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Laser-Induced Transient Currents on Glassy Carbon Electrodes

Double Layer and lon Adsorption Effects

Robert K. Jaworski* and Richard L. McCreery*
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210

ABSTRACT

Intense laser pulses delivered to a glassy carbon (GC) surface in situ result in a transient current which depends both
on electrode potential and the electrolyte solution. The transient decayed with a time constant of several hundred microsec-
onds, much longer than the laser optical or thermal transient. The linear dependence of the transient charges on potential
implies that the mechanism involves perturbation and restoration of the double layer and adsorbed ions. The charge
contained in the current transient was a small (<10%) fraction of the total double layer charge indicating incomplete
disruption of the double layer. In addition, the magnitude of the response is higher for surfaces with higher oxide coverage.
The observations are consistent with adsorption of electrolyte cations with the strength of interaction decreasing in the
order H* > Li* > Na* > K* > Et,N". The cation interaction increases with increasing surface oxidation, probably because of

interactions with surface functional groups.

Understanding the structure of the electrode/solution in-
terface is of paramount importance in investigations of
electrode kinetics at carbon electrodes. It is well-known
that the rich surface chemistry of carbon materials con-
tributes to the complexity and irreproducibility of kinetic
measurements. Several electrode pretreatment procedures
have been proposed to alleviate this problem and obtain
more controllable surface structures and faster electrode
kinetics, particularly for glassy carbon (GC). These include
polishing,'? electrochemical activation,>® vacuum heat-
ing,'*"® fracturing,>*'" and laser activation.'*** Of rele-
vance to the current report is the observation that intense
laser pulses (ca. 25 MW/cm?, 9 ns, 1064 nm) delivered to
glassy carbon in situ results in a ca. 100-fold increase in the
electron transfer rate for the Fe(CN);** couple.””" Rough-
ness changes and gross microstructural changes have been
ruled out as mechanisms for the observed activation, and
the rate enhancement was attributed to effective surface
cleaning for the case of GC.'*!" A unique feature of pulsed
laser activation compared to conventional pretreatments is
the ability to monitor an active surface very quickly after
its creation, with microsecond time resolution if desired.
The current effort was undertaken to investigate transient
electrochemical phenomena initiated by laser activation,
not only to learn about carbon surface properties, but also
to investigate electrochemical events occurring very
quickly after exposure of a reactive carbon surface to elec-
trolyte solution. The overall objective of the work is an
understanding of the factors affecting electrode kinetics on
carbon electrodes and particularly the mechanism of laser
activation.

* Electrochemical Society Active Member.

Much lower energy pulses which cause only a slight tran-
sient increase of the electrode surface temperature were
employed in studies of the electrical double layer on mer-
cury electrodes® 2 and more recently to probe the electrode
kinetics of fast reactions.”? It was shown that pulsed irra-
diation of the electrode in supporting electrolyte solution
produced current transients when the electrode was held at
constant potential.®® Analysis of the total charge of the cur-
rent transients at various potentials gives the charge vs.
potential curve. This technique did not become widely ac-
cepted for routine analysis of double layer properties on
mercury, mainly because the existing classical techniques™
were simpler, cheaper, and offered superb accuracy. Open-
circuit potential measurements after laser pulses, however,
were successfully employed to study thermal properties of
the double layer.?*?® If should be emphasized that the laser
pulses used for activation of carbon electrodes have much
higher power density and should be much more disruptive
to the interfacial region.

A significant difference between mercury and solid elec-
trodes (including carbon) lies in the fact that the surface of
a solid electrode is not easily renewable. This problem
significantly complicates double layer studies on carbon
electrodes using classical methods.**? Differential capac-
ity and surface tension on carbon materials were studied by
Soffer and co-workers®* using differential cyclic voltam-
metry and spatial measurements of the electrodes.

In this paper we present a different approach for study-
ing double layer properties on carbon electrodes. It is based
on the application of laser pulses to probe the properties of
the carbon electrode/solution interface and takes advan-
tage of in situ surface cleaning by the laser pulse. The tem-
perature transients generated by laser pulses with power
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densities of 10 and 20 MW cm ? are too low to cause major
structural changes on GC and highly oriented pyrolytic
graphite (HOPG) electrodes, but high enough to cause tran-
sient disturbance of the interfacial region and induce cur-
rent transients. Short laser pulses also renew the surface by
impurity desorption, thus activating the surface toward
electron transfer. Therefore, the laser pulse provides not
only a way of probing the properties of the interface but
also in situ renewal of the electrode surface. Of particular
note is the time resolution of the method compared to other
pretreatment procedures. Since the laser pulse and result-
ing temperature transient occur on a nanosecond and mi-
crosecond time scale, respectively, the electrode may be
monitored within microseconds after perturbation by the
laser. A variety of electrochemical effects, including double
layer relaxation, adsorption, and electron transfer may
thus be examined within microseconds of the laser pertur-
bation. In the case of laser activation of kinetics, the time
resolution is many orders of magnitude faster than heat-
treatments, polishing, or chemical pretreatments. In this
study, we examined laser-induced perturbation of the
double layer, with particular attention to the effects of elec-
trolyte composition.

Experimental

The experimental apparatus is shown in Fig. 1. The
Nd:YAG beam (Quantel 580-10) operating at 1064 nm (9 ns
pulse length) was used to illuminate the electrode surface.
Before entering the electrochemical cell through a quartz
window, the laser beam passed near a photodiode (Scien-
tech) which generated a trigger for the LeCroy 9400 digital
oscilloscope. A conventional three-electrode potentiostat
with a 0.1 ps time constant was used to monitor laser-in-
duced current transients. The time constant of the cell was
measured with a 5 mV square wave potential applied to a
polished electrode in 0.1M KCl, and equaled 120 ps. In all
cases, the charge resulting from a laser pulse, @, was deter-
mined by numerically integrating the current vs. time tran-
sient. The Nd:YAG beam was aligned with a 632.8 nm HeNe
pilot beam to allow positioning of the Nd:YAG beam on the
electrode. The beam passed through approximately 5 mm
of solution before striking the electrode, and totally illumi-
nated the GC surface exposed to electrolyte. The measure-
ments with GC were performed by applying a given elec-
trode potential for 1 s before irradiating the electrode
surface with the laser pulse. The measurements were per-
formed in series of ten laser pulses separated by 1 min
intervals. The working electrode was at open circuit be-
tween the measurements. Each series was carried out with
a freshly polished and, where noted, further pretreated
electrode (see below).

Commercial GC-20 electrodes (Bioanalytical Systems),
GC-20 disks (Tokai), and HOPG (a gift from Arthur Moore
of Union Carbide) were used. Standard procedure for the
GC electrode surface preparation consisted of polishing
with silicon carbide paper (600 grit) and then with 1.0, 0.3,
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Fig. 1. Experimental apparatus for recording laser-induced current
fransients. A, W, and R stand for auxiliary, working, and reference
electrodes, respectively.
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Fig. 2. The simulated temperature profile of a GC electrode surface
in water during and after a 9 ns laser pulse with power density of
10 MW cm~2 The temperature values affer selected times are indi-
cated, and the peak laser intensity occurs at log (f) = —8.3.

and 0.05 pm alumina. Electrodes were sonicated for 5 min
between the polishing steps. Where noted, electrodes were
further pretreated by anodic oxidation in 0.1M NaNO, at
1.8 V for 3 min, oxidation in a saturated solution of
(NH,),;Ce(NO,); for 5 min, or ultrahigh vacuum heating at
600°C and 2 X 107° Torr for 2 h. Basal plane HOPG elec-
trodes were prepared by cleaving superficial layers with
adhesive tape. All working electrodes used in this work had
surface areas equal to 0.071 em?®. Platinum wire served as
the auxiliary electrode. All potentials were measured and
reported vs. Ag/AgCl reference electrode (BAS). Cathodic
currents and charges are reported as positive values in
tables and figures.

All chemicals were of reagent grade and were used with-
out further purification. Solutions and rinses employed
house distilled water, further purified using a Barnstead
“NanoPure” System.

Results

The major effect of a short, intense, 1064 nm laser pulse
on the electrode surface is a transient temperature excur-
sion. With the significant assumption of no phase changes
in electrode or solution, the surface temperature may be
simulated, as noted previously by us and others.*® The
transient in Fig. 2 should be considered the maximum ex-
cursion of surface temperature for a 10 MW/ecm?, 9 ns,
1064 nm laser pulse on GC, and it provides an estimate of
the duration of the transient. Even when solvent vaporiza-
tion is ignored, AT decreases to 100 K in about 1 us, and to
12 K in 100 ps.

The current transient resulting from a 10 mW/cm? laser
pulse delivered to a GC electrode at a fixed potential of
—0.2 V vs. Ag/AgCl is shown in Fig. 3A (points). The cur-
rent represents a response to the laser perturbation in the
absence of any intentional electroactive species and is pre-
sumably due to restoration of the surface and double layer
after thermal disturbance. The integrated charge under the
current transient is 0.59 pC/cm?® in this case. For compari-
son, a GC electrode with a typical capacitance of 30 pF/
cm? 1917 held at a potential 280 mV away from the PZC has
a double layer charge of 8.4 pC/cm®. Thus the laser pertur-
bation is small relative to the total charge present. Al-
though the current transient follows a roughly exponential
decay, a plot of log i vs. ¢ is nonlinear. Figure 3b shows three
exponential decays which are summed to yield the smooth
curve of Fig. 3A. The three time constants indicated in
Fig. 3B vary only slightly with potential and remain ap-
proximately an order of magnitude apart.

Figure 4 indicates the reproducibility of the integrated
charge following the laser pulse (@) for different surfaces.
Figure 4A is a @ vs. laser pulse number for three physically
different freshly polished electrodes, and Fig. 4B is a simi-
lar plot for a single electrode polished a total of four times.
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Fig. 3. Laser-induced current fransient recorded at GC electrode in 0.1M KCl solution at —0.2 V. Laser power density was 10 MW cm ™2, Plot
A shows the experimental fransient {points} and the sum of the three component exponentials {smooth curve). Plot B shows the three exponential

components and associated parameters.

In both cases, several laser pulses (3 to 5) were required to
reach a constant value of @ for subsequent pulses, probably
due to removal of surface debris or oxides by the laser.
After this induction period, fairly constant @ values were
observed for pulses 6-10. The relative standard deviation
for the 6th to the 10th pulse on the same electrode polished
four times was 13% (IV = 18), while that for four different
electrodes polished once each was 20% (I = 19). In subse-
quent measurements and plots, the @ of pulses 6 to 10 was
averaged for a given surface unless noted otherwise.

As shown in Fig. 5, the laser-induced current transient is
strongly dependent on the applied potential. For E,,, =
0.1V, the transient is quite small, while @ was positive or
negative at potentials away from 0.1 V. As shown in Fig. 6,
Q vs. B,y is linear, with an x-intercept of 0.18 Vin this case.
The slope of this plot is 2.8 pF/cm?® much less than the
differential capacitance of ca. 30 uF/cm?®. Note also from
Fig. 6 that a higher laser power density changes both the
slope and x-intercept of the @ vs. E,,; plot. Figure 6 was
based on the average of 6th to 10th laser pulses after pol-
ishing, where @ was weakly dependent on pulse number.
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Fig. 4. The effect of the polishing procedure on the reproducibility
of Qon GCin 0.TMHCl at —0.1 V with laser power density of 20 MW
cm™2, {A) Physically different electrodes polished before pulse no. 1.
(B} A single GC electrode, repolished before each pulse series.

When the first pulse after polishing was used to construct @
vs. E, the plot was linear but with a higher slope. The x-in-
tercept did not depend on laser pulse number, showing no
trend with repeated pulses, and a mean and standard devi-
ation of 0.19 + 0.02 V (N = 10). The potential of zero re-
sponse (PZR, where @ total = 0), is listed in Table I for
several electrolytes.

The effect of electrolyte concentration on the transient
response was examined briefly for KCl electrolytes, but the
available range of concentrations was limited. For a range
of concentrations from 1.0 t0-0.01M KCl, the observed time
constant increased greatly with decreasing concentration,
as expected due to increasing solution resistance, and
therefore RC. For example, the time constant increased by
a factor of eight when the KCl concentration was decreased
from 0.10 to 0.01M. Concentrations other than 0.1M were
not studied in detail due to the poor signal to noise ratio for
lower concentrations and potentiostat saturation for high
concentrations.

Finally, several modifications to the carbon electrode sur-
face were considered to explore their effects on the laser-
induced current transient. Figure 7 shows transients for
E,, = —0.1 V for polished GC (b); heat-treated GC
(c, heated for 2 h at 600°C, at 2 X 10~* Torr); HOPG freshly
cleaved (d), and anodized GC (a, 1.8 V, 3 min, in 0.1M
NaNO,). Note that @ for HOPG is much smaller than for
polished GC, and heat-treatment reduces @ for GC
significantly. Anodized GC has a much larger @ than any
other surface considered. The charge, PZR, and AQ/AE for
these surfaces are listed in Table IL
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Fig;. 5. The effect of the elecirode potential on the laser-induced
current transients on GC electrode in 0.1M KCl at power density of
10 MW cm 2 The electrode potential was: a, —0.2V; b, —0.1; ¢, 0.0;
d, 0.1; ¢, 0.2; f, 0.3; and g, 0.4 V. Electrode was repolished before
each transient.
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Fig. 6. The effect of the laser power density on Q in 0.1M HCl.
Circles: 10 MW/cm?, average 6th to 10th laser pulse after polishing;
diamonds, 10 MW/cm?, first pulse after polishing; triangles,
20 MW/cm?, 6th to 10th pulse after polishing.

Discussion

The first question which arises about the laser-induced
current transient at a given potential is its origin. Su-
perficially, the transient behaves as expected for reestab-
lishment of the double layer after thermal perturbation by
the laser pulse. The charge involved is only about 7% of
that stored in the double layer, implying that the double
layer structure is only partially disrupted. The time re-
quired for recharging is roughly a millisecond or so, much
longer than the microsecond scale of the surface tempera-
ture transient, implying that most of the double layer
restoration occurs at the ambient solution temperature.

Upon closer inspection, the transient is not simply an
exponential decay expected for double layer charging, but
rather consists of at least three exponentials with different
time constants. The shortest (<40 ps time constant) involves
very little charge (<10% of total), is weakly potential de-
pendent, and may reflect a thermal or even electronic effect.
It will not be considered further, except to say that it ac-
counts for the initial rise during the first 50 ps of the ob-
served transients. The remainder of the current decay is
empirically accounted for by two exponentials with
roughly equal contributions to the total charge, but time
constants which differ by about a factor of ten. The time
constants do not depend on the applied potential, but the
charge attributable to each exponential does, approxi-
mately linearly. The faster of the two has a time constant of
about 300 us, close to the cell time constant observed for a
small potential step (120 ws). It would be premature to as-
sociate these exponential decays with particular or even
distinct chemical phenomena, but it appears unlikely that
the observed decay is related to a Faradaic process. One

Table 1. The effect of supporting electrolyte ions on the
laser-induced current transients recorded with
polished GC electrode at 10 MW cm 2,

Qat—0.1V Qat0.3V PZR AQ/AE

Solution? (Cem™) (Cem™?) W) (Fem™?)

HCl 7.6 X 1077 -3.2 X 1077 0.18 2.8 X 107¢
LiCl 45 % 1077 —3.5 X 1077 0.12 2.0 X 1078
NaCl 4.6 x 1077 —45X 1077 0.10 2.3 X 107°
KCl 3.5 X 1077 ~4.4 x 1077 0.08 2.0 X 107°
(Et),NBr 2.4 X 1077 -39 x 1077 0.05 2.2 X 107°
NaF 1.3 X 1077 -2.1 x 107° —0.08 55 X 1078
NaClo, 2.7 % 1077 —9.6 X 1077 -0.01 3.1 x 1078
NaNO, 45 X 1077 ~5.8 X 1077 0.08 2.6 X 107°
NaCl 46X 1077 —45x 1077 0.10 2.3 X 107¢
NaBr 4.9 x 1077 —-6.3x 1077 0.08 2.8 X 107°
Nal 5.6 X 1077 —4.2 x 1078 0.13 2.5 x 107°

#0.1M concentrations.
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Fig. 7. The effect of electrode surface preparation on the current
transient in 0.1M NaNO, at 0.1 V. Laser power density 10 MW
em~2. Surfaces: a, GC after electro-oxidation in 0.1M NaNO; at
1.8V for 3 min; b, polished GC; ¢, polished GC heated for 2 h at
600°C and 2 x 10~° Torr; d, HOPG. The transient at HOPG was
recorded in 0.1M NaCl solution.

would expect a redox process (surface or otherwise) to be
strongly potential dependent, and not to show a linear pro-
gression through @ = 0 as the potential is varied around the
PZR (Fig. 6). The potential dependence will be discussed in
more detail below, but suffice it to say for now that @ vs.
E,;; has the behavior expected for a capacitor, without in-
volving any Faradaic processes. Whatever the origin of the
nonidealities in the exponential decay of the transient, the
results are consistent with an origin based on thermally
induced disruption of the double layer. There is no evidence
for Faradaic processes, but the transient may involve both
classical double layer effects and adsorption.

Surface reproducibility is a well-known problem with
solid electrodes and was tested here by repetitive trials on
several electrodes. Figure 4 demonstrates that the variation
in @ is smaller for repetitive polishing than for physically
different GC pieces. Previous experiments demonstrated .
that laser pulses of 25 MW/cm?® and less have minimal ef-
fects on microscopic area.'® The variability observed here
for repetitive experiments is much smaller than the effects
of potential, electrolyte, and carbon type on the current
transients.

The potential dependence of the current transient shown
in Fig. 5 and 6 demonstrates a linear dependence of Q on E.
Both the overall @ and the charge attributed to both “slow”
exponential decays show the same linear potential depend-
ence. It is useful to define a potential of zero response (PZR)
as the applied potential where @ is zero. Figure 6 shows
that the PZR is about 0.18 V for 10 MW/cm? in 0.1M HCI.
The PZR depends weakly on pulse number, with no trend
observed in PZR for ten successive pulses. The PZR does
vary with power density, as does the slope of @ vs. E. Like
the total charge, the slope of the @ vs. E,;,, plot decreases

Table Il. The effect of elecirode surface preparation on
the observed current transients on GC and HOPG
in 0.1M NaNO; at 10 MW cm™2

@at-01V @Qat03V PZR AQ/AE
Surface? (Cem™) (Cem™) V) (Fem®
GC oxidized” 75x107° —-12x10"° 024 22x107°
GC oxidized® 3.8 xX107°%° -—-23x10° 015 14x107°
GC polished 45%x 107" -58x1077 0.08 2.6 x107°
GC vacuum heated 2.5 X 1077 —-3.2x1077 008 14x10°°
HOPG! 9.7 x10% -12x107"7 0.09 53x107

* See text for the details of surface preparation.

> Anodic oxidation for 3 min at 1.8 V.

¢ Oxidation in saturated solution of (NH,),Ce(NO;); for 5 min.
4In 0.1M KCl.
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with pulse number, reaching a steady value after ca. five
pulses.

Although the PZR does not necessarily equal the PZC, it
is analogous in several ways. At potentials positive of the
PZR, the transient resulting from the laser pulse is in the
anodic direction, indicating electron flow away from the
interface, and a buildup of excess anionic charge in the
double layer. Similarly, a positive charge excess occurs
when the potential is negative of the PZR. The linear
change of @ with E,, is expected for an ideal capacitor, but
the slope is less than the full double-layer capacitance be~
cause the double layer is not completely destroyed by the
pulse. If such experiments were possible, complete destruc-
tion of the layer should yield a @ vs. E,, slope equal to that
observed if an electrode were suddenly exposed to the solu-
tion and the double layer is formed.

In order to evaluate the. ability of the current technique
to study the properties of the electrode/solution interface, a
series of experiments with various supporting electrolytes
was performed. The results (Table I) are divided into two
groups. The first one contains solutions of alkali metal
chlorides, tetraethylammonium bromide, and hydrochloric
acid to test the effect of cations on the transients and PZR,
Sodium halides, nitrate, and perchlorate solutions consti-
tute the second group, selected to test the effect of anions on
the PZR. It is reasonable to assume after Barker and
Cloke® that the PZR is related to the potential of zero
charge .(PZC), and that the direction of PZR shifts is the
same as that of PZC. Therefore, the shifts of the PZR value
can be used as a test of adsorption of ions on the electrode
surface. It is well known (see, for example Ref. 31), that
adsorption of cations will shift the PZC in a positive direc-
tion and adsorption of anions will shift it in negative direc-
tion. The variation in the PZR with cation (Table II) is con~
sistent with adsorption of cations on the GC surface, with
the strength of the interaction decreasing in the order H' >
Li*> Na" > K* > Et,N". In studies of ion uptake on electro-
chemically pretreated GC, Nagaoka et al.”™*™ reported a
similar sequence Li* > Na* = K* > Ba*. At this point we
cannot completely explain the nature of interactions lead-
ing to apparent adsorption of cations on the carbon elec-
trode surface. However, it is not unreasonable to assume
that the functional groups present on the surface of GC*
are at least partially responsible for the observed behavior.
Carboxylate or semiquinoid groups on carbon are either
anionic or can exchange cations, and the strength of the
surface interaction should vary with the cation size and
charge density. Oxides are also known to affect the polariz-
ability of the carbon surface, thus enhancing interactions
with polar or ionic species. Such a mechanism could also
enhance ion adsorption for cations with high charge den-
sity such as H and Li*.

Variation of the electrolyte anion does not produce a
trend similar to the cations. Except for fluoride, the sodium
halides show no trend in the PZR with anion size. The PZR
for NaF is substantially more negative, implying a stronger
anion interaction for F~ than for C1~, Br~, or I". This obser-
vation is opposite to that observed for Pt, where larger
halides chemisorb more strongly. In addition, fluoride
would not be expected to interact more strongly with car-
bon via dispersion interactions, since it is less polarizable
than iodide. However, these observations are consistent
with ion adsorption mediated by surface oxides. The re-
sults in Table I imply that the cation is the major determi-
nant of the PZR, probably due to cation interactions with
anionic surface groups. Variation of the anion has a small
effect for the sodium salts due to the relatively stronger
interaction of Na* with the surface. In the case of fluoride,
a bridging mechanism may be possible

>C=0" - M ... A~

In such a case the stability of the structure is expected to be
greater for F~ than for large anions, due to the stronger
interaction of the F~ anion with metal ions compared to
Cl",Br,orI.
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To test the hypothesis that surface functional groups play
a part in adsorption of ions on GC electrodes, the surface
concentration of those groups was intentionally modified
by either oxidation or vacuum heat-treatment of the elec-
trode. Oxidation of a GC surface will increase the amount
of surface functional groups,>*"* while vacuum heat-treat-
ment reduces the surface O/C ratio.'”" In addition to the
specially treated GC electrodes, highly oriented pyrolytic
graphite was employed as an electrode material. HOPG is
known to have very low surface oxide concentration with
the surface functional groups (if any) located on defects in
the lattice structure. It should be emphasized that there are
significant differences in structural and electronic proper-
ties between GC and HOPG which have to be taken into
account when comparing these two materials.”® However,
these materials can be used to qualitatively correlate the
charges observed in laser-induced current transients with a
surface concentration of functional groups. The results for
HOPG and GC after various pretreatments are shown in
Table II. The @ for HOPG was much smaller than for GC, as
would be expected for its smaller capacitance. More impor-
tantly, the substantial decrease in @ for vacuum heat-
treated GC compared to polished GC supports the hypothe-
sis that surface oxides play a role. Since heat-treatment
does not affect surface morphology or roughness,* its main
observable effect is reduction of surface oxygen. The much
larger @ observed for anodized GC also indicates the strong
dependence of surface charge on surface oxides.

Summary

The current vs. time and charge vs. potential responses to
an in situ laser pulse on glassy carbon result in the follow-
ing conclusions: first, the laser-induced temperature tran-
sient causes disruption of the double layer and adsorbed
species, but the perturbation is small compared to the total
double layer charge. Second, the potential dependence of
the transient is consistent with double layer effects, but not
a Faradaic process. Third, the potential dependence shows
a trend with cation size, implying adsorption of cations in
the order H* > Li* > Na* > K* > Et,N*, similar to that ob-
served by Nagaoka et al. for anodized GC.**® Finally, the
response increases greatly with surface oxidation, imply-
ing increased cation adsorption to oxygen containing func-
tional groups. The importance of both cation adsorption
and surface oxides to activation mechanisms is currently
under study.
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An Impedance Study of Stainless Steel Electropolishing
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ABSTRACT

Electrochemical impedance diagrams have been measured under controlled mass-transport conditions for the trans-
passive anodic dissolution of Fel3Cr, a stainless-steel type alloy, in concentrated phosphoric-sulfuric acid electrolytes
under both polishing and nonpolishing conditions. The impedance diagrams consist of four parts, each corresponding to
a particular frequency range. At the highest frequencies the impedance results from a charge-transfer process, and at the
lowest frequencies from a diffusion process for water or a water-related species which may be acting as an acceptor for
dissolved metal ions. Changes in the shape of the impedance diagrams with temperature and water concentration are
particularly visible in the lowest frequency range. The brightness of a polished surface depends on the importance of the
diffusion process in the overall mechanism for metal dissolution, and it varies continuously as a function of {emperature,
potential, and water concentration. The results contain no evidence suggesting the presence either of a porous film behaving
as an ohmic resistance or of a compact film through which ions migrate by high-field conduction.

Electropolishing, anodic dissolution of a metal work-
piece resulting in a smooth, bright surface, is a widely used
metal finishing technique. Since the pioneering studies of
Jacquet,"” several workers have investigated the mechan-
isms of electropolishing, and a recent review of these works

* Electrochemical Society Active Member.
® Visiting scientist, Industrial Research Institute of Kanagawa
Prefecture, Yokohama 236, Japan.

can be found in Ref. 3. The electropolishing phenomenon
has been classified into two processes: anodic leveling and
anodic brightening. Anodic leveling results from a differ-
ence in the dissolution rate between peaks and valleys on a
rough metal surface depending on the current distribution
or mass-transport conditions.*'' Anodic brightening, on
the other hand, is associated with the suppression of the
influence of the metal microstructure on the dissolution
rate. A smooth electropolished surface, which appears





