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Fabrication and Use of Nanometer-Sized
Electrodes in Electrochemistry
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Electrodes with electrochemical dimensions as small as 10 angstroms have been
fabricated and used for electrochemical studies. These nanometer-scale electrodes have
enabled the measurement of electron-transfer rate constants, k.., that are two orders
of magnitude faster than k,,., values accessible with any other electrochemical method.

LTRASMALL ELECTRODES ARE BE-
l | ing increasingly used in areas as
diverse as scanning tunneling mi-
croscopy (STM) (1), electrophysiology (2),
chemical kinetics (3), and nanolithography
(4). The temporal and spatial advantages of
small electrodes have allowed electrochem-
ists to measure the rates of fast chemical
reactions (3, 5, 6), to perform in vivo volt-
ammetric measurements inside living brain
tissue (7) and inside single cells (8), to
observe changes in the conductivity of single
ion channels (9), to efficiently detect analytes
eluted from a capillary zone electrophoresis
column (10), and to perform small-scale
etching and lithography (4). In all of these
applications, the performance of the elec-
trode with respect to speed and spatial res-
olution scales inversely with the electrode
radius. Microband electrodes with lateral
dimensions as small as 20 A have been
reported previously (11), but the large lon-
gitudinal dimension of these electrodes (1 to
10 mm) precludes their application to small-
scale lithography, STM, neurophysiology,
and to electrochemical experiments that re-
quire the achievement of steady-state cur-
rent densities. Ultramicroelectrodes with the
smallest maximum dimension reported to
date have an exposed radius of 0.1 um (12),
and more typical sizes are in the range 1.0 to
10.0 wm. In this report we describe a meth-
od that has allowed the routine fabrication
of electrodes with electrochemical radii as
small as 10 A. We also describe the use of
these nanometer-scale electrodes (nanodes)
to determine electron-transfer rate constants
that are two orders of magnitude faster than
those accessible with any other currently
available electrochemical method.
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The nanodes were fabricated in a two-step
procedure. We sharpened 0.50-mm diame-
ter Pt or Pt-Ir (70:30) wire electrochemical-
ly with an ac etching procedure, as described
previously (13, 14). Etched wires were then
translated at 0.10 mm/s through a molten
glass bead that was held in a resistively
heated, circular Pt filament (inside diame-
ter = 2 mm). The size of the aperture in the
resultant glass coating was related to the
translation velocity and to the temperature
of the molten glass: at a constant wire-
translation velocity, the effective aperture
radius r increased with increasing insulator
melt temperature (13, 14). Temperatures in
the range 1250° to 1370°C were maintained
to prepare electrodes with radii of 10 A to
20 pm. Precise control over the temperature
and translation velocity was required in or-
der to fabricate the smallest aperture struc-
tures; small adjustments in melt temperature

Fig. 1. Voltammetric response (5 mV/s) of several
nanodes in various electrolytes: (A) 0.1 H,SO,,
H,0; (B) 0.3 M (C,H,),NCl0,, CH;CN; and
(C) 0.5 M KCl, H,O. Each voltammogram was
normalized to the value of i, after subtraction of a
sloping baseline. Concentrations of redox species
and experimental conditions were as follows: (A)
(0) 6.67mM, i, = 49 nA, r = 17 p, ky.. = 0.014
cm/s, and (@) 6.51 mM, i; = 5.3nA, r = 1.9 um,
ke = 0.017 cm/s; (B) (O) 4.30 mM, iy = 19 nA,
r=3.0 pm, and (@) 2.97 mM, i, = 6.8 pA, r
=16 A, ke, = 220 civ/s; and (C) (O) 3.54 mM,
ii=—7.3 nA, r=42 pm, and (®) 3.45 mM,
i=—19pA, r=11 A, ky, =47 cm/s. In (B)
and (C), the fit to the open-circle data was
unchanged for all electrodes with radii >50 A and
was in excellent agreement with the Nernstian
behavior (dashed line) generated by using the
value of E* obtained from voltammetric measure-
ments at the largest nanode radii. In (A), the
Nernstian voltammogram (dashed line) was de-
termined by measurement of E* using cyclic
voltammetry, because ky,, for Fe3*/2* is so small
that kinetic voltammograms were obtained even
at the largest microelectrodes used in this work.
The deviations observed from ideal Nernstian
behavior allow determination of k..

(10°C) and tip velocity (0.01 mm/s) were
performed iteratively in order to obtain elec-
trodes in a desired size regime. This two-
step etching and coating process closely
resembles standard procedures used to pre-
pare glass-coated Pt electrodes 1 to 50 um
in diameter for neurophysiology applica-
tions (15), except that the refinements in
procedure described above vyielded elec-
trodes with much smaller exposed imetal
areas. Iterative control of the relation be-
tween glass melt temperature and r readily
enabled the fabrication of small apertures in
high yield: ~50% of the electrodes fabricat-
ed had radii of <0.10 pm (see above), and
approximately 10% (out of more than 200
electrodes fabricated in our laboratory) ex-
hibited apparent electrochemical radii in the
range from 10 to 100 A.

Scanning electron microscope (SEM) im-
ages of the larger radii (=0.5 pm) electrodes
showed exposed metal apertures of dimen-
sions that were in agreement with the elec-
trochemically determined electrode radius
(14). In contrast, the smallest aperture nan-
odes appeared to be completely covered
with glass even at the highest magnifications
available with the SEM (x50,000). How-
ever, these structures were not totally insu-
lating when used as electrodes, but exhibited
conventional steady-state microelectrode be-
havior. The voltammetry of representative
nanodes in several electrolytes containing
redox active ions is shown in Fig. 1. The
mass-transport—controlled limiting current,
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i, measured from the plateau region of the
sigmoidal steady-state voltammogram, can
be related to the effective electrochemical
radius of exposed metal by Eq. 1 (16):

iy = 2nFDC¥1, 1)

where F is Faraday’s constant, n is the
number of electrons transferred in the reac-
tion, D is the diffusion coefficient of the
reactant (centimeters squared per second),
C* is the bulk concentration of the reactant
(moles per cubic centimeter), and 7, is the
apparent electrochemical radius (centime-
ters). In the absence of direct observations
of the geometry of the aperture, Eq. 1 can be
used within conventional diffusion theory to
characterize empirically the apparent elec-
trochemical radius of the aperture. We used
Eq. 1 to calculate electrochemical radii of
1.9 and 17.4 pm for the electrodes in Fig.
1A and of 16 A and 3.0 um for the clec-
trodes in Fig. 1B. To validate this calcula-
tion, several (>10) nanodes were measured
in one electrolyte and were then transferred
to a solution containing a different redox
couple; agreement between the calculated r
values in these independent measurements
was typically within 20%. A tacit assump-
tion implied in the use of Eq. 1 is that the
electrode has a hemispherical geometry. The
assumption of other exposed metal geome-
tries (such as a disk or a cone) would yield
apparent electrode radii that would be 20 to
30% larger than those obtained from Eq. 1
[the factor 27 would be replaced by 4.0 for
adisk (17) and by ~2 for a cone (14)], but
this does not affect the primary conclusion
that extremely small electrodes have been
prepared by the etching-coating method.
Although the absolute magnitude of the
current for these nanodes is small, the effec-
tive current densities are extremely large.
The 70 A/cm? current density calculated for
the nanode in Fig. 1C exceeds by two orders
of magnitude the current densities accessible
in this electrolyte with a rotating-disk elec-
trode or with ac-potential modulation meth-
ods (18), and corresponds to a mass-trans-
port velocity mo(= D/r,g;) of 100 c/s. The
large m, values generated by nanodes ex-
tends the range of maximum measurable
electron-transfer rate constants (ky.), be-
cause the rate of electron transfer is less
likely to be limited by mass transport of
the reactant to the electrode surface. Small-
er electrodes are advantageous because the
current density is inversely related to the
electrode radius, implying that the maxi-
mum measurable value of k., increases
linearly with 1/r. Microelectrodes that dis-
play steady-state currents are also desirable
because the extraction of kinetic informa-
tion from steady-state voltammograms
does not require correction for resistance
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and capacitance effects or the construction
of extremely high speed (>megahertz) po-
tentiostats (19). Nanodes with r,,, ~ 10 A
described in this report are capable of
measuring k.. values that are within a
factor of 6 of the values attainable with a
hypothetical single Pt atom (r = 1.53 A) as
an electrode.

The complete steady-state voltammetry
for a collection of different nanodes in con-
tact with a variety of electrolytes is shown in
Fig. 1. As expected, when the apparent
clectrode radius was sufficiently large
(r >> Dlky,,,), mass-transport—limited (that
is, Nernstian) electrode behavior was ob-
served, and the peak shape and position on
the potential axis was independent of further
increases in electrode radius (dashed curves,
Fig. 1). No quantitative kinetic information
can be obtained from such voltammetric
data.

In contrast, when the electrode radius
becomes comparable to the value of D/k,,
(20), mass transport is sufficiently rapid that
the wave shape is no longer independent of
electrode radius, and k., can be determined
from an analysis of the voltammogram shape
and its position on the potential axis (20,
21). The exact equations for calculating ki-
netic voltammograms at microelectrodes
have been derived by Zoski and Oldham
(22), and we have used this theory to extract
values of k.. and a from the steady-state
nanode data. The magnitude of the potential
shift at the formal potential E°’ was used to
evaluate ky.,, and the slope of In(ky,.) versus
E°' in the potential interval +10 mV of E*'
was used to evaluate the value of the transfer
coefficient, a (22). Best-fit voltammograms
obtained by this procedure are displayed as
solid lines through the experimental data in
Fig. 1. The fit of the calculated I-V curve to
the experimental data was not very sensitive
to a, which ranged from 0.5 to 0.7. Values
of the heterogeneous rate constants ob-
tained for the three redox couples depicted
in Fig. 1 and for the other redox couples
investigated in this work are summarized in
Table 1.

Kinetic parameters for relatively slow
electron-transfer reactions (k.. <0.5 cm/s)
have been measured previously with con-
ventional electrochemical methods. Our
measuremets of two ky,., values reported to
be in the range ky,, = 1072 to 107" cmy/s
were in good agreement with those of pre-
vious workers (Table 1). In these measure-
ments electrodes were used with electro-
chemical radii at the large end of the range
used in our work: PtIr electrodes with
apparent radii of 1.0 to 2.0 wm were suffi-
cient to measure k. for Ru(NH;)¢3*** in
50 mM KPFg(aq) and k., for Fe3*/2* in
0.1 M H,SO,(aq). Weaver and co-workers

(23) have observed dramatic increases in ky,,
for cobalt amine complexes in aqueous elec-
trolytes containing Cl~; however, the mag-
nitude of this effect for Ru(NH;)3*"?*
could not be quantified because k., in 0.5
M KCl(aq) is too large to be measured by
conventional techniques (24). In contrast to
the kinetic data of Fig. 1A (obtained with a
1.9-um apparent radius electrode), substan-
tially smaller electrodes were required to
observe  kinetic  voltammograms in
Ru(NH;)¢**"?* solutions containing 0.5 M
KCl. Kinetic voltammograms were obtained
with Pt nanodes that had r,;,, = 10 to 20 A,
and these data yielded a value for k.. of
79 * 44 cm/s (Fig. 1 and Table 1). A lower
limit for k., for ferrocene™® (Fc*’®) of
> 6 cm/s has been estimated by Bond et al.
(25) from steady-state voltammetry at mi-
croelectrodes with r,,, = 0.3 pm. Our mea-
surements at Pt nanodes with r,,, = 15 to
20 A yield a value for ky, of 220 =+ 120
cn/s in CH;CN, 0.10 M Bu,/NCIO, elec-
trolyte (Bu, n-C,Hg). In contrast to
Ru(NH,)3*?* and Fc*’°, both methyl
viologen®™’* (MV?*/*) and 1,1'-dicar-
bomethoxycobaltocene*** (Cp#,Co*’°) ex-
hibited reversible voltammetric behavior
even at nanodes with r,,, =~ 20 A, indicat-
ing that k., > 170 = 90 cr/s for MVZ+/*
and k., > 130 = 70 cm/s for Cp#,Co™*"°.
These data are useful because the Nernstian
response observed at the smallest electrodes
indicates that the kinetic voltammetry ob-
tained for other systems at r,,, = 10 to 50 A
nanodes is unlikely to be an artifact result-
ing from unusual voltammetric responses
at nanometer-sized electrodes. No evidence
for a dependence of k., on the electrode
dimension was observed for the electrolyte
concentrations and r,,, values used in this
work (26).

Another assumption implicit in the pre-
sent analysis is that the electrodes consisted
only of a single aperture, as opposed to
many interconnected, smaller radius, metal-
lic regions with isolated diffusion layers.
This latter scenario would lead to an under-
estimate of the true rate constant, because
the true electrochemical radius of each indi-
vidual domain would be smaller than r,,,
determined from the observed limiting cur-
rent by using Eq. 1. For the 0.1- to 10-pm
electrodes, the agreement between ky,, val-
ues obtained in this work and values inde-
pendently determined by other methods in-
dicates that errors arising from a
predominance of small radius features are
not substantial for nanodes with 7,,, =~ 0.1
to 10 um. For measurements with nanodes
with r,,, = 100 to 1000 A, the rate data
could in principle yield an underestimate of
the true k. value. However, the redox
couples in Table 1 that exhibited fast elec-
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trode kinetics only displayed measurable
voltammetric shifts at the smallest apparent
radii nanodes (r,,, = 10 to 20 A), where
the possible systematic underestimate in ky,,
due to a distribution of interconnected me-
tallic domains with even smaller radius
would be only a factor of 2 if all of the
isolated domains were three atoms in diam-
eter (8 A diameter). Another consideration
is that at the smallest electrode radii (r = 10
to 20 A) corrections for double-layer effects,
for possible finite-size effects of the ions and
of the diffusion layer (12, 26), and for

migration effects might yield important dif-
ferences between the true rate constants and
those obtained above from a classical elec-
trochemical analysis. These effects are ex-
pected to diminish greatly with increases in
the electrode size; thus, the lack of a kinetic
shift in the voltammetry at r,,, ~ 100 A
nanodes suffices to provide important infor-
mation on lower limits for the rate con-
stants for the Fc™°, MV?**  and
Ru(NH;)*2* KCI redox systems, and
serves to establish the usefulness of nanode
voltammetry in estimating heterogeneous

Table 1. Mcasured ky; data, comparison with literature values of kne, and comparison with k. values
calculated from Eq. 2 with literature values of key. The 1.y, values were calculated from the measured
limiting current i, with Eq. 1. The AE values are shifts in the potential of the steady-state voltammogram
relative to E°' at a reversible (Nernstian) voltammogram. Tabulated are the observed shifts for four
electrodes of various sizes. The average kne; value and lo standard deviations listed are statistics for

larger data sets of up to ten measurements.

. AE knec* kner (lit)+ kex. (lit)t kner (calc)$
PP (mV) (cm s (em s™h) M~ 1s™h (cms™)
Fe?*2* (0.1 M H,SO,, H,0)
18 pm 10 0.018
81pum 14 0.022
20um 30 0.031
13 um 44 0.029

0.018 = 0.007 0.0032-0.018 (20, 36, 37)

1.1,4.2 0.033, 0.065 (28, 29)

Ru(NH;)s>*2* (50 mM KPFg, H,0)

46um 6 0.10
3.7 pm 6 0.12
1.6 um 4 0.38
1.3um 10 0.17
0.26 =0.13 0.35,0.45 (5, 23)  3200,4300 1.8,2.5 (30, 31)
Ru(NH;)g**"* (0.5 M KCl, H,0)
ILlum 0  >0.13
269 A 0 >93
203 A 0 >11
11 A 37 47
79  * 44
Fc* (0.3 M BuyNCIO,, CH;CN)
26pm 0 >022
0.57um 0  >I.1
18 A 28 120
16 A 17 220
220 =120 0.7-3.1 (5, 28, 38) 8.5 x 10° 90 (33)
MV 2** (0.1 M BuyNCIO,, CH3CN)
02lpm 0 >18
0llpm 0 >3.6
67 A 0 >58
22A 0 >170
>170 = 90 8.0 x 10° 90 (35)
(CpCOOCHS3),Co *%(0.1 M BuyNCIO,4, CH;CN)
4.7 pm 0 >0.066
280 A 0 >10
37A 0 >77
23 A 0 >130
>130 = 70 1.9 x 10811 430 (34)

*Heterogeneous electron-transfer rate constants (uncorrected for double-layer effects) as measured with steady-state
voltammetry. For electrodes that exhibited no potential shift, a lower limit of kpe is listed. In such cases, the lower limit

was estimated as the value of kpe; required to induce a 10-mV shift at E*'.
{Electron self-exchange rate constants reported in previously published work.

published work.

ket calculated from kyx using the Marcus cross-relation, Eq. 2.
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tValues of kne, reported in previously
§Values for

IISelf-exchange rate for unsubstituted CoCp,*".

rate constants for such rapid redox couples.
A quantitative assessment of the effects of
finite ion size or a finite diffusion-layer
thickness or both could also be addressed
in principle with these nanodes, if an inde-
pendent measure of the exposed electrode
aperture can be obtained.

The ki, values determined by application
of these classical electrochemical kinetic
equations are in good agreement with ex-
pectations based on electron-transfer theo-
ries. Marcus (27) has derived a relation
between homogeneous self-exchange elec-
tron-transfer rate constants (k) and heter-
ogeneous rate constants:

knee = Zinee(kex Zi) 2

where Z,; is the bimolecular collision fre-
quency, 10" M~ s7!, and Z,, is the
unimolecular collision frequency into a sur-
face, 10* cry/s. The validity of this relation
was questioned by earlier heterogeneous
kinetic measurements (28) that were later
disputed as being limited by the time re-
sponse of the technique. The self-exchange
rates (k.,) for Fe3*2* [~3 M~ ! s7! (29,
30)] and Ru(NHj)gs+2+ [~4 x 10> M™!
s~! (31, 32)] can be used in Eq. 2 to predict
kpe values of 0.05 and 2 cm/s, respectively,
which are in reasonable agreement with the
experimental values obtained in this work
and measured previously (Table 1). Similar-
ly, k., for Fc*’0 [8.5 x 10° M~* s (33)]
corresponds to ky., = 90 cm/s and k., for
Cp#,Co*® [1.9x 108 M™! s! (34)]
yields a value for k., of >400 cm/s, which is
consistent with the observed voltammetric
behavior. The indirect estimates of k., for
MV2*H* [k, = 8.0 x 10° M1 s71 (35)]
predict a ky,., of 90 cm/s, which is somewhat
smaller than the lower limit of 170 = 90
cm/s that we report here. ‘

Although the overall consistency of Eq. 2
is indicated by these new ky,., measurements,
more kinetic data is required to quantitative-
ly test its validity under a variety of condi-
tions. We note, however, that self-exchange
kinetic measurements for most outer-sphere
redox ions predict k.. values that are too
large to measure with conventional methods
but that can now be estimated with the use
of nanodes and the steady-state voltammet-
ric method described above. Nanometer-
sized electrodes can be reproducibly fabri-
cated and used to obtain heretofore
unavailable kinetic information on a range
of redox couples. Additionally, they should
find application in a variety of areas, includ-
ing neurophysiology, lithography, chemical
analysis, and STM, and should help advance
the methodology to construct and modify
physical and chemical structures on a molec-
ular scale.
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Simulations of the Folding of a Globular Protein

JEFFREY SKOLNICK AND ANDRZEJ] KOLINSKI

Dynamic Monte Carlo simulations of the folding of a globular protein, apoplastocy-
anin, have been undertaken in the context of a new lattice model of proteins that
includes both side chains and a-carbon backbone atoms and that can approximate
native conformations at the level of 2 angstroms (root mean square) or better. Starting
from random-coil unfolded states, the model apoplastocyanin was folded to a native
conformation that is topologically similar to the real protein. The present simulations
used a marginal propensity for local secondary structure consistent with but by no
means enforcing the native conformation and a full hydrophobicity scale in which any
nonbonded pair of side chains could interact. These molecules folded through a
punctuated on-site mechanism of assembly where folding initiated at or near one of the
turns ultimately found in the native conformation. Thus these simulations represent a
partial solution to the globular-protein folding problem.

HE SOLUTION TO THE PROTEIN

folding problem should not only

provide the folded native conforma-
tion of a protein, but also information on
the mechanism by which a protein attains
the folded configuration (1-3). Proteins do
not fold by a random search (3). The ob-
served folding times are on the order of
seconds or minutes (1, 4), and a random
search of all configurations by a small pro-
tein of 100 residues would take at least 10°°
years (3). Unfortunately, because of the size
of proteins and the time scale of folding,
simplified models must be used to make the
folding algorithms practical. One such sim-
plification is to use a lattice (5). We describe
results on a new class of lattice models
applied to the folding, from randomly gen-
erated, unfolded conformations, of a 99-
residue Greek key B-barrel protein, apoplas-
tocyanin (6). The native structure is
topologically similar to the nuclear magnetic
resonance (NMR) solution structure of
french bean Cu(I) plastocyanin (7) and the
x-ray crystal structure of apopoplar plasto-
cyanin (8), and differs only in local detail
because of the small side-chain representa-
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tion used in this preliminary study.

Lattice representations of proteins have a
long history (5, 9). Recently Dill and co-
workers (10, 11) exhaustively searched the
sequence and conformational space of com-
pact polymers and found that compactness
induces secondary structure. These studies
are complementary to the present work,
which allows the examination of longer and
more realistic chains, and where folding-
pathway information is also obtained. How-
ever, the more realistic approach precludes
an exhaustive sequence and conformational
search.

For highly simplified diamond lattice
models, we addressed the requirements to
uniquely obtain the native state for model
a-helical (12) and B-sheet proteins (13, 14)
and also examined their folding pathways
(15, 16). While a diamond lattice can per-
haps provide general insights into the fold-
ing process, it poorly represents local sec-
ondary structures. Thus a different lattice
must be used if proteins are to be treated in
greater detail.

The new lattice model of globular pro-
teins provides a good local description of the
protein backbone conformation and yet re-
mains computationally tractable. The entire
space is embedded into an underlying cubic
lattice where adjacent lattice sites are a dis-
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