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Abstract

Platinum nano-electrodes were fabricated at the success rate 76 % by the six
processes; (i) etching a Pt wire in ethanol-water mixture, (ii) sealing it with a glass
sheath, (iii) grinding roughly the glass tip, (iv) polishing the tip while monitoring the
capacitive ac-current flowing through the glass thin film on the Pt, (v) dissolving the
glass film in HF solution until a part of Pt was exposed, and (vi) heating the tip at 85°C
for stabilization. A key of the process was to make a thin glass film on the Pt tip (iv) and
to expose the Pt surface chemically by (v). 50 electrodes thus fabricated had diameters
ranging from 1 nm to 5um, estimated from the steady-state current of
diffusion-controlled current of ferrocene in acetonitrile and ferrocenyl derivative in
aqueous solution. They exhibited reproducible and stable voltammograms without
hysteresis, withstanding 6 hours' continuous use and 15 hours' iterative processes of
heat and voltammetry. Not only the halfwave potentials but also slopes of the log-plots
were independent of radii of the electrodes. No kinetic effect was revealed in the

steady-state voltammograms.
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1. Introduction

An advantage of the voltammetric behavior at a microelectrode is to exhibit a
steady-state current-voltage curve [1-3]. It is due to the existence of a mathematical
solution for the 3D-diffusional Laplace equation [4]. The diffusion-controlled limiting
current for the one-electron exchange reaction at the disk electrode a in radius is simply
expressed by

|, = 4Fc*Da 1)

where c* is the concentration of redox species, and D is its diffusion coefficient. The
average current density, j_ = (4/m)Fc*D/a, is enhanced with a decrease in the electrode
diameter. On the other hand, the density at a large electrode is enhanced with an
increase in scan rates, v, by cyclic voltammetry. When the expression for the current
density is set equal to the equation of the peak current of linear sweep voltammetry (j, =
0.446Fc*(DVF/RT)Y?), the scan rate can be expressed in terms of v = 8.15RTD/Fa’.
Typical values of v for a = 10 um, 100 nm and 1 nm are, respectively, 2.1 V s, 21 kV
st 210 MV s for D = 10° cm? s at 25°C. Therefore the steady-state voltammetry at
nano-electrodes allows us to obtain such fast electron transfer kinetic data as not to be
realized by the conventional fast scan voltammetry. Unfortunately, electron transfer rate
constants of ferrocenyl compounds determined at nano-electrodes have varied from
researcher to researchers [5-9]. They are sometimes consistent or sometimes
inconsistent with those at fast scan CV [8-12], short pulse [13], ac impedance [10], and
hydrodynamic voltammetry [14]. The wide variation of the rate constants may be
ascribed to instability or an irreproducibility of microelectrodes, delay of a potentiostat
at fast measurements, uncompensated resistance, and/or participation of capacitive
currents.

A single nano-electrode has been fabricated by coating a thin metal wire with

insulating films such as cathodic electrophoretic paint [15], by etching electrode tips by



flame [16,17] and electrochemical dissolution [18-20], by laser ablation [21,22], by
microelectromechanical systems technologies [23], and by deposition of metals [24].
Although conventional techniques have already been established and surveyed [25,26],
a number of inherent disadvantages still have been found, such as low success rate, poor
reproducibility, fragility, temperature- and moisture-dependence, degradation of
reversibility, and a short life. A long life has been attained by coating the electrode tips
with glass [19,27- 31] rather than with polymer films, because of low thermal expansion
coefficient of glass, rigidity, low degree of swelling, and chemical proof. Unfortunately,
it is not easy to control polishing a glass-sealed tip until predicted size of an active
electrode is exposed. A strategy of the control is to monitor a degree of the exposure by
dc current flowing through solution resistance between the electrode tip to a counter
electrode [32]. A key is to stop the polishing immediately before the dc-current begins
to flow. However, the Faradaic current by the high dc-voltage is caused by
decomposition of water and salt to destruct the sealing and/or the active part, as we have
often experienced damage of electrodes by applying such high voltage as salt or solvent
is decomposed. Use of ac-voltage with small amplitude would not only keep off the
damage but also leave behind a thin glass film on the electrode before exposing the
metal. The thin glass film would be removed partially by chemical etching by
hydrofluoric acid.

This report deals with fabrication of nano-electrodes by combining the six steps
described in Abstract. The aim is to fabricate electrochemically endurable
nano-electrodes at high success rate with minimal artifacts. Dissolution of glass by HF
is a classical technique for fabrication of single electrodes [33-35], and has been applied
to sharpening glass-tip arrays by meniscus etching [36]. However, it has not been used
for fabrication of nano-electrodes yet, to our knowledge. Voltammetric properties at the

nano-electrodes are examined for ferrocene (Fc) and its derivative.



2. Experimental

2.1. Fabrication

A platinum wire 0.03 mm in diameter was twisted around a tungsten wire 0.25
mm in diameter 10 times. The twisted part was hardened with electrically conducting
resin. The etching conditions previously used were application of ac voltage, 5.0 V of
60 Hz for 10 min, in 6 M NaNO; solution to the Pt wire [37,38]. We found that the
addition of more amount of ethanol made the wire more sharpened than in the aqueous
solution. An increase in the amount of ethanol deceased solubility of salt. We used
CacCl, for salt in the volume ratio 1/5 of ethanol/water. An example of the wire etched in
3 M CaCl;, solution is shown in Fig. 1. A reason for forming a sharpened wire may be
enhancement of natural convection by anodic dissolution due to low viscosity of ethanol.
The etched tip was rinsed with the acid mixture (0.26 M acetic acid + 0.33 M nitric acid
+ 0.73 M phosphoric acid) for 1 min. The tip was inserted into a thermally pulled glass
capillary 1.1 mm in inner diameter. The glass was melted with a flame of a spirit lamp
to seal the Pt tip. The glass-sealed tip was ground on a rough emery paper until a glass
film 0.1 mm thick was left behind on the Pt, by checking the tip with a
video-microscope, VH-Z450 (Keyence, Osaka). SEM photograph was taken with
JSM-6701F (JEOL, Tokyo).

The polishing-controlled apparatus is illustrated in Fig. 2, in which the Pt tip was
to be polished on emery paper in 0.1 M KCI solution. The ac voltage with 0.1 V of 1
kHz was applied between the tip and the platinum coil for a counter electrode. The ac
current detected with a potentiostat, NPGFZ-2501 (Nikko Keisoku), was amplified with
a lock-in amplifier, MODEL 5210 (EG&G). The amplified output was recorded through
a 12-bit AD-convertor, PCI-3521 (Interface), supported with a home-made software to
be recorded against the time. The polishing was made by manual fashion while a current

vs. time curve was being monitored. Polishing was stopped at a suitable value of the ac



current (described in Results). The polished tip was immersed in 0.98 M HF + 0.46 M
NH4OH + 0.79 M HNOg; solution for a period from 2 to 10 min, rinsed with 30 w%
KOH solution, rinsed with water, and then rinsed with the acid mixture (acetic acid +
nitric acid + phosphoric acid). It was heated at 85°C for 10 h in an oven in order to
remove fluosilicate (described in Results section). The fabricated electrodes were kept

in a dry box.

2.2. Chemicals

All the chemicals were of analytical grade. Aqueous ammonia, KOH, HNO3; and
NaNO, were purchased from Nakarai, and the others were from Wako.
Ferrocenylmethyltrimethylammonium perchlorate (FCTMA) was synthesized and
purified [38]. The experimenters treated hydrofluoric acid in a draft with a tail gas

scrubber, wearing gas masks and latex gloves.

2.3. Voltammetry

\oltammetry was made in the three-electrode cell equipped with a working
electrode, a Ag|AgCI reference electrode and a platinum coil counter electrode. The
potentiostat was HECS 972 (Huso, Kawasaki), controlled with a homemade software.
The electrode was rinsed with solvent before mounted in the cell. Voltammetry was

carried out in deaerated solution in a Faraday cage.

3. Results and Discussion

The roughly ground glass-sealed Pt wire was mounted on the polishing apparatus
in Fig. 2. Ac voltage (0.1 V amplitude at 1 kHz) was applied between the sealed Pt wire
and the Pt coil, and the responding ac current was monitored with a help of the lock-in

amplifier. The sealed Pt wire was polished by hand on a fine emery paper which was



immersed in 1 M KCI solution. As the polishing proceeded at the beginning of t = 0, the
ac current, Iy, (absolute values) was initially kept constant and then increased suddenly,
as is shown in Fig. 3. The initial constant value may be caused by a delay or a
capacitance of the potentiostat. The electrode at which polishing was ceased before the
sudden increase did not show any voltammetric current in 0.5 M KCI + 0.5 mM FcTMA
solution. The period before the sudden increase (43 s in Fig. 3) varied from electrodes to
electrodes, depending on thickness of the glass film left on the sealed Pt tips. Thicker
glass films took longer period, judging from views of the optical microscope. The
sudden increase in I, (at t = 43 s in Fig. 3) suggests initiation of the exposure of an
active part of the Pt to the solution.

It seems reasonable to consider that an active Pt surface is exposed just at the time
of the sudden increase, as illustrated in Fig. 3(c). We ceased the polishing at a given
exposure time, tys, after observing the sudden increase, and transferred the electrode to
the FCTMA solution for voltammetry. The voltammograms were under the steady-state
without hysteresis. From the limiting current of Eq.(1), we evaluated the radii with the
help of the value of the diffusion coefficient of FCTMA, D = 6.3x10° cm? s, The
values of the diameter were plotted against the exposure period in Fig. 4 for 34
electrodes. Shorter exposure periods decreased the radii. Scattering in the plot was so
large that the radii could not be controlled by the polishing period. The scattering was
sensitive neither to fineness of emery paper, kinds of polishing pad with alumina
powder, pressure of polishing, nor polishing speed, probably because artificial
manipulation of the hand-polishing influences more strongly on the scattering than these
factors. Polishing for periods less than 6 s scarcely exposed electroactive part (shown as
marks X in Fig.4), as illustrated in Fig. 3(b). Our initial aim was to fabricate
size-controlled electrodes with 2a < 1 um by adjusting txs, but has not been fulfilled in
reproducibility.

A possible strategy of controlling radii of nano-electrodes is to dissolve the thin



glass film on the Pt tip slowly by chemical etching in HF solution. When the polishing
was stopped within ty,s < 5 'S, no active area was exposed (see Fig. 4 and Fig. 3(b)). The
glass-sealed Pt was immersed into the HF solution for the period, tyr, of less than 6 min,
and then was rinsed with KOH solution and water successively. The rinsed tip was used
for voltammetry in FCTMA solution in order to estimate its diameter. Electrodes treated
by 1 min's dissolution were mostly electrochemically inactive. The dissolution for tyg =
2 min provided a number of electrodes with 2a < 100 nm. Longer dissolution provided
larger diameters, as is shown in Fig. 5. However, scattering of the radii was too large to
be regarded as "a size-controlled process".

In order to examine reproducibility of the voltammograms, we iterated the
following process composed of voltammetry of FCTMA solution, rinse of the electrode
with water and keeping it in air for an hour. The limiting current enhanced gradually at
each iterative process, implying expansion of the exposed area. The dissolution may be
advanced even after removal of HF. When dissolution of glass with HF is terminated by
alkali metal hydroxide, fluorosilicate has generated on the glass surface in gel form,
which causes slow dissolution of glass [39]. In order to terminate the dissolution
completely, we attempted to heat the electrodes at several temperatures in an oven for
ten hours. We found that heating at 85°C was able to stabilize the voltammograms.

The overall success rate of the fabrication was 76 %, which is a product of the
success rate 80 % of the process till the polishing for ty,s and the rate 95 % of the
heating. Since the key process of the exposure is due to the chemical dissolution of the
glass, the fabrication includes little artifact manipulation. At this state, the electrode size
has not been known. The accurate size has to be evaluated by voltammetric limiting
currents, as described in the next section. However, it is desirable to predict at least the
order of diameters, immediately after the fabrication. By comparing the accurate values
by voltammetry with the combination of t.,s and twe, we found empirically that the order

of the diameters could be estimated at the end of the fabrication so far as 2a > 1 um. We



have examined this fabrication technique to gold wire successfully.

Figure 6 shows two examples of the voltammograms of (a) Fc in
tetraethylammonium tetrafluoroborate (TEABF,) included acetonitrile and (b) FCTMA
in KCI aqueous solution. The glass-coating allowed us to carry out voltammetry both in
aqueous solution and aprotic solution. Even if the electrode was transferred alternatively
between the acetonitrile solution and the aqueous solution, every two voltammograms
were overlapped. The voltammograms were not only sigmoid under the steady state
without hysteresis but also reproducible at iterative scans. The background oxidation
currents in Fig. 6 are due to insufficient non-zero adjustment of the potentiostat.
Diameters of these electrodes evaluated from the limiting currents, the concentrations
and the diffusion coefficients through Eq.(1) are 2a = (a) 4.7 nm at D = 1.7x10° cm? s*
in acetonitrile and (b) 2.8 nm at D = 6.3x10° cm?s™.

Geometry of the most electrodes was uncertain because of the difficulty in
identification of the electrode surface by SEM. However, we estimated the size from Eq.
(1) on the assumption of disk-shape. The other available model geometry is a
hemisphere a in radius, of which diffusion-controlled current is given by (I )ns =
2nFc*Da. The radius evaluated from the current through this equation is smaller by n/2
( 1.5) times than the value obtained from Eq. (1). Since we are aiming at
demonstrating a negligible effect of the electron transfer rate constant on the electrode
size, the difference of the 1.5 times is within errors.

The stabilization of the electrodes was examined by multi-scan voltammetry for
the continuous measurements and the intermittent voltammetry at each hour during
which the electrode was dried and heated. Multi-scan voltammograms at v = 10 mV s
showed no distortion of the waveform or no potential shift for 6 h. Figure 7A shows
variation of the limiting currents of FCTMA at iterative scans. The currents have no
systematic time-variation, of which value is smaller than the standard deviation (0.20

pA). Thus, neither contamination of the electrode nor expansion of the active area



occurred. The conditions of the intermittent voltammetry included three-scan
voltammetry — rinse — drying at 50°C for 15 min — being kept in air for 40 min or
longer. All the voltammograms had no hysteresis. The limiting currents were plotted
against the lapse of the process in Fig. 7B, showing no systematic variation for 16 h
both in aqueous and acetonitrile solutions. The scattering in Fig. 7B is larger than that in
Fig. 7A because the former involved the heating.

Available models of diffusion-controlled currents and electrode Kkinetics at
microelectrodes are for a disk and a hemispherical electrode. In order to determine
which model is suitable for the fabricated electrodes, we tried to obtain SEM images of
the surface of microelectrodes, from which their geometry and diameter could be
evaluated. After getting sufficient amounts voltammetric data at a give electrode, we cut
the tip of the electrode by 8 mm, keeping the tungsten lead exposed to the other end.
The tip was mounted up in a hole of stainless steel block so that the tungsten lead came
in electrical contact with the block. Various SEM images were recorded by varying
voltage, magnification, and tilt of the electrode tip. We found many white dots and black
dots on the glass surface although there was only one exposed electrode. There were
some dots of which diameters were close to the diameter evaluated from the
voltammetry. A key is identification of the electrode surface. We attempted to identify
an electrode more than 5 um in diameter by the optical microscope. Photographs by the
reflection optical microscope showed many white dots, one of which should be a true
electrode because the incident light is reflected strongly on the Pt surface. On the hands,
those by transmission optical microscope showed also many black dots, one of which
should be a true electrode because the incident light should be blocked by the Pt. We
overlapped the two photographs, and regarded dots with logical AND between the black
and the white dots as a true electrode. However, there were more than one dots, of
which coordinates on the photograph were recorded. The electrode was transferred to

the SEM. All the portions at the recorded coordinates looked black dots with low



magnification and high accelerating voltage. As the voltage decreased, one of the black
dots was found to be composed of two concentric circles, a large grey dot and a small
black dot. Since size of the large one varied with magnification and the voltage, it
should be a virtual image. The central small one was kept in size by change in the
voltage, which should be a true electrode, as is shown in Fig. 8. We confirmed that there
was only one dot on the tip surface that had the above properties. When curve fitting for
a circle was applied to the photograph, the diameter was slightly smaller than the value
obtained from the limiting current. The above technique was valid only for electrodes
more than 2 um in diameter because of the restriction of the performance of the optical
microscope.

In order to demonstrate the quality of the steady-state voltammograms, we plotted
values of log[l/(I_ - )] against E in Fig. 9 for FCTMA and Fc. Both plots fell on each
line for 0.1 < I/l_ < 10. Values of the inverse slopes in Fig. 9 were 63 mV and 59 mV,
respectively, for FCTMA at a = 99 nm and Fc at a = 2.4 nm. The other electrodes also
showed linear log-plots, of which inverse slopes were fluctuated from 55 mV to 75 mV.

A feature of the steady-state voltammograms is the halfwave potential, Ey/,. It was
read at each voltammogram within 1 mV hysteresis errors. The values were plotted in
Fig. 10 against the logarithmic radii evaluated from the limiting currents for FCTMA
(circles) and Fc (triangles), where some electrodes were used commonly to FCTMA and
Fc. The halfwave potentials of both FCTMA and Fc were independent of the radii over
the range of a > 1 nm, showing the average values, E;»(FCTMA) = 0.404 + 0.025 V and
Ei12(Fc) = 0.056 + 0.004 V, where the errors denote the standard deviations. The larger
standard deviation for the aqueous solution may be associated with higher possibility of
broadening voltammograms, or of including capacitive current. The average current
density at the smallest electrode (2a = 1.1 nm) was 2.3x10® A cm™, which corresponds
to the scan rate, 450 M V s™ at a large electrode, according to the discussion in

Introduction. It is dangerous at present to discuss a reason why the high current density
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exhibited no potential shift by electron transfer rates, because nano-materials often

activate reaction rates.

4. Conclusions

Reproducible fabrication of nano-electrodes has been realized by the six steps:
(i) sharpening in 3 M CaCl, ethanol|water solution (1:5 ratio) by electrochemical
etching
(ii) sealing the Pt wire in glass sheath
(iii) grinding the glass-sealed tip until the glass film became 0.1 mm thickness
(iv) polishing the tip while monitoring the ac current for ty,s <6 'S
(v) dissolution of glass film in HF for tyr <4 min
(vi) stabilization by heating at 85°C for 10 h
Although the polishing period for ty,s < 6 s was predicted to be a predominant
size-determining variable, it included artificial manipulation. Step (iv) generated such a
glass thin film as to be dissolved slowly with HF. The actual exposure was realized by
step (v). Although combination of steps (iv) and (v) failed to control diameters of the
electrodes, electrodes with 2a < 1 um were able to be fabricated at success rate 76 %.

Consequently, we could obtain a number of nano-electrodes.
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Figure Captions

Figure 1. Photographs of Pt wires 0.03 mm in diameter, which were tapered in the
etching solutions of (A) 3 M CacCl; ethanol-water (v/v 1/5) solution and (B) 6 M NaNO,

aqueous solution.

Figure 2. lllustration of the apparatus for monitoring the ac current during polishing the

glass-sealed Pt wires.

Figure 3. Time-variation of ac current (absolute values) during polishing the
glass-sealed Pt wire of which images are illustrated in (a)-(c) when ac voltage of 0.1 V

at 1 kHz was applied to the Pt wire in 0.1 M KCI solution.

Figure 4. Dependence of the radii evaluated from the limiting current of FCTMA

oxidation through Eq.(1) on the exposure time, ty,s. Mark x means zero limiting current.

Figure 5. Variation of the diameters of the electrodes with the period, tyr, during which
the glass film of the glass-sealed Pt wire was dissolved in 0.98 M HF + 0.46 M NH,OH

+ 0.79M HNO;s solution. The arrow means the presence of unexposed Pt.

Figure 6. Voltammogram of (a) 5.34 mM Fc in 0.5 M TEABF, acetonitrile solution and
(b) that of 2.11 mM FcTMA in 0.1 M KCI aqueous solution at v = 10 mV s™*. Diameters

of the electrodes calculated from the limiting currents are (a) 4.7 nm and (b) 2.8 nm.

Figure 7. Time-variations of the limiting currents of (circles) 2.11 mM FCTMAin 0.1 M
KCI aqueous solution and (triangles) 5.34 mM in in 0.5 M TEABF, acetonitrile solution
in the (A) multi-scan voltammetry and (B) intermittent voltammetry at v = 10 mV s™.

The electrode diameters were (A) 25 nm and (B) 0.40 (circles) and 0.50 (triangles) um

from the averaged values of the limiting currents.
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Figure 8. SEM photograph of the exposed Pt electrode from the glass insulator.

Figure 9. Log plots, log[l/(I_ - 1)], vs. potentials of voltammograms for FCTMA (circles)

ata =99 nm and Fc (triangles) at a = 2.4 nm.

Figure 10. Dependence of the halfwave potential of FCTMA (circles on the right axis)

and Fc (triangles on the left axis) on the logarithmic radii of the electrodes.
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