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New Chronoamperometric Technique Using Laser Ablation
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New chronoamperometry, in which a diffusion layer is
renewed with laser ablation of an electrode surface, was com-
pared with conventional potential step chronoamperometry.
While the two methods gave similar current—time curves obeying
the Cottrell equation for oxidation of hexacyanoferrate(Il), only
the new method gave the well-defined current—time curve for
oxidation of ascorbic acid, which has a tendency to foul the elec-
trode surface.

Recently, lasers have been widely used in electrochemistry.t
However, its usage has mainly aimed to activate an electrode but
has not been appreciably concerned with the methodological
development. We employed laser irradiation in order to develop
new voltammetry as well as to activate the electrode and pro-
posed laser ablation voltammetry (LAV),? in which the voltam-
mogram is measured by using an electrode surface periodically
renewed through an ablation action caused by a strong laser
pulse. Because the ablation action constantly keeps the electrode
surface fresh, LAV is very effective for examining electrode
reactions fouling the electrode surface. In addition to such a
renewal of electrode surface, it is aso expected that the ablation
action can renew the diffusion layer growing on the electrode
during electrolysis. In fact, a steady-state voltammogram like a
polarogram obtained with a dropping mercury electrode was
observed in LAV, suggesting the renewal of diffusion layer upon
the ablation action. In this work, current—time (I-t) curves
observed immediately after the laser ablation were closely exam-
ined by using model electrode reactions and compared with those
obtained by potential step (PS) chronoamperometry.

The experimental setup was similar to that described previ-
ously.® A Q-switched Nd:YAG laser was used for ablating the
electrode surface. The pulse width was nominally 5 ns and the
spot size was ca. 6 mm in diameter at the electrode. A power of
the laser pulse was measured in atmosphere with a laser power
meter (OPHIR, 30A-P-SH and AN/2), and changed from 45 to
130 mJ/pulse by placing several slide glass plates for microscopy
in front of the laser head. A digital oscilloscope (Tektronix,
2440) was used for monitoring the |-t curve. The monitoring
was started by a Q-switched trigger signal from the laser control
electronics. Although there existed a delay time of 3 us between
the Q-switched trigger signal and an output of the laser pulse,
that is, a beginning of the laser ablation, the Q-switched trigger
signal was taken as t = 0 s. A working electrode was prepared by
sealing a Pt (Nilaco, 99.98 %) or Au (Nilaco, 99.95 %) wire of
0.50 mm diameter into a glass tube. The working electrode was
positioned carefully by using an X-Y-Z stage with a micrometer
so that a center of the electrode met that of the laser spot. The Pt
and Au electrodes were used for electrooxidation of a hexacyano-
ferrate(I1) ion, [Fe(CN).]*~ and ascorbic acid (AA), respectively.
All potentials in this work were measured with respect to a satu-
rated calomel electrode (SCE) and a Pt spiral served as a counter

electrode. All reagents used were of reagent grade, and all solu-
tions were prepared with Milli-Q water (Millipore Ltd.). Before
each experiment, the solution was purged with nitrogen gas
(99.9%) for at least 20 min, and the electrode surface, which had
been polished to a mirror finish with 0.3 um-alumina-powder
slurry, was thoroughly treated by the laser ablation in the solu-
tion. All the experiments were carried out at 25 + 0.1 °C.
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Figure 1. /- curves and /-r"* plot (inset). The circle and triangle refer to 1.0
mM [Fe(CN)* in 1 M KCI (sample) and 1 M KCl (blank). The solid and
dotted lines were determined from the LP and PS data in the time range between
60 and 200 ms by using the least-squares method.

Figure 1 shows the It curves for oxidation of [Fe(CN)s]*~.
The solid and open marks refer to laser pulse (LP) chronoamper-
ometry at a constant potential of 0.500 V with the power of 97
mJ/pulse and PS chronoamperometry from 0 to 0.500 V. Because
the cyclic voltammogram showed well-shaped oxidation and
reduction waves at 0.26 and 0.18 V, the potential of 0.500 V is
positive enough for the oxidation to proceed under a diffusion-
controlled condition. The |-t curve obtained from the LP experi-
ment fairly agrees with that from the PS experiment for both the
sample and blank solutions in the time range between 60 and 200
ms. The current for the sample corrected by that for the blank was
plotted against a reciprocal value of square root of the time, as
shown in an inset of Figure 1. The plots display straight lines in
the time range between 60 and 200 ms, though not passing
through the origin exactly because of uncertainty of the blank cor-
rection. The straight lines suggest that the |-t curves obey the
Cottrell equation.* The I vs t™2 plots at the laser powers other
than 97 mJ/pulse will be discussed later. The slopes of the straight
lines are in good agreement with each other, and the diffusion
coefficients calculated from these slopes and a geometrical area of
the electrode were 12.0 x 1075 for LP and 11.4 x 107% cm? s~ for
PS. If these values are equal to the literature value of 7.8 x 107°
cm?s15 the electrode area is effectively ca. 1.2 times larger than
the geometrical one. On the other hand, the current observed in
the LP experiment is somewhat larger than that in the PS experi-
ment in the time range below 60 ms and a difference between
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the currents increases with shortening time. There are two possi-
ble causes of the difference. One is an increase in area of the elec-
trode by the laser ablation. It is, however, unlikely that only one
pulse produces a further increase in the area, because the electrode
is treated thoroughly by the laser ablation before the experiment.
The other is an existence of an additional mass transfer process. It
is reasonable that a mechanical shock accompanied by the laser
ablation agitates solution around the electrode and results in more
efficient mass transfer.

Electrooxidation of AA in 0.5 M (M = mol dm=3) sulfuric
acid was also examined with the Au electrode by LP chronoam-
perometry at 0.4 V and by PS chronoamperometry from 0 to 0.4
V. Figure 2 shows the I-+2 plots. While the plots obtained from
the LP experiments show straight lines, the plot from the PS
experiment extensively bends. Namely, the electrode reaction of
AA is expected to be diffusion-controlled at 0.4 V in the LP
experiment, but not in the PS experiment. The oxidation of AA is
a two-electron reaction in a strong acid medium and has a tenden-
cy to foul the electrode surface.2® In fact, although a cyclic
voltammogram of AA in 0.5 M sulfuric acid showed a sharp oxi-
dation wave at 0.32 V immediately after the laser ablation treat-
ment of the electrode, broadening of the wave gradually occurred
with a negative shift of the peak potential as the electrode was
repeatedly used in the sample solution. This is probably because
the electrode is fouled by adsorption of AA or its oxidation prod-
ucts. Consequently, the bending of the I<%2 plot from the PS
experiment is thought to result from the fouling of the electrode
surface. The diffusion coefficient of AA was calculated to be 5.0
x 107% cm? s71 by using a slope of the 1-t/2 plot obtained from
the LP experiment and the geometrical electrode area. This value
is slightly smaller than the literature value, 6.3 x 106 cm?s~16
Taking account of the fact that the effective electrode area is
greater than the geometrical one, the experimental value becomes
small further. The smaller value may be associated with a photo-
chemical reaction of AA. Its detail is under study.
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Figure 2. /-7 plots obtained by LP (open) and PS (solid)

chronoamperometry. The sample solution was 5.0 mM AA in 0.5 M H,SO,.
The solid line was determined from the LP chronoamperometric data in the
time range between 60 and 200 ms by the least-squares method.

Because the I-t-22 plot from the LP experiment displayed a
straight line at the other laser power, similarly to the 122 plot
shown in the inset of Figure 1, an apparent diffusion coefficient,
Dap , was calculated at each power. In the calculation, the slope
in the time range between 60 and 200 ms and the geometrical
electrode area were used. Figure 3 shows a dependence of the
apparent diffusion coefficient on the laser power. At the powers

below 50 mJ/pulse, the coefficients are nearly zero for both the Pt
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Figure 3. Dependence of the apparent diffusion coeflicient on thAe laser power.
The solid and open circles refer to the oxidation of [Fe(CN)" with the Pt
electrode and the oxidation of AA with the Au electrode.

(solid) and Au (open) electrodes, indicating that the diffusion
layer as well as the electrode surface is never ablated by the laser
irradiation at these powers. On the other hand, the coefficient
levels off at the powers from 85 to 130 mJ/pulse, which suggests
that the diffusion layer can be entirely renewed. The coefficient
for the Au electrode shows a jump at 50 mJ/pulse but that for the
Pt electrode increases linearly in the power range between 50 and
85 mJ/pulse. It is well known that there exists a threshold in the
laser ablation.” In the case of the Au electrode, the threshold
value is clearly 50 mJ/pulse. However, the threshold is not clear
for the Pt electrode because of the linear increase of the coeffi-
cient. The difference in threshold between the Au and Pt elec-
trodes and the linear increase for the Pt electrode can be related
with physical properties of the electrode material, e.g., a melting
point, and durability of a crystal plane against the laser ablation.
Namely, the electrode of Au with a low melting point (1064.43
°C)® could be entirely ablated at the powers greater than the
threshold in spite of a difference in the crystal plane, whereas the
electrode of Pt with a high melting point (1772 °C)® could be
ablated stepwise depending on the durability of the crystal plane.

It has been shown that the laser ablation can renew the dif-
fusion layer as well as the electrode surface. Further it is
expected that LP chronoamperometry becomes a promising
technique for determining a diffusion coefficient of a substance
which and/or whose electrolytic products have a tendency to
foul the electrode.
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