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Platinum ultramicrodisk electrodes 0.8 pm in radius were constructed by anodic electropolishing of a
platinum wire followed by sealing it with soft glass. Voltammograms for oxidation of [Mo(CN)g]*~, Fe?~, and
[Fe(CN)]*~, being of a sigmoidal form, were measured at these electrodes and microdisk electrodes with 7.5 pm
in radius under the essentially steady-state condition. A voltammogram of Fe2* at 7.5 um electrode was drawn
out, exhibiting a halfwave potential shifted from the formal potential. This trend was more distinctive for a
wave at 0.8 pm electrode. Radii of the electrodes and diffusion coefficients of the electroactive species were
determined consistently from the limiting currents. The conventional log-plot showed that electrode reactions
of Fe?* and [Fe(CN)g]*~ were, respectively, totally irreversible and almost reversible at these electrodes. Applica-
tion of the modified log-plot to the voltammograms yielded straight line, of which slope allowed us to evaluate

the transfer coefficient and of which intercept gave values of the charge-transfer rate constant.

Simulated

voltammograms at these values were in good agreement with experimental ones.

Since mass transport at ultramicroelectrodes is
caused by two- or three-dimensional diffusion rather
than linear diffusion, the diffusional flux at ultrami-
croelectrodes is larger than that at electrodes on a con-
ventional scale. This trend becomes remarkable as
electrolysis time is long. For example, the ratio of the
diffusional flux at a microdisk electrode 10 pm in
diameter to that at conventional electrodes is 5.3, 11,
and 46, respectively, at 0.1, 1, and 10 5. Thus overall
electrode reactions at ultramicroelectrodes are often
complicated by charge-transfer kinetics even at a long
time electrolysis. Investigations on the charge-transfer
kinetics have been undertaken at very small mercury
droplets on a vitreous carbon electrode,? microring
electrodes,3~> microdisk electrodes,’~19 microcylinder
electrodes!!~1® and at microband electrodes.!’>18 Since
measurements of voltammograms at these electrodes
can be made under the quasi-steady state or the steady-
state conditions, they are free from complication asso-
ciated with current transient.

The microdisk electrode makes the kinetic effect
most distinctive of the ultramicroelectrodes currently
employed. This intriguing feature encouraged deriva-
tion of analytical equations for stationary voltammo-
grams complicated by the electrode kinetics at the
microdisk electrode.? According to the theory,? the
voltammogram can be transformed into a linear curve
through a modified log-plot, of which slope and inter-
cept provide kinetic parameters. In order to apply the
modified log-plot to experimental curves, it is required
to confirm the establishment of the steady state, to
establish a method of residual current elimination or
correction and to determine consistently the radius of
the electrode and diffusion coefficients. In the paper,
we construct platinum ultramicrodisk electrodes by
anodic electropolishing!®2? and measure stationary
voltammograms for oxidation of Fe?* and [Fe(CN)g]*~.
From these curves, we evaluate the kinetic parameters

by use of the modified log-plot, aiming at verification
of the theory.

Experimental

Microdisk Electrodes. Two kinds of microdisk electrodes
were constructed, one being ca. 7.5 pm in radius and the
other being less than 1 pm. A platinum wire 7.5 pm in
radius and 2 mm in length (Tanaka Noble Metal Ltd.,
Tokyo) was connected electrically to a copper wire with mer-
cury contact. It was sealed with soft glass. The surface of the
electrode was polished with 1200 mesh carbon powder on a
glass plate until the disk-shaped electrode was exposed. It
was polished with 0.05 pm alumina powder, followed by
ultrasonication in distilled water for 5 minutes. A view of
the exposed electrode through a SEM was a well-defined disk
rather than a deformed circle.

An ultramicro filament with a radius less than 1 pm was
constructed by anodic electropolishing of a platinum wire
32.5 pm in radius, according to a technique described pre-
viously.1%:20 The polished filament tapered off to a top. It
was dipped into fused soft glass in a small furnace at 320°C
to yield a surface coating of soft glass with a few pm in
thickness. This coating ensures high quality of the sealing.
The coated filament was cured with epoxy resin (Quetol 812,
Nisshin EM, Tokyo) and kept at 60 °C for 24 h. The epoxied
block was cut with a diamond knife (Diatome) mounted
with an ultramicrotome (Porter-BLUM Model MT2-B). It
was difficult to discern quality of a circle through a SEM
photograph. The shape was assumed to be a disk for the
data analysis. Prior to each electrochemical msasurement,
the electrode surface was renewed by the cutting; polished
with 0.05 pm alumina powder, dipped into concentrated ni-
tric acid for 2 min and rinsed with distilled water.

Electrochemical Measurements. Since Faradaic currents
were as small as 10 nA, a two-electrode system was employed
for current measurements, in which a saturated calomel elec-
trode (SCE) was served as a counter electrode. Currents were
measured with a high speed current amplifier (Keithley
Model 427) in an electrically sealed box. An electrochemical
cell was thermostated at 25°C in a water bath. Before mea-
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surements, the solution was deaerated with nitrogen gas for
20 min. All chemicals were of analytical grade.

Results and Discussion

We used oxidation of [Fe(CN)¢]*~ and Fe?* as a
model reaction associated with electrode kinetics
because these two species have well investigated elec-
trochemically. Figure 1 shows three examples of
background-corrected voltammograms for oxidation
of [Fe(CN)g]*~ (Flg. 1A) and Fe?* (Figs. 1B and 1C) at
the potential sweep rate of 10 mVs™1. Residual cur-
rents were almost a straight line, of which slope was
ca. 0.8 nAV~! for curves in Figs. 1A and 1B and 0.05
nA V-lin Fig. 1C. Since they traced the same path at
the forward and the reverse potential scan, they do not
result from a capacitive factor. Thus, these electrodes
are successful in excluding fully the capacitive current
which frequently degrades voltammograms at micro-
disk electrodes. Hysteresis of the voltammogram was
slight but sometimes detectable (in Fig. 1C). The cur-
rent at the reverse scan was always smaller than the
forward one. Two reasons for the hysteresis can be
considered: One is unreached steady state and the other
is deterioration of the electrode surface during elec-
trolysis. We examined theoretically the extent of the
unreached steady state through use of a geometrical
parameter, p=(nFa?»/RTD)'2, in linear sweep vol-
tammetry, where a is a radius of the disk electrode, v
the potential sweep rate, n the number of electrons
transferred, F the faraday constant, R the gas constant,
T the temperature, and D the diffusion coefficient.2V)
Values of p were less than 0.21 for a=7.5 um at n=1,
v=10 mV s~! and D=0.5X10"5 cm?s~!, suggesting that
the deviation from the steady-state current would be
less than 3%?%V if the voltammogram were reversible.
Thus the hysteresis is ascribed to deterioration of the
electrode. When hysteresis was observed, voltammo-
grams only at the forward scan were employed for the
following data analysis.

Radii of the two kinds of microdisk electrodes were
evaluated from measurements of the stationary
diffusion-controlled limiting current, I4, for oxidation
of 5 mmoldm™3 [Mo(CN)g]*~ in 0.5 mol dm™3 Na,SO,
through the following equation:??

Is=4nFc*Da (1)

where c* is the bulk concentration of the electroactive
species. It was assumed that D=4.6X107% cm?s™! for
[Mo(CN)g]*~.19 The calculated value of the radius of
the large electrode was identical with a nominal value;
7.5 ym. The evaluated radius of the electropolished
electrode was 0.70 pm.

We attempted to evaluate the radii from the limiting
currents in Fig. 1 by use of D=4.7X107% cm?s~! for
Fe?+23) and D=6.32X10"¢cm?s™! for [Fe(CN)g]*~.24
The radii were 7.5 and 7.1 pm, respectively, for curves
in Figs. 1A ([Fe(CN)g]*") and 1B (Fe?*). The former is
in good agreement with both the nominal value and

10
L (A)

e
ga— | Il 1 1

0 0.2 0.4 0.6
E/V vs. SCE

(B)

E/V vs.SCE

L (C)

.......

0.4 0.6 0.8 1.0
E/V vs.SCE

Fig. 1. Cyclic voltammogram (—) for 5 mmoldm—23
[Fe(CN)e]*~ in 1 moldm~—3 HCI solution at the elec-
trode of a=7.5um (Fig. 1A), that (—) for
5mmoldm~3 Fe?+ in 1 moldm=3 H2SO4 solution at
the electrode of a=7.5 um (Fig. 1B) and that (—) for
5mmol dm=3 Fe2+ in 1 moldm=2 H2SOj4 solution at
the electrode of a=0.88 um (Fig. 1C) when measure at
v=10mVs~l. Curves (--—- ) are residual currents.
Dashed curves are simulated waves calculated from
Eq. 5 at kinetic parameters evaluated from the modi-
fied log-plot. Reversible voltammograms might be
expressed by dotted curves.
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the value evaluated from the current of [Mo(CN)g]*".
Slight discrepancy for the latter may be due to an
incomplete plateau of the limiting current. An expe-
dient of satisfying Eq. 1 so as to make no influence on
the log-plot is to determine the diffusion coefficient of
Fe2* specific to this electrochemical system. The value
of D thus determined is 4.4X107¢ cm?s~1. This value
will be used for D of Fe?* in the discussion below. On
the other hand, the radius evaluated from the limiting
current in Fig. 1C by use of the above value of D was
0.88 um, which was larger than 0.70 pm evaluated for
[Mo(CN)g]*~. Such difference was frequently observed
when the electrode surface was renewed by cutting at
each measurement. The discrepancy may not be
ascribed to difference in electroactive species but may
be attributed to poor reproducibility of the renewal.
Thus, for the analysis of a voltammetric waveform, it
is desirable to use a radius determined from a limiting
current at each renewed electrode.

According to the theory of the stationary voltammo-
gram involving electrode kinetics at microdisk elec-
trodes, the current-potential curves for the quasi-
reversible and the totally irreversible waves are
expressed by the following modified log-plot:?

3 RT
~ (1—a)nF

[1—(I/I13) {1 + exp(—nF(E — E*)/RT)}]'!
1/1,

E=E*—2

2

log

with
E*=E* —23[RT/{(1 — a)nF}] log [(x/4)k*’a/D]  (3)

where the Butler-Volmer equation has been used for
the kinetic equation. Here I is the current at electrode
potential E, a the cathodic transfer coefficient, k°’ is
the formal electrode reaction rate constant, and E°’ the
formal potential. On the other hand, the reversible
wave can simply be expressed by

E=E® +2.3(RT/nF)log [I/(Ia—1)] (4)

We temporarily assume that the voltammograms in
Fig. 1 are reversible. The conventional log-plots given
by Eq. 4 are shown in Fig. 2. Plot A for [Fe(CN)g]*~
falls on a straight line of which inverse slope is 62 mV.
The half-wave potential is shifted positively by 3 mV
from the middle value (0.230 V vs. SCE) of the anodic
and the cathodic peak potential measured at a plati-
num disk electrode 2 mm in diameter. Thus the reac-
tion is very close to the reversible one although there
appears slight kinetic effects. On the other hand; plots
B and C for Fe?* are curved and half-wave potentials
are positively shifted by 55 and 171 mV, respectively,
from the middle value (0.435 V vs. SCE) of the anodic
and the cathodic peak potential measured at the large
electrode. Thus the oxidation of Fe?* belongs to the
totally irreversible group. The difference in the radius
is obviously responsible for the difference in the partic-
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Fig. 2. Conventional log-plots for stationary voltam-
mograms of (A) [Fe(CN)g]*~ at the electrode of
a=7.5um, (B) Fe?t at a=7.5um and (C) Fe?* at
a=0.88 um. These three plots correspond to voltam-
mograms in Fig. 1.
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Fig. 3. Modified log-plots for voltammograms in
Fig. 1. Plots A, B, and C correspond to waves in
Fig. 1.

ipation of electrode kinetics. From the empirical con-
cept on the electrode kinetics, logarithm of the reduced
rate constant, k®a/D, has linear relation with (1—a)
(nFE/RT). Thus the difference in the half-wave
potential may be equivalent to [RT/{(1—a)nF}]Iin(ag/
ac), where ag and ac are radii of electrodes for curves B
and C, respectively. The difference in the measured
half-wave potential was 0.116 V while the differences
calculated from In(ag/ac) were 0.110 and 0.117 V for
a=0.5 and a=0.53, respectively. Agreement is good for
reasonable values of &, demonstrating that miniaturiz-
ing electrodes causes the potential shift by the amount
of [RT/{(1—a)nF}]In(ay/a), where a, is the reference
radius of a microdisk electrode.

It is possible to evaluate k°/ and a from the modified
log-plot through Egs. 2 and 3. In Fig. 3, values of E
are plotted against the logarithmic term involving Eq.
2 for the three voltammograms. Although plots B and
C are slightly curved, the points fall on a straight line.
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Equation 2 shows that the slope of the plot is
2.3RT/{(1—a)nF}, from which a can be evaluated.
The slope was evaluated by the method of linear least
squares. Values of a are 0.48 and 0.65 for plots B and
C, respectively. The literature value is 0.58.2 The
intercept with the E-axis gives E*, which determines
k°’ through Eq. 1 at known values of E*’, o, and D.
Values of k°/ thus obtained are 3.0X1073 (a=0.48,
D=4.4X107% cm?s71, ¢=7.5 pm) and 6.5X1073 cms™!
(¢=0.65, D=4.4X10"%cm?s~1, a=0.88 pum) for plots B
and C, respectively. The discrepancy of k°’ is ascribed
to the difference in a because it has been demonstrated
in the above that the difference in the half-wave poten-
tial was equivalent quantitatively to In(k®’a/D) at a
common value of a. The difference in a may result in
edge effects other than those due to diffusion, e.g.,
activation at the edge, selective adsorption at the edge,
and deformation of the disk form of the electrode. If
we take a common value of a to be 0.55 retaining
values of E*, values of k°’ become common, being
3X1073 cms™L

Plot A in Fig. 3 falls on a straight line although the
line is sensitive to errors in E°”. The kinetic parame-
ters from this straight line are @=0.43 and £°=0.07 cm
s”l.  We attempted to measure voltammograms of
[Fe(CN)g]*~ at an electrode with a radius less than 1
pm. Voltammograms were almost the same as in Fig.
1A, suggesting that the kinetic effect is vague. Conse-
quently, [Fe(CN)g]*~ belongs to the reversible group
rather than the quasi-reversible one at microelectrodes
employed here. The kinetic values determined above
may involve large errors.

We simulated the voltammograms through use of
Eq. 2 for kinetic parameters obtained from the modi-
fied log-plot. Since Eq. 2 is non-linear with respect to
both E and I, we valuated I/14 at a given value of E
through the following algorithm based on the Newton
method:

Xr+1 = Xk f(xk)/f (xk) (5
with

XEp= (I/Id)k

flx)=[1—x{l +exp(—={}]"""/x
—exp[—(1—a)(nF/RT)E— E*)]

f(x)=[1—x{1+exp(—0}]*""[0.11{1 +exp(—{)}x]/x?

{=(nF/RT)E—E%)

Starting at an initial value, x, less than exp[(1—a)(nF/
RT)(E—E¥*)], we could successfully computed con-
verged values of I/I,. Values for the parameters
employed for the simulation are k°’=0.07 cms™!,
a=0.43, D=6.32X107% cm?s~!, a=7.5 pm for curve A,
k°’=3.0X10"3 cms™!, «=0.48, D=4.4X10"® cm?s~!,
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a=7.5 um for curve B, k°’=6.5X1073 cms~1, a=0.65,
D=4.4X107% cm?s~1, ¢=0.88 pum for curve C. In Fig 1,
simulated curves (---) are drawn, in good agreement
with experimental waves. This fact indicates that the
kinetic parameters obtained here are reasonable
although there is no consistency in the kinetic parame-
ters for curves B and C.
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