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1. Introduction

The behaviour of microdisk electrodes has attracted
much notice, owing to their strong edge effect [1,2].
The diffusion regions at these electrodes have been
studied theoretically [2-9]. In order to describe the
mass transport rate at a microdisk electrode, some
authors [1,8,9] have compared the current density and
-the mass transport rate at the microdisk electrode with
those at a rotating disk electrode, but the results were
quite different, even for electrodes of identical radius.
However, these data have often been cited in various
situations to characterize the mass transfer efficiency
of the microdisk electrode, producing a confusion of
data. Thus, it is necessary to study further the basic
problem and to establish a reasonable kinetic model.
Our work describes the relations of the current density
and the mass transport rate between these two types of
electrode. Furthermore, the edge effect of the mi-
crodisk electrode can be illustrated using these rela-
tions.

At a low scan rate, the cyclic voltammogram of a
microdisk electrode is a “sigmoid” curve, owing to the
effect of radial diffusion, i.e. the forward and backward
sweep curves overlap each other, and only one kind of
electrode reaction occurs. However, the two sweeps of
the cyclic voltammogram separate gradually with in-
creasing scan rate, and appear as two neighbouring
curves, denoted the “retention cycle”. Because the
inverse reaction occurs during the backward sweep, the
total current is composed of the currents of the posi-
tive reaction I, and the inverse reaction Iz. Galus et
al. [3] determined a relation for the two currents:

£9=1+QM (0=0.92) (1)
Iy (nFv)'*r '
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However, they did not consider it possible to deter-
mine I at such an electrode. Zoski et al. [10] sug-
gested that the discrepancy between the currents of the
forward and backward sweeps depends on the magni-
tude of the parameter (nFvd?/RTD)'/?. In this work,
a method to determine I is presented. A formula for
calculating the concentration of the product in the
reaction area on the electrode surface is proposed. The
concept of the retention effect is suggested, and the
retention effect is described quantitatively by the coef-:
ficient of retention. :

i

|

2. Theory |

For a reversible reaction R = O +ne™, when Dy =
Dy =D, the steady-state limiting current of single,
sweep voltammetry for a low scan rate at a microdisk

electrode is [11]
Lymaey = 4nFcg Dr 2)
where all the symbols have their usual meaning. The{

steady-state mass transport coefficient at the microdisk !
electrode is \

(M), = Lymaey/nFACE = 4D /7 3)

and the mass transport coefficient at a rotating disk
electrode is

(mg),= Lyrgey)/nFAcg = 0.62 D%/ 3¢1/2y—1/6 (4

Thus, the relation between the radius of a microdisk
electrode and the speed of rotation of a rotating disk
electrode under the condition of equal mass transport
coefficient can be expressed as

w=4.22D%3y1/3 /2 (5)

If the following parameters are designated the same as
in the literature [9], i.e. v=5%X10"3 cm? s~ ! and
D=5x%x10"%cm? s~ ! then when r =5 um, 4 um and
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0.5 wm, the corresponding speeds of rotation are 8064,
12600 and 806400 rev min~! (1 rev min—! =27 rad
min~') respectively for equal mass transport coeffi-
cients, but the values given in the literature are 10000
[91, 30000 [1], and 1224000 [8] rev min ' respectively.
There is thus a disagreement.

The above result means that the steady-state mass
transport at a microdisk electrode is much faster than
that at a regular size disk electrode. This is due to the
spherical diffusion taking place at such an electrode. It
increases the current density greatly. The ratio of the
current density at a microdisk electrode to that at a
large disk electrode is

/i = 4DV oy (6)

and the ratio of the current density at a microdisk
electrode to that at a rotating disk electrode is

jss/jrde = 2.05D1/3y1/6/w1/2r (7)

The steady-state contributions to the current at a
microdisk electrode have been referred to colloquially
as the edge effect (or at a spherical electrode, as the
spherical effect [1]. They not only increase the current
density, but also make the cyclic voltammogram similar
to a d.c. polarogram. In the ideal case, the single

- electrode reaction (reduction or oxidation), which de-
pends on the initial state of electroactive species in

- solution, occurs instead of the redox couple reaction.
Because the diffusion of the product is so fast that the
electrode surface can always remain in the initial state,
the two branches of the cyclic voltammogram overlap
to form a typical “sigmoid” curve. With increasing scan
rate, the rate of the electrode reaction becomes greater
than the rate of mass transport, and part of the prod-
uct remains in the region of the electrode surface.
Therefore, the two kinds of electrode reaction occur,
and the sigmoid-type overlapping cyclic voltammogram
begins to split up into two adjacent curves. In other

 words, the so-called “cycle of retention” is formed,
which reveals the deviation of the actual voltammo-

. gram from the ideal sigmoid curve. The area of the
cycle of retention depends on the scan rate.

At a low scan rate, the total currents I in both the
forward and backward sweep are the sum of the
Faradaic current I; and the capacitance current I,,ie.
I=1I;+ I; the current in the first forward sweep is

Ly = Iog) + (Iyg), (8)

and the current in the backward sweep contains three
parts:

Iygy = (IO(E)) +Irey + (L), 9

'where I, is the oxidation current and I is the reduc-
tion current. In the case of steady-state mass transport,

IO(E) = (Io))"- When the scan rate is identical, (1),
L) =g, can be obtained from the cyclic
voltammogram of the blank solution. Thus Iy, the

inverse reaction current for R = O +ne ™, can be ex-
pressed as
IR(E) =g — Ia(E) - 2IZ(E) (10)

The inverse reaction current can be found. At the
limiting current, cy (the concentration of the reactant
in the area of the electrode surface) is much smaller
than the bulk concentration, and ¢, (the concentration
of the product in the area of the electrode surface) is
cg. During the backward sweep, the product diffuses
away from the electrode surface. When the scan rate
increases, a part of the product remains in the area of
the electrode surface since there is not enough time for
it to leave; its concentration is c¢g,. That is the so-called
“retention effect”. When the potential is sufficiently
negative, the product with concentration c¢ at the
electrode surface can be reduced. The reduction cur-
rent is

Irg) = 4nFDcyr (11)
Thus, c§, can be obtained from eqns. (2) and (11), iz
co = IrEC r/1 d(mde) (12)

In order to describe the extent of retention, the ratio
of the concentration of product remaining in the reac-
tion area cg, to the initial concentration of the product
formed on the electrode surface cg is defined as the
coefficient of retention Kj:

K,=co/co= IR(E)/Id(mde) (13)

It is obvious that the retention effect leads to devia-
tion of the cyclic voltammogram from the ideal steady-
state curve, and two neighbouring sigmoidal curves are
obtained. Their shapes and the extent of separation
depend on the scan rate, the electrode radius and the
diffusion coefficient. '

However, from the Einstein—-Smoluchovsky theory
of diffusion statistics, the average distance that a free
particle with diffusion coefficient D moves in the pe-
riod of time ¢ is expressed as

A=(2Dt)"? (14)

where ¢t = RT/Fuv is given as the real experiment time
or characteristic time [12]. Thus, A = (2DRT/Fv)'/2.
When the distance that the particle diffuses from the
electrode surface is larger than the thickness of the
diffusion layer 8 (8, =nFADcg /Iymae) = mr/4), the
particle cannot react at the electrode again (for the
sake of simplicity, the diffusion layer is used instead of
the reaction layer here), then the ratio of the amount
of product that can react inversely at the electrode to
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the total amount of product, i.e. the coefficient of
retention, is

K,=8,/A =wr(Fv/32DRT)"* (15)

It can be seen that the coefficient of retention is
proportional to v'/?.and r, and is inversely propor-
tional to D'/2. The relation is the same as eqn. (1) and
in the literature [10]. The coefficient of retention can
be calculated theoretically from eqn. (15) with the
experimental parameters, and it can also be deter-
mined experimentally using eqn. (13). When the radius
of the electrode is very large, the diffusion layer thick-
ness is (wDt)'/2, and eqn. (15) is not applicable. The
coefficient of retention at a macroelectrode or at a very
high scan rate is near to unity.

3. Experimental

3.1. Instrumentation

Voltammetric measurements were carried out with a
polarecord E506, VA-scanner E612 (Metrohm Switzer-
land), 3036 type X-Y recorder (Yokogawa Hokushin,
Tokyo and Sichun, China), type ATA-1 rotating disk
electrode (Jiangsu Electroanalytical Instrument Fac-
tory, China), and Jw-0.001°C type thermostat (Chongg-
ing Instrument Factory, China).

A three-electrode configuration was employed. A
carbon fiber microdisk electrode (r =5 pwm) was used
as the working electrode [13]. An SCE with double salt
bridge which consisted of saturated KCl solution and
0.1 mol 1! (C,H,),NCIO, in acetonitrile solution was
used as a reference electrode. The experiments were
carried out in acetonitrile solution of 1.3 X 103 mol
17! ferrocene with 0.1 mol 1-! (C,H,),NCIO, as sup-
porting electrolyte under an inert nitrogen atmosphere.

3.2. Chemicals

Acetonitrile (C.P.) was redistilled as described in
the literature [14]. (C,H,),NCIO, was synthesized from
(C4H,),NCIO,Br (A.R.) and HCIQ, (AR.) as de-
scribed in the literature [15]. Ferrocene was of analyti-
cal reagent grade.

4. Results and discussion

4.1. Voltammetric response at a rotating disk electrode
In Fig. 1, the current increases with increasing rota-
tion speed, and at a fixed scan rate the voltammetric
curve tends to a sigmoidal shape. At a low scan rate,
there is a linear relation between I and w!/? (Fig.
2(A)). At a fixed rotation speed, the current is inde-
pendent of the scan rate when the scan rate is very low
or the rotation speed is very large. However, the curve
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Fig. 1. Cyclic voltammogram of ferrocene at a rotating disk elec-
trode: (A) v =200 mV s~ !, @ =0, 400, 1200 and 2400 rad s~ ! fo
curves a—d respectively; (B) w = 1560 rad s~1 v =20, 100,.400 and
800 mV s~ ! for curves a—d respectively. Acetonitrile solution of 0.1}
mol 17! (C,H,),NCIO, and 1.3x 1073 mol 1~! ferrocene. 1
i

shows a peak shape at increased scan rate, and the
current is proportional to v'/? at a low rotation speed1
or high scan rate (Fig. 2(B)).
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Fig. 2. Relations of (A) I-w'/? and (B) I-v'/? at a rotating disk
electrode: (A) v =100, 400 and 800 mV s~ ! for curves a—c respec-
tively; (B) w =0, 400, 800, 1560, 2400, 4000 rad s~ ! for curves a—f'
respectively. Other conditions the same as.for Fig. 1.
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4.2. Voltammetric response at a carbon fiber microdisk
electrode

In Fig. 3, the sigmoidal curve, with overlapping
forward and backward sweep branches, begins to sepa-
rate with increasing scan rate, and changes gradually
into a peak shape. This is similar to the shape at a
rotating disk electrode. The separation of the two
curves forms the cycle of retention. When v < 100 mV
s~ ! the current I is independent of the scan rate, and
when v >400 mV s~! I increases with v!/2. This is
similar to the cases between curves d and e in Fig.
2(B). As is well known, the diffusion coefficient of
ferrocene is 2.4 X 10> cm? s, the kinematic viscosity
of acetonitrile is 4.37 X 1073 cm? s~! (20 °C), then
w=2259 rad s™! (1/27 s~!) from eqn. (5). This falls
in the range 1560-2400 rad s~ .

4.3. Chronoamperometric curves

In Fig. 4, the current quickly reaches a constant
value at the microdisk electrode. At the glassy carbon
macroelectrode, I decreases with =172, and tends to a
steady value after very long times (Fig. 4(B)). At the
rotating disk electrode, I tends to a constant value
more quickly with increasing w, and increases with
/2. From a comparison between Figs. 4(A) and 4(C),
it can be estimated that the time to reach a constant
current value at the microdisk electrode is identical
with that at the rotating disk electrode when the rota-
tion speed is in the range 1560-2400 rad s—!. This
means that eqns. (5) and (7) are valid.

As seen in Fig. 4, there is a rise-time in the curves of
j—t owing to double-layer capacitance and the inertia
of the recorder. Therefore, the origin of the z-axis must
be corrected, i.e. point 0’ is approached as the origin
of the t-axis (Fig. 4(B)). The limiting steady-state cur-
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Fig. 3. Cyclic voltammograms at a carbon fiber microdisk electrode:
(A) v =35, 100, 400 and 800 mV s~ ! for curves a—d respectively; (B)
v =235, 50, 80 and 100 V s~! for curves a—d respectively. Other
conditions the same as for Fig. 1.
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Fig. 4. Chronoamperometric curves at (A) a microelectrode, (B) a
glassy carbon macroelectrode, and (C) a rotating disk electrode with
potentials of 0.4, 0.5, 0.6 and 0.7 V for curves 1-4 respectively in (A)
and (B) and a potential of 0.6 V with @ = 400, 1560, 2400 and 4000
rad s ! for curves 1-4 respectively in (C). Acetonitrile solution of (71
mol 1! N(C,H,),ClO, and 1.3x1073 mol 1~! ferrocene.

rent density at the microdisk electrode for ferrocene
measured from Fig. 4(A) (curves 3,4) is 6 mA cm ™2,
thus the calculated values of current density from eqn.
(6) at a glassy carbon electrode are 0.54, 0.38, 0.27 and
0.22 mA cm~? when ¢t =0.25, 0.5, 1.0 and 1.5 s. The
results are very close to the experimental values of
0.53, 0.35, 0.25 and 0.20 mA cm~2 measured directly
from Fig. 4(B) for the same interval time. The theoreti-
cal value of j/j,,, for ferrocene is 47.8 /w'/? obtained
from eqn. (7). The slope of j vs. w!/? (in Fig. 4(C)) is
0.123 at the rotating disk electrode; thus the experi-
mental value of j/j 4. is 48.7 /w'/?. These results also
prove the validity of eqns. (5), (6) and (7).

4.4. Inverse current at the microdisk electrode

With increasing scan rate, the cyclic voltammogram
at the microdisk electrode gradually becomes a cycle.
In the course of the backward sweep, the electrode
process contains two electrode reactions (oxidation of
the reactant and reduction of the product). Thus the
total current contains the oxidation current of the
reactant, the reduction current of the product and the
charging current. It can be seen that the charging
current is much smaller than the Faradaic current.
Thus the current determined from the voltammogram
can be considered as the Faradaic current. From eqns.
(8) and (9), the distance between the curves of the
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TABLE 1. Reduction current in the backward sweep Iy /nA

255

E/V Scan rate/mV s~

5 20 40 60 80 100 200 400 600 800 1000
0.30 0.000 0.013 0.019 0.028 0.042 0.045 0.068 0.087 0.167 0.223 0.334
0.35 0.000 0.031 0.123 0.131 0.185 0.199 0.340 0.537 0.695 0.738 0.958
0.40 0.000 0.117 0.216 0.297 0.376 0.429 0.638 0.961 1.20 1.39 1.66
0.42 0.000 0.173 0.251 0.334 0.405 0.476 0.680 1.00 1.25 1.44 1.69
0.45 0.000 0.105 0.197 0.246 0.329 0.363 0.568 0.808 1.02 1.26 1.40
0.50 0.000 0.016 0.033 0.071 0.108 0.119 0.221 0.380 0.556 0.638 0.750
0.55 0.000 0.003 0.010 0.033 0.048 0.056 0.070 0.118 0.200 0.278 0.408
0.60 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.016 0.037 0.089
Oxidation limi- 4.18 4.18 4.18 4.18 4.18 4.20 4.25 4.37 4.63 4.65 4.69

i

ting current/mA

forward and backward sweeps is the current caused by
the reduction (i.e. inverse) reaction of the product,
provided that the charging current is neglected. The
currents of the inverse reaction for ferrocene at a
microdisk electrode at various scan rates are shown in
Table 1. With increasing scan rate, the reduction cur-
rent increases, and all the maximum values occur at
the half-wave potential at various scan rates. At the
beginning of the backward sweep, cg, is the largest, but
the reduction rate is the lowest owing to the very
positive potential; Iy is very small. As the potential
becomes more negative, the reduction rate increases,
and I increases in spite of the decreasing cg,. As the
potential becomes more negative than the half-wave
potential, although the reaction rate increases, the
current is lower than that at the half-wave potential
and tends to zero because of diffusion of the product.
With increasing scan rate, the time for diffusion re-
duces, and the current of the inverse reaction in-
creases.

4.5. Coefficient of retention of the product

The formula for calculation of the coefficient of
retention K, is given by eqn. (13). K, shows the
amount of product remaining in the reaction layer on
the electrode surface. It can be seen from Table 2 that
the maximum of K, appears at the half-wave potential,

TABLE 2. K, of the product at a carbon fiber microdisk electrode

|
!
and increases with increasing scan rate. This is also!
due to the reduction current being affected by both the

potential and the conccntratlon of product remaining
in the reaction layer. o |

4.6. Data analysis for the coefficient of retention

When the radius of the electrode is very small, the
first term in eqn. (1) can be neglected, and I/l is
proportional to rv'/2. Thus I is proportional to v'/?
under the conditions of fixed radius. The same relation
of K, and v'/? is given in eqn. (15). In Fig. 5, the plot
of K vs. v1/% shows good linearity. All these results
can conflrm eqns. (1) and (15).

Given D =2.4x107° cm? s, the values of 8 /A
for various radii and various scan rates can be obtained
from eqn. (15) (shown in Table 3). When the radius is 5
wm, 8,/A is close to the experimental coefficient of
retention for ferrocene at the half-wave potential. The!
experimental slope of K, vs. v'/? is 0.362 at the
half-wave potential, and the slope of 8./A vs. v'/? is!
0.354. At v =1000 mV s~ !, K = 0.36 at the half-wave
potential and 8./4 = 0.355. These results not onlyl
verify eqn. (15), but also indicate that K at the half-
wave potential is the characteristic coeffnment of reten-
tion.

If the electrode radius or the scan rate is larger,|
eqn. (15) is no longer applicable owing to the presence:

E/V V/mVs~! .

5 20 . 40 60 80 100 200 400 600 800 1000
0.30 0.000 0.0031 Q.0045 0.0067 0.010 0.011 0.016 0.020 0.036 0.048 0.071
0.35 0.000 0.0074 0.026 0.031 0.044 0.047 0.080 0.12 0.15 0.18 0.20
0.40 0.000 0.028 0.052 0.071 0.090 0.10 0.15 0.22 0.26 0.30 0.35
0.42 0.000 0.042 0.060 0.080 0.097 0.11 0.16 0.23 0.27 0.31 0.36
0.45 0.000 0.025 0.047 0.059 0.079 0.085 0.13 0.18 0.22 0.27 0.30
0.50 0.000 0.0038 0.008 0.017 0.026 0.028 0.052 0.087 0.12 0.14 0.16
0.55 0.000 0.0007 0.0024 0.0079 0.011 0.013 '0.016 0.027 0.043 0.060 0.087
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TABLE 3. Dependence of §,,/A on the scan rate for various radii

Radius/pum Scan rate/mV s~ v/mV s~ for
20 60 100 200 400 600 1000 8s/A=1
20 0.199 - 0.347 0.447 0.663 0.895 1.10 1.42 517
10 0.0995 0.173 0.223 0.317 0.248 0.550 0.710 1939
5 0.0497 0.0867 0.112 0.0158 0.224 0.275 0.355 7759
2 0.0199 0.0347 0.0447 0.0633 0.0895 0.110 0.142 49840
1 0.0100 0.0173 0.0223 0.0317 0.0248 0.0550 0.0710 193980
0.5 . 0.0050 0.0087 0.0112 0.0158 0.0224 0.0275 0.0355 798000
r/umfor 5, /A=1 100 58 45 2 2 18 14

of both linear and non-linear diffusion. The scan rates
for various radii and the radii for various scan rates in
the case of 8,/4 =1, in which linear diffusion is
predominant for a given radius or scan rate, are also
listed in Table 3. The calculations also show that the
limiting potential scan rate is 12 V s~ at r=4 pm;
this is close to the result in the literature [3] that at
v=10 V s~ ! a peak appeared in the voltammogram.
‘The calculations give a limiting radius of 64 um at

0.30
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v!/2/ @V / 5)'/?
Fig. 5. Dependence of the coefficient of retention on v/2 at a
.carbon fiber microdisk electrode in acetonitrile solution of 0.1 mol
171 N(C4hy),ClO, and 1.3x107% mol 17! ferrocene at 0.40, 0.45,
0.35 and 0.50 V for curves 1-4 respectively.

v=>50 mV s~! which is also in agreement with the

results in the literature [3].
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