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ABSTRACT

The dependence of the SECM feedback current on finite heterogeneous electron-transfer (et) kinetics at the substrate

electrode was examined by experimental studies of the redu
carbon substrate. At the extremes of very fast and very slow

ction of Fe(IIl) in 1M H,SO, at a Pt tip over a biased glassy-
et rates, the feedback current was identical to the theoretical

response for conducting and insulating substrates. At intermediate et rates, the feedback response depended on the et rate
and the tip insulator dimensions. These results are presented as a three-dimensional calibration surface of the feedback
current as a function of rate constant and tip-to-substrate distance. At very close tip-to-substrate spacings, heterogeneous
rate constants greater than 1 cm s~! could be distinguished. A model of the behavior of an unbiased substrate is also pre-
sented and is used to interpret experimental feedback current resuits.

In this paper we examine the effect of finite heteroge-
neous electron-transfer (et) kinetics at a substrate material
on the tip response in a scanning electrochemical micro-
scope (SECM). We show that the SECM can be used to
study the heterogeneous et rate constant, k, at a substrate
and suggest several applications of such measurements.
The SECM has recently been shown to have promise as a
tool for the examination of solid-solution interfaces (1-6).
In most previous applications an electrochemically active
ultramicroelectrode tip was used to obtain images of dif-
ferent substrate surfaces immersed in electrolyte solutions
with about micrometer resolution. It can also be used to
distinguish regions of different conductivity or electro-
chemical activity at high resolution (5, 7-9), as well as serve
as a device for high-resolution microfabrication on metal-
lic and semiconductive surfaces (10-16). In addition to its
imaging capability, the SECM is an electrochemical tool
that can be used to study electrode reactions and homoge-
neous reactions of tip-generated species that oceur in the
small gap between tip and substrate. In such studies the
SECM is roughly analogous to the rotating ring-disk elec-
trode or interdigitated electrode arrays.

In the most common form of the SECM experiment, the
feedback mode, the tip is used to generate, via electrolysis,
a reduced or oxidized mediator species. Far from the sub-
strate, the electrolytic current assumes the steady-state
value characteristic of ultramicroelectrodes (17, 18). How-
ever, as the tip is brought close to a surface, the tip current
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is perturbed. This perturbation is different for an insulat-
ing and for a conducting surface. At an insulator, i.e.,
where k = 0, the steady-state current will decrease because
the diffusion of species to the tip is blocked. The term neg-
ative feedback is used to describe this current decrease ef-
fect. At a conductive surface, however, the reduced or oxi-
dized mediator generated at the tip can undergo electron
transfer and be restored to its original oxidation state. This
regeneration of the mediator in the gap between the tip
and substrate causes the current to increase. The term pos-
itive feedback is used to describe this current increase ef-
fect. Simulations for a conductive surface have only con-
sidered diffusion-limited electron transfer, i.e., k - «, at
the tip and substrate (19). Even for externally unbiased
substrates, the rest potential of a conductive substrate is
sufficient in many cases to drive the electron-transfer rate
at close to the diffusion limit 3,4,6,7).

However, the behavior of the feedback current under
conditions where the electron-transfer rate at the con-
ductor surface is less than the diffusion limit (the non-
reversible surface) has not been addressed. The feedback
current with nonzero, but finite, k at a surface could be
used to measure k and to image variations in electron-
transfer activity. Alternatively, the potential of a surface or
portion of a surface could be deduced from the feedback
current behavior. In this paper, an empirical examination
of the feedback current behavior at a nonreversible sur-
face is made as a function of electron-transfer rate and the
tip-to-substrate distance. We also consider, in some detail,
the feedback current behavior on unbiased, conductive
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substrates and the effect of the electrode size on the ob-
served response, as well as the possibility of extracting
electron-transfer kinetics from unbiased substrates.

Experimental
Reagents.—FexS0,); - 3 H,O (Alfa Products, Danvers,
Massachusetts) was recrystallized from 6M sulfuric acid
and dried at 180°C before use. Solutions were 1M sulfuric
acid in deionized water (Milli-Q, Millipore), 2-4 mM Fe(I1I)
species (from the Fey(SOy); - 3 HyO compound). Solutions
were sparged with argon prior to each experiment.

Electrodes.—The substrate electrode was either a 3.0 mm
diam glassy carbon (BAS, W. Lafayette, Indiana) or a
1.6 mm diam platinum (BAS) disk electrode. Ultramicro-
electrode tips were prepared by sealing 10 pm diam plati-
num wire (Goodfellow Metals, Cambridge, England) or
11 um diam carbon fiber (Thornell Type P, grade VSB-32,
Union Carbide, New York) into Pyrex tubes as previously
described (4). The glass ends of the ultramicroelectrode
tips were ground into a conical shape with emery paper
(600 grit) so that the exposed end had a total insulator di-
ameter of about 10-20 times the electrode radius. Both the
substrate and tip electrodes were polished with 1 um dia-
mond polish (Buehler, Limited, Lake Bluff, Illinois) before
each experimental run. No other electrode pretreatment
was applied. All experiments used a Hg/Hg,SO, reference
electrode in 1M sulfuric acid (MSE, +0.412V vs. SCE). The
auxiliary electrode was platinum gauze.

Apparatus.—A four-electrode potentiostat (RDE4, Pine
Instruments Company, Grove City, Pennsylvania) was
used to control the tip and substrate potentials independ-
ently. To facilitate the measurement of the small currents
at the tip electrode, a home-built current preamplifier with
a gain of up to 10,000 was placed in series with the tip cur-
rent input. Current vs. time or current vs. potential data
were digitized and stored in a personal computer using a
DT-2821 A/D, D/A, and DIO board (Data Translation, In-
corporated, Marlboro, Massachusetts). Tip and substrate
potentials were programmed either with the D/A board or
a home-built triangle-wave generator triggered by the PC.

The SECM generally followed previous designs (3, 4).
The tip electrode was mounted on a three-axis translation
stage that used piezoelectric inchworms and a CE-1000
controller (Burleigh Instruments, Incorporated, Fishers,
New York) to affect submicrometer movements. Position,
axis, and velocity control of the stage was provided by
TTL signals from a CTM-05 counter-time board (Metra-
byte, Taunton, Massachusetts). Each TTL pulse caused a
small movement (about 15 nm). Exact control of the tip
movement was possible by varying the number and fre-
quency of the pulses. Calibration of the tip movement as a
function of axis and velocity was accomplished by meas-
uring the total distance moved after a large number of
pulses.

The electrochemical cell for the SECM consisted of a
Teflon cup with a threaded hole in the bottom. The insula-
tor of the substrate electrode was threaded so that it could
be screwed into the bottom of the cell. The cell was
mounted such that the tip was directly above the substrate
electrode. Reference and auxiliary electrodes completed
the circuit.

SECM procedure.—For all of the SECM experiments, the
tip current (ip) and the tip position were recorded as the tip
was scanned in a direction perpendicular to the substrate
surface (z-direction) at a speed of 200 nm/s. As in previous
SECM studies, the tip current was not used as part of a
closed-loop control system (as is done for the scanning
tunneling microscope). Rather, the z-drive piezo is cali-
brated and tip current-distance curves were obtained with
determination of an absolute tip/substrate distance by fit-
ting the experimental curves to a simulation for a revers-
ible (k — =) surface. The distance scale was made dimen-
sionless by dividing by the tip electrode radius (a). The
experimental feedback current was normalized by di-
viding by the steady-state current obtained when the tip
was not close to the substrate (ig, ®).
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Fig. 1. Model for nonreversible electron transter at the substrate.
Solid line indicates electron transfer, d.l. means diffusion limit. Dashed
line indicates diffusion.

Results and Discussion

To study the effect of a nonreversible surface on the
SECM feedback mode, several experimental conditions
must be maintained (Fig. 1). For a solution composed ini-
tially of the oxidized mediator, ox, the tip is set to reduce
ox to red at a diffusion-limited rate. The reversible tip pro-
cess is necessary for the feedback mode and implies that
the potential-dependent rate constant (kg,) for the reduc-
tion at the tip is very large. This is readily accomplished by
adjusting the tip potential, Ex, to a value that is sufficiently
negative of the formal potential for the ox/red half-reac-
tion. At the substrate, red is oxidized to regenerate ox,
which diffuses into the gap between the tip and substrate
and sets up the feedback condition. The rate constants for
oxidation (k. ;) and reduction (k) at the substrate are func-
tions of the substrate potential and are given by the Butler-
Volmer relations (20a)

kf,s = koexp [—anﬂEs - Em)] [1]

Kps = k°exp [(1 — o)nflEs — E*)] (2]

where k° is the standard rate constant, E* is the formal po-
tential, a is the transfer coefficient, n is the number of elec-
trons transferred, and fis F/RT where F is the Faraday, R
the gas constant, and T the temperature. The rate of feed-
back can, therefore, be controlled by controlling the sub-
strate potential, E,.

In selecting an electrode reaction to illustrate the effect
of finite kinetics on the feedback current, it is convenient
to choose one with a small k° value. In this case the anodic
and cathodic processes are widely separated in potential
so that one can examine a large range of k,; values under
conditions where k¢, remains negligibly small. Note that
even if k° is small, arbitrarily large values of ks can be at-
tained at the substrate by applying a potential sufficiently
positive of E* (Eq. [2]. If a half-reaction with a larger k°
value is selected, only a small range of potential can be ex-
amined in the feedback mode. In this case, as E, is moved
negative with respect to E*, k;; can become sufficiently
large so that ox is reduced at both tip and substrate. This
leads to depletion of ox in the gap rather than feedback,
even with the tip at rather large distances from the sub-
strate. A small value of k° is also convenient, because it al-
lows the substrate to show essentially insulating behavior
by setting E, at a value near E*" where both K, and ki are
negligibly small.

Fe(II1)/Fe(1I) kinetics.—The mediator used for the exper-
iments reported here was the Fe(Il)/Fe(Il) couple in
H,S0,. Cyclic voltammograms for the reduction of Fe(III)
to Fe(Il) at a glassy-carbon and a carbon-fiber electrode are
shown in Fig. 2a and b. The formal potential, E*', was taken
as —0.02V from the average value of the anodic and ca-
thodic peak potentials. This value is the same as that found
for the reduction on a platinum electrode, where the elec-
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Fig. 2. Cyclic voltammograms at 50 mV s~ for 2.1 mM Fe(lll) in 1M
H,50,/water. Cross marks initial potential and zero current. (A) Vol-
tammogram at a 3.0 mm diam glassy-carbon electrode. (B} Voltammo-
gram at a 11 wm diam carbon-fiber electrode.

trode reaction is more reversible. An attempt was made to
simulate this and other cyclic voltammetric data by a
standard finite-difference calculation to obtain k° and o
values. Although the peak separation was consistent with
ak°of 1 x 10-° cm s, no combination of « or k° could ex-
actly replicate the wave shapes. This suggests that the
overall reaction at glassy carbon may involve factors other
than a simple irreversible heterogeneous et reaction (e.g.,
changes in the surface affecting k° during the scan, chemi-
cal steps, or nonuniform surface structure). However, the
behavior appears sufficiently well-defined for the pur-
poses of this study. The value of a can be assumed to be 0.5
by consideration that the averages of the peak potentials
are identical at platinum and carbon electrodes. All calcu-
lations that follow used the above values for k°, a, and E°'.

Taylor and Humffray report a standard rate constant of
1.2 X 1073 cm s™! for the reduction of Fe (IIT) on glassy car-
bon under similar conditions. However, this value was ob-
served only after pretreatment of the GC with a chromic
acid solution (21); before pretreatment, a voltammogram
similar to that of Fig. 2a was observed. Numerous studies
have shown that heterogeneous rate constants at GC elec-
trodes are strongly dependent upon surface pretreat-
ments, such as chemical and electrochemical oxidation
(22). The magnitude of the transfer coefficient measured at
platinum and carbon electrodes has been reported as
0.46-0.5 (21, 23-25). The k° for the Fe(III) reduction on a car-
bon-fiber electrode appears to be larger than that for glassy
carbon. Zoski and Oldham (25) have reported an expres-
sion for the irreversible wave at a microdisk electrode. At-
tempts to fit the experimental data to this equation were
not completely successful, but a k° of about 6 X 1075 e s !
was indicated.

Feedback current response.—Current-distance curves for
a carbon-fiber tip electrode held at —0.6V and a glassy-
carbon substrate biased at 0.8 and 0.0V are shown in Fig. 3.
When E; = 0.8V, k,, is very large and the response can be
fit to a simulation for a reversible conductive substrate 19)
(Fig. 3). When E, = 0.0V, both ks and k;, s are small; the ex-
perimental response then matches the simulation for an
insulator. These results illustrate how the feedback re-
sponse is a function of the electron-transfer kinetics of the
mediator/substrate, which can be controlled by the choice
of E,. The fitting of these data based on the ideal models al-
lows calibration of the tip/substrate distance.

A family of feedback curves are seen if the response is
recorded for a range of substrate potentials. Figure 4a
shows the curves obtained for 25 mV increments in E, be-
tween 0.8 and 0.0V. For clarity, the logarithm of the current
is shown. The small regular deviations (bumps) in the
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Fig. 3. SECM current-distance curves and simulation for ¢ 2.1 mM
Fe(l11) solution in 1M H,SO,/water, note different scales. Tip electrode
is 11 um carbon fiber; substrate electrode is glassy-carbon. Solid lines
are experimental data: left-substrate potential is 0.8V, tip potential is
—0.6V; right-substrate potential is 0.0V, tip potential is —0.6V;
(@@®®) simulation for a conductor; (OOO) simulation for an insulator
(insulator-to-electrode diometer of 10).

smooth response at about 0.6 d/a units are caused by the
clamping action of the piezo positioner in the inchworms.
Similar bumps are seen in Fig. 3. An interesting set of
curves are recorded for potentials near 0.5V (Fig. 4b). Here,
as the tip is moved closer to the electrode, the current in-
creases and then decays, giving rise to a peak-shaped re-
sponse. The data in Fig. 4a can be replotted as a function of
distance and k,s to give a 3-dimensional surface. Two
views of this surface are given in Fig. 5. In this figure, con-
version of the substrate potential to k,; was accomplished
by Eq.[2], with the assumed values of k°, o, and E* indi-
cated above.

Quantitative simulations of the general feedback current
response are not yet available; however, the response can
be explained qualitatively by considering the curves as a
combination (not necessarily a linear one) of the reversible
conductor and insulator responses. Accordingly, the re-
sponse approaches that of the conductor case at more posi-
tive potentials and that of the insulator at more negative
ones. This also implies that the general feedback response
is affected by the tip construction, since the feedback re-
sponse at an insulating substrate is strongly dependent on
the ratio of the electrode insulator diameter to the elec-
trode diameter (RG) (19). This effect is seen in Fig. 6, where

Log (it / iT,e0)

Equp = 0.0V

Log (it / it a)

d/a

Fig. 4. SECM log current-distance curves for a 2.1 mM Fe(lll) solu-
tion in 1M H,S0,/water. Tip electrode is 11 um carbon fiber at  po-
tential of —0.6V; substrate electrode is glassy-carbon. (A) Curves for
different substrate potentials at 25 mV increments between 0.8 and
0.0V. (B) Region of Fig. A between 0.525 and 0.400V.
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Fig. 5. Two views of the feedback current vs. d/a and log k;, surface.
ky, calculated from E, from Eq. [2] with E* = —0.02V vs. MSE, k° =
10°ecms™', and o = 0.5.

the feedback current response is compared for two tips
with the same electrode area, with ratios of insulator-to-
electrode diameter of about 10 and 20. These show the
greatest difference in current at more negative potentials
and at closer distances. The peak-shaped response found
at intermediate potentials is a result of the intermixing of
insulator and conductor behavior.

At very close tip-to-substrate distances (d/a < 0.1), most
of the current at the tip arises from the mediator species
being regenerated at the substrate. Therefore, the tip cur-
rent should be proportional to k;; and the current density
at the substrate. This is illustrated in Fig. 7, where the tip
was placed at a distance of about 0.5 pm from the substrate
and the feedback current was recorded as the substrate
electrode potential was scanned from 0 to 0.8V and back.
The log current vs. log k., graph from these data is linear
over a wide range (about three orders of magnitude of k),
up to a ky, of about 0.6 cm s™!. The small hysteresis at the
largest rate constants is in the transition region between
control of the current by the et rate and the diffusion rate.
This Tafel-like plot is interesting in that very large rate
constants can be determined. The effective mass-transfer
coefficient, m,, at an ultramicroelectrode is usually of the

iT\iToo
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Fig. 6. Experimental feedback response for: (---) a tip with an insula-
tor-electrode diameter ratio of 20; (——) a tip with ratio 10. Value of
ky.: (1) 2.5 x 1072, (2) 9.4 x 1073, (3) 3.5 x 1073, and (4) 3.4 X
107%cms™.
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Fig. 7. Log feedback current vs. log ki, and substrate potential, E,, ot
a close tip-substrate spacing (d = 0.5 um, d/a = 0.09), for a sweep of
E, from 0.9 to 0.0V and then back to 0.9V (sweep rate 3mVs).

order of DjJa (17, 18), as expected from the steady-state
current for spherical diffusion (20b). In the SECM, how-
ever, the current at the tip is increased above this steady-
state value at small d by positive feedback from the sub-
strate. Under these conditions, m, is expected to be of the
order of D,/d. For this experiment, D, is about 4 X 10~¢ cm?®
s-1(24) and d is 0.5 um; therefore m, is about 0.08 cm s,
This can be compared to a rotating disk electrode, where
m, is given by (20c)

m, = 0.620 D, o'y 16 {31

If the kinematic viscosity, v, is taken as 0.01 cm? s, then a
rotation rate, », of 20,000 s™! or 200,000 rpm would be re-
quired to match the mass-transfer rate in Fig. 7. This analy-
sis suggests that the SECM should be useful for measuring
very large heterogeneous rate constants by making meas-
urements at very small d (even with electrodes of larger
radii, a).

Unbiased substrate—In previous studies of conductive
substrates with the SECM we showed that a positive feed-
back response can be obtained even if the substrate is not
connected to any external applied voltage (an unbiased
substrate). This positive feedback arises when a significant
area of the substrate away from the tip is bathed in a solu-
tion whose concentrations have not been perturbed by the
tip reaction. However, as we demonstrate below, the feed-
back response at an unbiased substrate can also be per-
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Fig. 8. Schematic illustration of an unbiased substrate
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turbed by finite heterogeneous electron-transfer kinetics.
For an unbiased substrate, the potential of the substrate is
poised by the relative concentrations of the oxidized and
reduced mediator. However, the substrate potential will be
perturbed by the current flow that is required to recycle
the mediator.

A description of the unbiased substrate response can be
obtained by assuming that it behaves like a concentration
cell (Fig. 8). The model makes the assumption that the sub-
strate surface can be divided into two regions, 1 and 2. Re-
gion 1 has an area, A,, roughly equal in area to w(a + d)?, as-
suming a conical diffusion field extending from the tip to
the substrate (see Fig. 8). In this region, the concentration
of the reduced mediator is much larger than that of the oxi-
dized mediator. The area of region 2, A,, is simply the re-
maining area of the substrate (usually much larger than
A,), where the concentration of the oxidized mediator is
much larger than that of the reduced form. These assump-
tions will hold when the tip is close to the substrate (i.e.,
less than 5 d/a).

Current-potential curves for the two regions can be cal-
culated from the current-potential relation (cf. Fig. 9) (20)

i i
S S— . ~anflE - E.
nFAK CoCy" < i,,c> exp [~enflE - Ee)l

Ya

— (1 - i) exp [(1 — a)nflE ~ E.;)] [4]

where E., is the rest potential and A = A, or A, for regions 1
or 2, respectively. Mass-transfer effects are included by
consideration of the limiting currents, which, for simplic-
ity, are taken as

iy = 4nFrDCo [5]

i1, = 4nFrDCg 6]

where 7 is the radius of a disk of equivalent area to A, or A,.
Note that these limiting currents are those expected at a
finite disk electrode and may be overly conservative at the
substrate, where mass transport by convection may domi-
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Fig. 9. Current-potential relationship for the concentration cell
model (see text). Solid curves are for regions 1 and 2. The substrate
curve (i.e., region 2) is as labeled. The curves for region 1 are shown
for 1,2, and 5 times the limiting current, i, expected at a finite disk.
Lines with arrows indicate the potential and current values when the
two regions are in electrical contact. The curves were calculated with
the following values: A; =1 X 10¢cm%,a =0.5;T=298 K; D=1 X
105em?s7'; € = 1 X 107 mol cm~3. The concentrations of red and
ox in region 1 were taken to be 0.99C and 0.01C, respectively. Yice
versa for region 2. Values for k° and A, are as indicated on the plots.

nate. In addition, the limiting currents in region 1 can be
increased by decreasing the tip-substrate separation, thus
increasing the effective mass transport by the feedback ef-
fect. When the two regions are in electrical contact, the po-
tential of the two regions must be the same (assuming neg-
ligible ohmic drop) and a net current flows between the
two regions.

Figures 9a-c illustrate the behavior of the model concen-
tration cell. At a large substrate and with a fast electron-
transfer rate constant (Fig. 9a), the potential of regions 1
and 2 are only slightly more negative than the equilibrium
potential of region 2. This potential is sufficient to drive
the current at region 1 to the mass-transport limit. In this
case, the SECM response will be essentially the response
predicted by simulations for a reversible conductor. As the
limiting current in region 1 increases (i.e., the tip-substrate
distance is decreased) the potential of the substrate must
shift more negative to supply the additional current. At a
large substrate, but with a slower rate constant (Fig. 9b),
the current-potential curves of region 1 become quasi-
reversible. The current in region 2 still approaches that of a
Nernstian system, since the current density at these poten-
tials is small. But, as the limiting current in region 1 is in-
creased, the potential may no longer be sufficient to drive
it to the mass-transport limit. In this case, the SECM re-
sponse will be similar to that found for nonreversible be-
havior at the biased substrate (cf. Fig. 4). The most compli-
cated behavior occurs when A, is small, i.e., larger than A,
by a factor of only 1000 or less. Here (Fig. 9¢), the shift in
potential from the equilibrium potential is large and the
current at region 1 is governed by the kinetics of region 2
and the substrate potential. Thus, finite et kinetics will be
important in determining the response of an unbiased con-
ductive substrate. The deviation from the behavior ex-
pected for a substrate biased at a potential for a mass-
transfer limited oxidation will become larger as k° and the
area of the substrate decrease. Indeed, for unbiased con-
ductive substrates with areas of the order of the tip area,
no steady-state positive feedback current will be pro-
duced, even if k° is large.

Measurement of surface potentials.—As shown above,
the positive feedback current at an unbiased substrate is a
function of the potential the substrate assumes as a result
of the partial currents in regions 1 and 2. Thus, the SECM
can monitor the potential of an unbiased substrate by
measuring the feedback current. This approach is most
straightforward, as discussed above, when the substrate is
much larger than the tip. We demonstrate this application
of the SECM by showing how the potential of a glassy car-
bon substrate relaxes from an imposed value to the steady-
potential. This was accomplished by recording the cur-
rent-distance curves at the GC substrate electrode after the
GC substrate was first brought to a potential of 0.9V and
then placed at open circuit. In this experiment, the tip,
held at —0.6V, was moved toward the substrate and iy vs. d
curves were recorded at several different times. Since the
solution initially contained essentially all of the iron in the
3+ state, bringing the substrate electrode to +0.9V basi-
cally charged the substrate double layer to this potential.
The substrate could relax to the more negative solution po-
tential through oxidation of solution species, i.e., tip-
generated Fe(II). The initial curve (recorded 2.5 min after
open circuit) shows a slight positive feedback, but curves
taken after this (every 2.5 min) show an increasing nega-
tive feedback (Fig. 10). This indicates that the substrate po-
tential is slowly decaying from 0.9V to a more negative rest
potential. The potential of the unbiased substrate elec-
trode at any time can be assigned by comparing these
curves to the nearly identical curves obtained at a biased
electrode (Fig. 4).

Conclusions

The tip current for the SECM operating in the feedback
mode has been examined for a surface/mediator combina-
tion that does not exhibit reversible behavior. An exter-
nally biased glassy carbon substrate electrode immersed
in a Fe(III) solution allowed a wide range of heterogeneous
et rate constants to be studied. Moreover, the high effec-



474 J. Electrochem. Soc., Vol. 138, No. 2, February 1991 © The Electrochemical Society, Inc.

0.2 o 1
0.1 ’”'H:::::; ...................
00 e
8 »
= =01
\ .
= =0.2 Substrate Potential
- o — 0525
g 03 e —0.425
-0.4 a — 0.400
s —0.325
o o - 0.300
—0.6 . , .
0.0 1.0 2.0 3.0 o
d/a

Fig. 10. SECM log current-distance curves for a 2.1 mM Fe(lll) solu-
tion in 1M H,5SO,/water. Tip electrode is an 11 pum carbon fiber at a
potential of —0.6V; substrate electrode is glassy carbon that had been
potentiostated at +0.9V and then brought to open circuit. Solid lines
indicate the feedback response at the unbiased substrate at times of (1)
2.5; (2) 5.0; (3) 7.5; (4) 10.0; and (5) 12.5 min after the substrate was
disconnected from potentiostatic control of +0.9V. Symbols represent
data taken for the substrate under potentiostatic control at the poten-
tials indicated.

tive mass-transfer coefficients available at close tip-
substrate spacings allow extremely rapid heterogeneous
rate constants to be determined. In addition to the hetero-
geneous rate constant, the feedback current response is in-
fluenced by the tip insulator to electrode diameter ratio. In
the absence of digital simulations of the finite et rate ef-
fects, the experimentally determined current vs. distance
and vs. rate constant curves should allow the feedback cur-
rent to be used to characterize an unknown surface for
variations in electrochemical activity or potential. The
feedback current response of an unbiased substrate was
also examined for dependence on heterogeneous et rate
constant and size of the examined substrate. These consid-
erations allow the determination of surface potentials or
rate constants on unbiased substrates under certain condi-
tions. The calibration curves presented here should also be
useful in estimating electron-transfer rates of tip-gener-
ated species on a nonelectrochemical substrate (e.g., a bio-
logical material).
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