufficient to guarantee convergence of the series to the desired

accuracy, even at large Tes due to the presence of terms such as : Bj

(ezxj-c)'] and ¢ Cj (Ajz-o)'1. This constitutes an additional reason for
, 1
applying the Nernst-Siver approximation.
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