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Controlling+Molecular+Transport+

  Mimic+biological+systems+

  Regulate+ionic+gradients+
  Switch+via+voltage,+stable+for+long+)mes++
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potential the ferrocene is present in the form of oxidized
Fc+ , which yields excess positive charge on the nanotube
walls and membrane faces. This charge causes MV2+ to be
electrostatically repelled from the membrane, yielding the
low-flux state for MV2+ transport. Complete exclusion of
MV2+ is not observed because at the salt (MVCl2) concen-
tration of 20 mm used in this experiment, the electrical
double layer on the walls of the 10-nm-diameter nanotube
does not completely fill the total nanotube volume. As pre-
viously discussed in detail,[5,6] this means that there is a
region in the center of the nanotube where MV2+ is not ex-
cluded and transport occurs in the region.

At 1800 s a potential of 0 V was applied to the mem-
brane. At this potential the ferrocene on the nanotube walls
and membrane faces is present as neutral Fc. Because there
is now no excess positive charge on the membrane, MV2+ is
not repelled and a higher MV2+ flux (relative to the short-
time data) is obtained (see data points for line 2, Figure 4).
The slopes of the straight-line segments in Figure 4 provide
the fluxes for MV2+ across the nanotube membrane. We
define an “electromodulation-transport cycle” as a period
when 0.7 V was applied (low-flux state) followed by a
period when 0 V was applied (high-flux state). This allows
us to define an electromodulated-transport selectivity coeffi-
cient (a) as the flux during the high-flux state (0 V) divided
by the flux during the low-flux state (0.7 V). The larger the
value of a, the greater is the electromodulated cation-gating
effect.

Table 1 shows flux and a values for various cycle num-
bers for membranes with 10 and 16-nm-diameter Au nano-
tubes. Considering the flux data first, it can be seen, as ex-
pected, that the fluxes in the membrane with the larger-di-
ameter nanotubes is higher. However, the selectivity of the
membrane containing these larger-diameter nanotubes is
lower. Again, this is due to the fact that the electrical
double layer that is responsible for repelling MV2+ fills a
smaller fraction of the total nanotube volume for the larger-
diameter nanotubes.[5,6]

The value of a decreases with increasing cycle number
(Table 1). Part of this decay in selectivity is due to the fact
that the magnitude of the flux in the low-flux (Fc+) state in-
creases with each successive cycle. To understand the origins
of this effect we obtained a cyclic voltammogram after each
cycle, and from the area under the anodic wave obtained
the moles of electroactive Fc remaining in the membrane
(Figure 5). We see that there is a steady drop in the amount

of electroactive Fc with cycle number. While this may at
first seem to contradict the data in Figure 3, the key differ-
ence is that in Figure 3 the ferrocene was left in the neutral
Fc state between cycles, and in Figure 5 the Fc was held in
the charged Fc+ for long periods (Figure 4) during each
cycle. Because it is the Fc+ state that is susceptible to nucle-
ophilic attack,[20,21] electroactivity decays much more quickly
in Figure 5 than in Figure 3.

This steady drop in electroactive Fc in the membrane
with cycle number (Figure 5) explains why the selectivity
decays with cycle number (Table 1); it is the positively
charged Fc+ groups that repel MV2+ , and since the quantity
of Fc+ decreases with cycle number, the selectivity decreas-
es with cycle number. The other factor causing the selectivi-
ty to decay with cycle number is that the magnitude of the
flux in the high-flux state decreases with cycle number
(Table 1). This suggests that membrane fouling occurs. One
possible source of membrane fouling is that the decomposi-
tion products resulting from nucleophilic attack on the Fc+

cause partial occlusion of the nanotubes.

Figure 4. Plot of MV2+ nanomoles transported across a nanotube
membrane (nanotube inside diameter=10 nm) versus time. Data
points for lines 1, 3, and 5 were obtained with a potential of 0.7 V
versus Ag/AgCl applied to the membrane. Data points for lines 2, 4,
and 6 were obtained with a potential of 0 V versus Ag/AgCl applied
to the membrane. The slopes of these straight lines are used calcu-
late to the flux of MV2+. The feed solution was 20 mm in MV2+ .

Table 1. Flux and electromodulated selectivity coefficients (a) for
membranes containing 10- and 16-nm-diameter nanotubes.

Nanotube
diameter [nm]

Cycle
number

Low-flux state
[nmolemin!1 cm!2]

High-flux state
[nmolemin !1 cm!2]

a

10 1 1.2 11 9.4
10 2 1.5 11 7.3
10 3 2.0 10 5.1
16 1 6.4 38 5.9
16 2 7.3 8 5.2
16 3 7.8 34 4.3
16 4 8.3 32 3.8
16 5 9.5 28 2.9

Figure 5. Moles of electroactive Fc versus cycle number for a mem-
brane containing 16-nm-diameter Au nanotubes.
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Ion$Selec)vity+in+Nanopores+

  Controlling+factors+–+solid$liquid+interface+
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Ion$Selec)vity+in+Nanopores+

  Controlling+factors+
  Pore%diameter%
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Ion$Selec)vity+in+Nanopores+

  Controlling+factors+
  Pore%diameter%
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Ion$Selec)vity+in+Nanopores+

  Controlling+factors+
  Pore+diameter+

  Solu8on%concentra8on%
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Ion$Selec)vity+in+Nanopores+

  Controlling+factors+
  Pore+diameter+

  Solu)on+concentra)on+
  Shape%
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Ion$Selec)vity+in+Nanopores+

  Controlling+factors+
  Pore+diameter+

  Solu)on+concentra)on+
  Shape+
  Surface%charge%
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Switchable+Surface+Charges+

  pH+
  Siwy+et+al.+Phys.&Rev.&Le+.&94%(2005)+048102.+
  Mar)n+et+al.+Adv.+Mater.+13+(2001)+1351$1362.+

  Light+
  Liu+et+al.+Chem.&Commun.+49+(2013)+10311.+
  Zhang+et+al.+Adv.+Funct.+Mater.+24+(2014)+424$431.+

  Redox+ac)ve+molecules+(e.g.+ferrocene)+
  Buyukserin+et+al.+Small.+3+(2007)+266$270.+
  Elbert+et+al.+Adv.&Funct.&Mater.&24+(2014)+1591$1601.+

  Applied+Voltage+
  Kang+and+Mar)n.++Langmuir.&17%(2001)+2743$2759.+
  Kalman+et+al.++Anal.&Bioanal.&Chem.%394%(2009)+413$419.+
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Our+Goal:+
Electrochemically+switch+surface+charges+between+chemically)stabilized)states,)
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Ion$tracked+Polymer+Membranes+
  Polycarbonate+films+5$10+μm+thick+

  Irradiated+with+Au$ions+at+11+MeV+

  Ion+tracks+chemically+etched+

10+P.+Apel.+Rad.&Meas.&34+(2001)+559$566.+

P. Apel / Radiation Measurements 34 (2001) 559–566 563

Fig. 2. A few examples of porous structures produced in thin polymeric !lms using various methods of irradiation and chemical treatment: (A)
cross section of a polycarbonate TM with cylindrical non-parallel pore channels; (B) polypropylene TM with slightly conical (tapered towards
the center) parallel pores; (C) polyethylene terephthalate TM with cigar-like pores; (D) polyethylene terephthalate TM with “bow-tie” pores.

pores can be modi!ed by covalent binding of charged groups
or by adsorption of ionic polyelectrolytes (Froehlich and
Woermann, 1986). The immobilization of aminoacids to the
PET track membranes based on the reactions of end carboxyl
and hydroxyl groups was reported (Marchand-Brynaert
et al., 1995; Mougenot et al., 1996). However, the surface
density of the immobilized in this way species is rather
low.
The radiation-induced graft polymerization onto track

membranes is a process which has been studied in more
detail (Zhitariuk et al., 1989; Zhitariuk, 1993; Tischenko
et al., 1991; Shtanko and Zhitariuk, 1995). Styrene (St),
methacrylic acid (MAA), N -vinyl pyrrolidone (VP),
2-methyl 5-vinyl pyridine (2M5VP), N -isopropyl acryl-
amide (NIPAAM) and some other monomers have been
grafted onto PET track membranes. Grafting of St in-
creases the chemical resistance and makes the membrane
hydrophobic. MAA and VP were grafted onto TMs to in-
crease wettability which is especially important when aque-
ous solutions are !ltered through small-pore membranes.
2M5VP was grafted with the aim to make the membrane
hydrophilic and change its surface charge from negative to
positive. During the past decade the grafting of NIPAAM
and other intelligent polymers were extensively studied in
the research work carried out at TRCRE (Takasaki) and
GSI (Darmstadt) (Yoshida et al., 1993, 1997; Reber et al.,
1995).

7. Applications

Applications of commercially produced track membranes
can be categorized into three groups: (i) process !ltration;
(ii) cell culture; (iii) laboratory !ltration. The process !l-
tration implies the use of membranes mostly in the form
of cartridges with a membrane area of at least 1 m2. Pu-
ri!cation of deionized water in microelectronics, !ltration
of beverages, separation and concentration of various sus-
pensions are typical examples. There is a strong competi-
tion with other types of membranes available on the mar-
ket. Casting membranes often provide a higher dirt load-
ing capacity and a higher throughput. For this reason the
use of track membranes in this !eld is still limited (Brock,
1984).
In the recent years a series of products were de-

veloped for the use in the domain called cell and tis-
sue culture (Stevenson et al., 1988; Sergent-Engelen
et al., 1990; Peterson and Gruenhaupt, 1990; Roth-
man and Orci, 1990). Adapted over the years to a va-
riety of cell types, porous membrane !lters are now
recognized as providing signi!cant advantages for cul-
tivating cells and studying the cellular activities such
as transport, absorption and secretion (van Hinsbergh
et al., 1990). The use of permeable support systems based
on TMs has proven to be a valuable tool in the cell biology
(Costar=Nuclepore Catalog, 1992).
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Conically shaped pores were obtained by O2 plasma etching
one face of the cylindrical pore membrane (the upper face in
Figure 1A3). A 1.6 cm × 1.6 cm piece of the cylindrical pore
membrane was placed on an 8 cm × 5 cm glass slide (1 mm thick).
As discussed previously,12 one surface of these membranes
appears shiny and the opposite surface appears rough to the eye.
The membrane was placed on the glass slide with the shiny
surface up. A 4 cm × 2.5 cm glass slide that had a 1 cm × 1 cm
hole cut through it was placed on top of the membrane, and Scotch
tape was use to attach the upper and lower glass slides. The tape
did not cover the hole through the upper slide, and this hole
defined the area of the membrane exposed to the O2 plasma.
Plasma etching was done with a commercial reactive ion etch

system (Samco, model RIE-1C). The etching conditions were as
follows: O2 gas pressure 300 Pa, gas flow rate 30 standard cm3

min-1, and power 100 W. As indicated in Figure 1A3, plasma
etching enlarges the pore diameter at the upper surface, but the
pore diameter remains unchanged at the lower surface. Further-
more, plasma etching thins the membrane (Figure 1A3).
Membrane Burst Strength. A circular sample of the mem-

brane (diameter 6.5 mm) was mounted between the two halves
of a U-tube permeation cell.2 The feed half-cell was pressurized
with Ar gas, while the permeate half-cell was left open to air. The
Ar gas pressure was increased until the membrane burst, and the
pressure required to burst the membrane was recorded.
Scanning Electron Microscopy (SEM) and Contact Angle

Measurements . Samples were imaged using an Hitachi S-4000
field emission electron microscope. To obtain quantitative values
for the pore diameter and membrane thickness, data from three
different images were averaged. It has been shown previously that
plasma etching the surfaces of track-etched membranes enhances
hydrophilicity.13 To explore this issue we measured water droplet
contact angles using a Tantec contact angle measuring system.
Electroless Plating of Conical Au Nanostructures within

the Pores . Aconvenient way to investigate the shape of the pores
in a track-etched membrane is to plate gold within the pores,
remove the polymeric membrane material, and then obtain
electron micrographs of the exposed Au nanostructures (Figure
1B).14 An electroless plating method15 was used to deposit the

Au nanostructures within the pores. This method yields the conical
Au nanostructures within the pores as well as Au surface films
coating both faces of the membrane (Figure 1B1). A plasma-etch
method14 was then used to remove the polycarbonate membrane
and expose the Au nanostructures. The plasma-etch process was
terminated before all of the polycarbonate was removed (Figure
1B2). The remaining thin polycarbonate film acts as a base to
hold the exposed Au nanostructures in place. While Figure 1B2
shows an exposed conical Au nanostructure with the base of the
cone facing up, samples with the tips facing up were also prepared.
Ac Impedance Measurements . Ac impedance was used to

explore the effect of conical pore formation (and membrane
thinning) on the transport properties of the membrane. The
membrane was mounted between the two halves of a U-tube cell,
and both half-cells were filled with 4.5 mL of 3 M NaCl. A Pt wire
working electrode was immersed into one half-cell solution, and
a Pt wire counter electrode and a Ag/ AgCl reference electrode
were placed in the other half-cell solution. Impedance data were
obtained using a Solartron 1287 electrochemical interface module
connected to a Solartron 1255B frequency response analyzer and
a personal computer. The magnitude of the sinusoidal potential
perturbation applied across the membrane was (20 mV. Imped-
ance data were obtained over the frequency range 106-1 Hz. Z-plot
and Z-view software packages (Scribner Associates, Inc.) were
used to control the experiments and analyze the impedance data.
Commercially available track-etched polycarbonate membranes

are typically treated with poly(vinylpyrrolidone) (PVP) to improve
pore wetting. We encountered considerable difficulty in wetting
the cylindrical pores obtained from the chemical-etch procedure.
For this reason, prior to impedance measurements, all membranes
were sonicated in 15 wt % aqueous PVP and then rinsed with
ethanol.

RESULTS AND DISCUSSION
SEM Images Showing Conical Pore Formation. Figure 2A

shows an SEM image of the shiny surface of a chemically etched
(but not O2 plasma-etched) membrane. Only one pore (denoted(12) Cheng, I.; Whiteley, L. D.; Martin, C. R. Anal. Chem . 1 9 8 9 , 61, 762-766.

(13) Dmitriev, S. N.; Kravets, L. I.; Simakina, N. V.; Sleptsov, V. V. Radiat. Meas.
1 9 9 5 , 25, 723-726.

(14) Yu, S.; Li, N.; Wharton, J.; Martin, C. R. Nano Lett. 2 0 0 3 , 3, 815-818.
(15) Martin, C. R.; Nishizawa, M.; Jirage, K. B.; Kang, M. J. Phys. Chem. B 2 0 0 1 ,

105, 1925-1934.

Figure 1. (A) Schematic of the plasma-etch process. (B) Schematic
of the gold nanostructure-based method used to image the conical
pores.

Figure 2. Surface SEM images of the membrane after chemical
etching (A) and after 5 (B), 10 (C), and 20 min (D) of plasma etching.
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by the arrow) is seen in this image because of the low pore
density. Images of this type yielded a pore diameter for the
chemically etched membrane of 58( 6 nm, and analogous images
of the opposite (rough) surface of the membrane gave the same
pore diameter.
Figure 2B shows an image of the surface of a membrane that

had been chemically etched to yield the cylindrical pores and then
subsequently O2 plasma etched for 5 min. The pore diameter at
this membrane surface has been increased to 655 nm by the
plasma-etch process. Images of the opposite face of the mem-
brane (down during plasma etching) showed that the pore
diameter was still 58 nm. This indicates that the plasma does not
propagate down the entire length of the pore and that, as per
Figure 1A3, the pore in the upper portion of the membrane is
now conically shaped.
Panels C and D of Figure 2 show analogous images for

membranes that had been chemically etched to yield the cylindri-
cal pore and then O2 plasma etched for 10 and 20 min, respectively.
We see that the pore diameter at the plasma-etched surface
increases with etch time (Figure 3). Images of the opposite
membrane surface showed a pore diameter of 58 nm, indicating,
again, no plasma etching at the lower surface of the membrane.
These data show that the cone angle of the conical part of the
pore increases with plasma-etch time.
Using Plated Au Nanostructures To Explore Pore Shape.

As illustrated in Figure 1A2, if a membrane is chemically etched
but not subsequently plasma etched, cylindrical pores are ob-
tained. Figure 4A shows an SEM of a correspondingly cylindrical
Au nanowire plated within such a chemical-etch-only membrane.
The diameter of this exposed nanowire is 65 nm, in good
agreement with the 58 ( 6 nm value obtained for the pore
diameter.
Figure 4B shows an analogous image of a Au nanostructure

plated within a membrane that had been chemically etched and
then surface plasma etched for 5 min. As expected this nano-
structure is conical, in fact, trumpet-shaped. As per the schematic
in Figure 1B2, the base (or large diameter) of the cone is facing
up in Figure 4B. The base diameter is 640 nm, in good agreement
with the 655-nm surface pore diameter (Figure 2B) obtained for
the O2 plasma-etched membrane used to prepare this Au nano-
structure. This trumpet-shaped nanostructure (Figure 4B) appears
longer than the cylindrical nanowire (Figure 4A) because we
wanted to reveal a larger portion of the trumpet, so we removed

more of the polycarbonate membrane in Figure 4B than in Figure
4A.
Panels C and D of Figure 4 show two images of conical Au

nanostructures plated within a membrane that had been chemi-
cally etched and then surface plasma etched for 10 min. In Figure
4C, the conical Au nanostructure is standing on its base with the
tip facing up. In Figure 4D, the base of the conical Au nanostruc-
ture was facing up, but it has bent to the left because the
underlying tip cannot support the weight at the top. A comparison
of Figure 4B with panels C and D shows that, with increasing
plasma-etch time, the pore goes from a trumpet-like shaped to a
funnel-like shape. That is, the plasma-widened part of the pore
extends deeper into the membrane as etch time increases. This
is reinforced by Figure 5, which shows a Au nanostructure plated
within a membrane that had been plasma etched for 15 min. The
plasma-widened part of the pore (down in this image) extends
through most of the membrane thickness, and the pore looks
more like a true cone.
It is important to emphasize that regardless of plasma-etch time

there is a portion of the pore extending from the unetched surface
that remains cylindrical with a pore diameter of 58 nm (see Figure
1A3). Evidence for this unetched part of the pore is seen at the
tips of the conical Au nanostructures plated within these pores

Figure 3. Pore diameter at the plasma-etched face vs plasma-etch
time.

Figure 4. SEM images of Au nanostructures plated into a mem-
brane that was (A) not plasma etched, (B) plasma etched for 5 min,
and (C) plasma etched for 10 min. The polymeric membrane material
was removed with the tip of the nanostructure facing up. (D) Plasma
etched for 10 min. The membrane material was removed with the tip
of the nanostructure facing down.

Figure 5. SEM image of a conical Au nanostructures plated within
a membrane that had been plasma etched for 15 min.
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Conical Nanopore Membranes: Controlling
the Nanopore Shape**

C. Chad Harrell, Zuzanna S. Siwy, and
Charles R. Martin*

There is increasing interest in using nanopores as the sens-
ing elements in biosensors.[1–6] The a-hemolysin protein
nanopore is typically used, and this sensor consists of a
single protein nanopore embedded within a lipid bilayer
membrane.[1–3] An ionic current is passed through the nano-
pore, and analyte species are detected as transient blocks in
this current associated with translocation of the analyte
through the pore; this is known as stochastic or resistive-
pulse sensing.[1–3] While this is a very promising sensing
paradigm, it would be advantageous to eliminate the fragile
lipid bilayer membrane and perhaps to replace the biologi-
cal nanopore with an abiotic equivalent.[7–16] A variety of ap-
proaches have been used to prepare abiotic nanopores for
resistive-pulse sensing, including focused-ion-beam etch-
ing,[7, 8, 11] soft lithography,[10] film embedding of carbon nano-
tubes,[4] and the track-etch method.[5,6, 13–17]

Conically shaped nanopores[13–17] are especially advanta-
geous for sensing applications.[6,18] This is because Lee et al.
have shown that when an ion current is passed through a
conical nanopore, the majority of the resulting transmem-
brane voltage drop is focused to the electrolyte solution in
and near the small-diameter opening (tip opening) of the
nanopore.[5] As a result, there is a “sensing zone” for analyte
species in and near the tip opening.[5,6] If a means for con-
trolling the cone angle of the conical nanopore were avail-
able, the length of this sensing zone, and the field strength
within the zone, could be systematically varied. This would
allow for tailoring of the nanopore to suit any desired sens-
ing application.

We have recently discovered that the cone angle of coni-
cal nanopores prepared by anisotropic etching[5,6, 13–17] of
heavy-ion-tracked[19] polymer films can be systematically
varied by varying the transmembrane potential difference
applied during pore etching. This ability to vary the cone
angle was proven by electron microscopy and through elec-
trochemical investigations of the ion current flowing
through the nanopore after etching. The results of these in-
vestigations are described here.

Apel et al. have shown previously that the anisotropic
etching procedure used here yields conically shaped nano-
pores.[14] While these authors also applied a transmembrane
potential difference during etching, they did not explore the
effect of the magnitude of the applied potential on the
shape of the resulting nanopore; this is the primary focus of
our work.

Figure 1 shows field-emission scanning electron micros-
copy (FESEM) images of the base openings of conical
nanopores that were all etched for 5 h, but using three dif-
ferent values of applied transmembrane potential during
etching. We can see that the diameter of the base opening
increases with the magnitude of the applied potential differ-
ence. Indeed, by applying potentials in the range of 0 to
30 V, the base opening can be systematically varied from 1
to 6 mm (Figure 2). The shapes of these various nanopores
were investigated by plating[20] a gold nanowire within the
pore and then plasma etching away the membrane to
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at the Bio/Nano Interface
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Figure 1. Scanning electron micrographs of the large-diameter open-
ings (base opening) of conical nanopores prepared with applied
transmembrane potentials during etching of A) 0, B) 15, and C) 30 V.
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expose this nanowire.[21] FESEM images of three such nano-
wires are shown in Figure 3. As would be anticipated from
the pore-base images (Figure 1), we can see that the cone
angle increases with increasing transmembrane potential ap-
plied during etching. The pore shapes obtained at 10 and
30 V are well approximated by a true conical shape. In con-
trast, etching with no applied potential yields a pore that is
nearly cylindrical through most of its length with a conical
segment of about 3 mm at one end.

At pH 8, the current–voltage curves associated with
ionic migration through these nanopores are nonlinear
(Figure 4); i.e., these pores are ion-current rectifiers. This
ion-current rectification phenomenon has been observed
previously for a variety of different conically shaped nano-
pores and nanotubes, and the mechanisms responsible for
rectification have been discussed in detail.[13, 17,22–26] As noted
in the Experimental Section, the ionic resistance (R) values
used to calculate the diameter of the tip opening (dtip) [see
Equation (3)] were obtained in the region !200 mV, where
the curves show their greatest linearity.[13,14,18] However, to
confirm the veracity of this measurement, dtip for the pore
etched at 30 V was also measured at pH 2, where the rectifi-
cation phenomenon is not observed and linear current–volt-
age curves are obtained. The values obtained at pH 8 and
pH 2 were identical.

Values of dtip of 10, 17, and 28 nm were obtained for the
pores with base-opening diameters, dbase, of 1.0, 2.7, and
5.5 mm, respectively. Because, as noted above, the pore
etched at 0 V has a cylindrical segment attached to a shorter
conical segment (Figure 3A), the tip diameter was calculat-
ed by treating the cylindrical and conical parts of the pore
as two resistances in series. These dtip data show that conical
nanopores with tip openings that are much smaller than the
base openings can be obtained with this anisotropic-etch
method. However, we are at this time unable to systemati-
cally vary dtip in the way that dbase can be varied (Figure 2).

Another way to characterize a conical nanopore is via
the cone angle, b, which is given by

b ¼ 2 arctan ½ðdbase%dtipÞ=2 l' ð1Þ

where l is the length of the pore. Cone angles of 268 and 138
were obtained for the nanopores with dbase=5.5 and 2.7 mm,
respectively. These data are in good agreement with the
values of 308 and 168 obtained by applying a protractor to
expanded versions of the FESEM images in Figure 3. This
analysis confirms that pores with nearly ideal conical shapes
can be obtained. Because the nanopore prepared at 0 V is
cylindrical over three quarters of its length, b for this seg-
ment of the pore is 08 ; the conical part at the end of the
pore (Figure 3A) has a cone angle of about 198.

The extent to which the conical nanopore rectifies the
ion current flowing through it can be quantified by the recti-
fication ratio, defined as the absolute value of the current
obtained at %1 V divided by the current obtained at
+1 V.[13] Rectification ratios of 1.5, 2.6, and 4.2 were ob-

Figure 2. Plot of the diameter of the base opening obtained from
images like those in Figure 1 versus the transmembrane potential
applied during etching (etching potential). Errors bars represent aver-
ages of diameters obtained from three such images.

Figure 3. Scanning electron micrographs of gold nanowires plated
into conical nanopores prepared with applied transmembrane poten-
tials during etching of A) 0, B) 15, and C) 30 V. The scale bar is the
same for each image (see C). The polycarbonate membrane was
removed to expose the nanowires.
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Nickel replicas of conical pores etched 1.5 hours. 

At ≥300 Pa, etching of the pore tip is suppressed. 
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Gold+Plated+Nanopores+
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  Spontaneous+assembly+of+diazonium+salts+
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“Quinone” is spontaneously 
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