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ABSTRACT Fabrication plays a key role in determining the unique electrical,

optical, and catalytic properties of metal nanowires. Here we present a bipolar
electrochemical method for dynamically monitoring and controlling the rate of
single metal nanowire growth in situ without a direct electrical connection.
Solutions of a metal precursor and a reducing agent are placed on either side of a N
silica nanochannel, and a pair of electrodes is used to apply a tunable electric
potential across the channel. Metal nanowire growth is initiated by chemical

reduction when the two solutions meet and continues until the nanochannel is
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blocked by the formation of a short metal wire segment. Further growth is
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driven by a bipolar electrochemical mechanism which enables the reduction of metal precursor ions at one end of the nanowire and the oxidation of the

reducing agent at the other. The growth rate is monitored in real time by simultaneously recording both the faradaic current and optical microscope video

and can be adjusted accordingly by changing the applied electric potential. The resulting nanowire is solid, electrically insulated, and can be used as a

bipolar nanoelectrode. This technique can be extended to other electrochemical systems, as well, and provides a confined reaction space for studying the

dynamics of any process that can be optically or electrically monitored.
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etal nanowires have garnered

considerable research attention

due to their unique electrical, op-
tical, and catalytic properties, which make
them well-suited for applications in nano-
electronics,’ > optics,®? sensing,'® '® and
electrochemistry."* "7 Since these proper-
ties are determined by the structure and
crystallinity of the wire, controlled fab-
rication is critical for customization. While
numerous synthesis techniques have been
employed,'® 22 template-confined deposi-
tion?>~2° has emerged as one of the most
popular due to two major advantages—it
allows the morphology and location of me-
tal growth to be precisely tailored by the
template architecture, and it imposes trans-
port limitations that help regulate growth
kinetics.

Template-confined deposition can be
carried out using either electrochemical or
electroless techniques. In electrochemical
deposition,?® 3" metal ions are reduced at
a conductive surface on the template by an
applied potential, which can be adjusted to
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tune growth rate and crystallinity. While this
straightforward control enables high-quality
unidirectional growth, it requires a direct
electrical connection to the template, which
is often difficult to establish on the nanoscale.
Conversely, electroless deposition®?>° oc-
curs by direct chemical reduction and does
not require an electrical connection or an
applied potential, resulting in a considerably
simpler setup that is more conducive to
nanoscale fabrication. However, it often re-
quires preactivation of the surface by several
additional steps, and the growth rate and
direction are less controllable. Ideally, the
benefits of both techniques could be com-
bined to yield a simple setup that requires no
direct electrical connection or surface preac-
tivation but maintains the control afforded
by an externally applied potential.

Indeed, several recent reports have made
exciting progress toward combining these
advantages. For example, Drndic and co-
workers®® demonstrated the formation of
a single gold nanoparticle inside a silicon
nitride nanopore by chemical reduction,
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with the mixing of precursor solutions regulated by
an applied electric field. However, this process is self-
limiting, preventing further growth after the short pore
length (e.g., <30 nm) is blocked. Nanoparticles and
nanowires have also been fabricated on a variety of
conductive surfaces by using a supportive metal sub-
strate with the appropriate redox potential to drive the
reduction of metal ions in solution.?”3° In addition,
several studies have deposited metal between con-
ductive microparticles or at the end of carbon micro/
nanotubes by a wireless method known as bipolar
electrodeposition, in which an applied electric field,
rather than a direct electrical connection, is used
to drive one-dimensional metal growth.**~*° This ap-
proach requires a conductive starting substrate, which
develops locally anodic and cathodic regions that
facilitate coupled oxidation and reduction reactions.
However, these substrates are difficult to fabricate and
immobilize on the nanoscale, and the absence of a
template eliminates the beneficial morphological and
growth rate control that results from physical confine-
ment. Furthermore, this method necessitates the ap-
plication of very high potentials (up to kV), and the
measured current cannot be used to directly monitor
the reduction reaction since it is a combination of both
faradaic and ionic current.

Wong and co-workers*~*® and others*® have re-
ported the use of an innovative electroless process for
the preparation of metal nanowire arrays that bypasses
the necessity for an initial conductive starting substrate
while maintaining the advantages of a template. This
method uses direct chemical reduction to create
metallic anchor segments in the pores of an array that
can act as substrates for subsequent bipolar nanowire
growth. This additional growth is believed to be driven
by the difference between the redox potentials of the
two precursor solutions, with electroneutrality main-
tained by both the flow of electrons through the
nanowires themselves and the flow of electrolyte ions
between the nanowires and the template walls.*’
However, this method does not produce electrically
insulated wires, which are critical for many electrical
and electrochemical applications. Moreover, the wires
are frequently grown in arrays rather than individually.
Although wires can be released from a templated array,
manipulating single, free-standing wires for use in
devices can be very challenging.

Most importantly, the deposition rate in a template-
confined system is determined by how fast the redox
species reach the surface of the growing wire, and in
the above examples, this rate can only be controlled by
changing the identities or concentrations of the redox
species, which alters both the electrochemical driving
force and the transport kinetics (due to changes in
chemical potential). These parameters must be opti-
mized for each experimental system and are set before
the reaction begins. Consequently, they cannot be
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easily adjusted during the growth phase, even though
deposition is a dynamic process, with local concentra-
tions in constant flux as reagents are consumed and
transport distances change with the shifting deposi-
tion site.

Here we present a bipolar electrochemical method
for in situ control of single metal nanowire growth,
showing that the deposition rate can be “wirelessly”
and dynamically adjusted by applying an indepen-
dently tunable electric field during the growth process.
We demonstrate this enhanced control by depositing a
single gold nanowire in a silica nanochannel template
using a two-step chemical/bipolar electrochemical re-
duction mechanism while simultaneously monitoring
both the current—time trace and optical microscope
video of the growth process in real time. This method is
highly reproducible, does not require a direct electrical
connection, and can be carried out using an applied
potential of less than 1 V. Scanning electron micro-
scope (SEM) images show that the resulting wire is
solid throughout its length. The use of a silica nano-
channel template results in a single nanowire rather
than a nanowire array, which allows us to accurately
correlate electrical and optical observations with wire
growth and regulate deposition without complications
from ensemble effects. It also enables the insulated
wire to be used as a bipolar nanoelectrode or to be
easily manipulated and positioned for use in other
applications that require isolated wires. Additionally,
compared to the planar diffusion that occurs in an
array configuration, radial diffusion to a single channel
opening offers a fundamental transport advantage,
aiding growth kinetics by increasing mass transport
and avoiding quick depletion of the metal ions at the
nanowire surface.

RESULTS AND DISCUSSION

Overview of Deposition Process. A diagram of our setup
is shown in Figure 1a. A cylindrical-shaped silica nano-
channel was fabricated at the end of a glass micropi-
pette according to our previously published method>°
and employed as a template for metal deposition. Most
nanochannels used in this work were between 200 and
400 nm in diameter and 20—50 um in length, which
enabled easy observation and imaging. However, we
are able to make nanochannels with much smaller diam-
eters, which could be employed to produce smaller
diameter nanowires. The nanochannel was filled with
50 mM gold(lll) chloride (HAuCly) in 0.1 M potassium
chloride (KCl) and placed inside an empty solution
chamber. A Ag/AgCl electrode was inserted into the
supporting pipet of the nanochannel, and another was
inserted into the solution chamber. The whole ensem-
ble was positioned under an upright microscope in
order to visually observe wire growth while simulta-
neously monitoring the resulting current between the
electrodes. An initial potential of —0.6 V was applied to
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Figure 1. (a) Schematic of controlled nanowire deposition inside a silica nanochannel. When the two precursor solutions meet
at the channel entrance, BH, reduces AuCl;  on contact, blocking the channel diameter. The redox potential difference
between the two solutions creates an inherent battery potential that drives subsequent growth by a bipolar electrochemical
mechanism, with AuCl,” reduction at one end of the wire coupled to BH, oxidation at the other. Electroneutrality is
maintained by electron flow through the external circuit. The deposition rate can be dynamically controlled in situ by applying
an independently tunable electric potential across the channel (via a potentiostat) to either enhance or oppose the battery
potential. (b) Equivalent circuit diagram of our setup, where V1 is the external voltage, V2 is the spontaneous battery voltage,
R1 is the resistance of the HAuCl, solution, and R2 is the resistance of the NaBH, solution.

the working electrode (defined as the electrode in the
AuCl,~ solution), and a solution of 50 mM sodium
borohydride (NaBH,) in ethanol was introduced into
the solution chamber to initiate the reaction. Ethanol
was chosen instead of water because NaBH, reacts
with different solvents to varying degrees, and the
decomposition of NaBH, in ethanol is much slower
than it is in water.

Gold growth proceeds in two stages: initial chemi-
cal reduction that generates gold particles until the
channel is blocked, followed by bipolar electrochemi-
cal deposition that furthers the growth of the nano-
wire. Externally connecting the AuCl,~ and BH,; ™ redox
solutions creates a closed circuit, forming a simple
battery that not only helps direct solution mixing
during the initial chemical reduction phase but also
drives the subsequent elongation of the wire. It is
difficult to calculate the expected battery potential
based on the standard redox potentials of the two
solutions since the redox potential of BH, ™ is known to
be solvent-dependent and is not reported in ethanol.
However, we measured the cell potential to be ~1.2V
using a salt bridge to connect the two bulk redox
solutions.

This spontaneous electrochemical potential is set
by the identities and concentrations of the redox
species, which cannot be easily adjusted during the
growth process. However, these concentrations natu-
rally fluctuate during the reaction as reagents are
consumed and transport limitations change, causing
simultaneous variations in both the battery potential
and mass transport to the deposition site. Therefore,
we introduce an independent, externally applied
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electric potential across the two Ag/AgCl electrodes
that allows us to dynamically tune the total driving
force of the system in situ. The equivalent circuit model
for our setup is shown in Figure 1b. Depending on its
polarity, this additional potential will either enhance or
oppose the battery potential, providing a significant
degree of control. This is particularly beneficial during
the bipolar electrochemical deposition phase, in which
growth of the short section of gold formed by chemical
reduction is driven by coupled electrochemical oxida-
tion and reduction reactions at opposite ends of the
growing nanowire. Adjusting this externally applied
potential therefore gives precise control over the
growth rate of the gold during this period.

Chemical Reduction Phase. Initial gold deposition oc-
curs by chemical reduction when the two redox solu-
tions meet according to the following reaction:

8AUCl; ~ +3BH,; ~ + 9EtOH — 8Au(, + 3B(EtO);
+21HT +32C1

Ideally, this chemical reduction phase would be both
fast and localized, immediately forming a short sec-
tion of gold to plug the channel. While it is difficult
to completely control the preliminary solution mixing,
the electric potential across the channel provides a
significant degree of regulation due to the identical
charges of the two redox species. The AuCl, ™ ions are
electrophoretically driven into the channel, away from
the working electrode in the pipet, while the BH, ™ ions
migrate away from the channel toward the electrode
in the external solution (defined as the reference
electrode). Consequently, the initial interface of the
two solutions is always located at the outside channel
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Figure 2. Current—time trace for gold deposition in a
293 nm diameter channel, along with accompanying optical
microscope images at different time points during the
growth process. The voltage values represent the external
potential applied at the indicated times. An increase in ionic
current is observed after adding NaBH, due to completion
of the circuit through the channel. An external potential is
applied during this initial stage to help direct solution
mixing. Particle formation, dislodgment, and translocation
through the channel are likely responsible for the transient
current fluctuations observed until the channel is fully
blocked (indicated by a current decay to zero). The subse-
quent small, positive faradaic current represents the onset
of bipolar electrochemical deposition. As deposition pro-
ceeds, decreased mass transport resistance causes a natural
increase in the deposition rate, which is countered by
gradually increasing the magnitude of the externally
applied potential to maintain an average rate of 3.1 nm/s.
The blue asterisks indicate each time more NaBH, solution
was added to the solution chamber. The large vertical
current spikes correspond directly to these additions and
are due to physical disruptions to the setup during these
periods. The much smaller current spikes are due to foot-
steps and other small vibrations. Dark particles seen on the
outside of the channel are small pieces of silicone rubber
that have broken off from the chamber seal and do not
affect the deposition process. All scale bars are 10 um.

opening near the BH, ™ solution, which allows for con-
sistent, reproducible control of both the starting point
and direction of wire growth. It is important to note
that the initial concentrations, while not easily con-
trolled during the growth process, do play a vital role in
determining how this chemical reduction phase pro-
ceeds. If the concentration of NaBH, is too high, there
are too many nucleation sites, and deposition pro-
ceeds rapidly down the length of the channel without
blocking the diameter. Similarly, if the concentration of
NaBH, is too low, the rate of gold deposition is too slow
to quickly block the channel, and growth likewise
continues along the walls rather than across the width.
Both situations produce porous wires. An additional
transport hindrance is imposed on the AuCl,™ ions
since they must travel through the channel to reach
the deposition front. A 50 mM concentration of both
HAuCl, and NaBH, was found to give a good balance
between a reasonable number of nucleation sites and a
fast enough chemical reduction rate.

Figure 2 shows a typical current—time trace with
corresponding optical microscope images of the
growing nanowire at different time points during
the deposition. A time-lapse video of this growth is
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included in the Supporting Information. After NaBHy, is
initially added, a sudden increase in ionic current
is observed as the solutions meet and the circuit is
completed. The sign of the current is negative in
accordance with the polarity of the applied potential.
The current then immediately begins to decrease as
gold is deposited at the channel entrance, shrinking
the effective diameter of the channel. However, after
this initial decrease, the current fluctuates significantly,
reflecting the dynamic nature of this chemical reduc-
tion phase. Since BH,;~ reduces AuCl,  on contact as
soon as the solutions meet, there are multiple nuclea-
tion points for gold growth. Therefore, as Wong and
co-workers have noted, this initial portion of the wire
likely consists of many small gold particles connected
together and is probably somewhat porous in nature.*”
This is confirmed by the SEM image of the outer section
of the wire (Figure 4a), which shows aggregates of
gold particles joined together. It is possible that initially
formed gold nanoparticles or aggregates are easily
dislodged from the channel before they can establish
a strong anchor, causing the observed current fluctua-
tions as they repeatedly form and detach from the
channel entrance. Some of the particles may travel
through and exit the channel, resulting in current fluc-
tuations that resemble stochastic particle detection
events observed in resistive-pulse sensing experiments.”’

Eventually, these particles form a large and stable
enough conglomerate to completely obstruct ion flow
through the channel, as indicated by the subsequent
current decrease to zero. Due to the nature of this initial
chemical deposition, we have oriented our solutions
with AuCl,~ on the inside and BH,~ on the outside so
that this more porous part of the wire is located near
the outside of the channel and can be easily removed
by focused ion beam (FIB) milling, polishing, or etching.

Solution Mixing Behavior without Potentiostat Control.
While we have found that controlling the potential
during this initial phase provides the best control over
the rate of blockage formation, it is interesting to note
that just the presence of a closed circuit (without the
potentiostat) has an interesting regulatory effect on
solution mixing. This is illustrated by comparing the
behavior observed in two control experiments: one
without an external electrical connection and one with
only a wire connecting the two Ag/AgCl electrodes (no
potentiostat). With no external connection between
the redox solutions (Figure S2), their mixing is con-
trolled solely by diffusion, and gold growth occurs
exclusively by chemical reduction. As BH, ™ infiltrates
the channel, rapid gold deposition takes place at
multiple nucleation sites simultaneously, producing a
porous wire that begins its growth at various locations
in the channel. Consequently, the deposited gold does
not initially block the channel diameter, instead con-
tinuing quickly down the sidewalls. As the wire ap-
proaches the end of the channel, the deposition rate
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slows since the majority of the channel breadth has
finally been blocked and mass transport through the
channel is severely hindered. Conversely, the initial
mixing behavior in the channel with the two Ag/AgCl
electrodes connected only with a wire (Figure S3)
shows a much slower and more controlled growth rate
that is quite similar to the channel under potentiostat
control shown in Figure 2.

Bipolar Electrochemical Deposition Phase. After the chan-
nelis fully obstructed and the solutions are no longer in
physical contact, the growth mechanism switches from
chemical reduction to bipolar electrochemical deposi-
tion. We have previously reported the unique behavior
of closed bipolar systems, in which oxidation at one
end of an insulated (closed) bipolar electrode is directly
coupled to reduction at the other, allowing the reac-
tion rate to be monitored by observing the faradaic
current.>??3 Therefore, once the deposited gold blocks
the entire channel diameter, it acts as a bipolar elec-
trode in the presence of a closed circuit, with AuCl,~
reduced at the cathodic end of the wire and BH,;~
oxidized at the anodic end. Since the spontaneous
battery potential of ~1.2 V results in a growth rate that
is often too fast to produce a high-quality wire, we
apply the independent external potential in a direction
contrary to the battery potential to decrease this
driving force and reduce the deposition rate. The total
potential across the gold wire is thus the difference
between these two potentials. In order to maintain
electroneutrality, oxidation of Ag must occur at the Ag/
AgCl working electrode to balance the reduction of
AuCl,~ at the cathodic end of the growing gold wire.
Likewise, reduction of AgCl must occur at the Ag/AgCl
reference electrode to balance the oxidation of BH,™
at the anodic end. Therefore, the working electrode
should record a positive faradaic current as deposition
proceeds. The current trace in Figure 2 confirms that this
is the case, showing a small positive current of ~6 pA as
growth continues after the channel is initially blocked.

To further verify that gold deposition can occur by
the described bipolar mechanism without physical
contact between the metal precursor and the reducing
agent, we performed a control experiment mimicking
the setup in Figure 1, but with two changes: the AuCl,~
and BH, ™ solutions were placed in two separate bea-
kers, and the two ends of the growing gold nanowire
were represented by two glass-sealed Pt nanoelec-
trodes (one in each solution) connected to each other
with a wire (Figure S4). Electrochemical measurements
and SEM images confirm that when a potential was
applied across the two Ag/AgCl electrodes, gold was
deposited on the Pt nanoelectrode in the AuCl,™
solution even though it was not directly connected
to the potentiostat, demonstrating that deposition
occurred via a bipolar mechanism.

We can calculate the amount of gold deposited and
the deposition rate for the channel shown in Figure 2
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using Faraday's law, which states the relationship
between the total charge passed (Q) and the number
of moles of material deposited (N):>*

Q = nFN (1)

where n is the number of electrons transferred per
redox molecule and F is Faraday's constant. The value
of Q can be obtained by integrating the current—time
curvein Figure 2 over just the bipolar electrodeposition
phase and can be used to calculate the moles of
deposited gold (N). When the dimensions of the
channel are taken into account, this number can then
be converted into an equivalent length and compared
to the optical measurement of the channel length filled
with gold during this time period. In order to make a
more accurate optical comparison, we have chosen to
analyze a slightly shorter time period within the bipolar
electrodeposition phase, in which the starting and
ending points of wire growth are clearly visible. Ap-
proximating the current as a constant value of 6 pA and
integrating from 30 to 127 min gives 1.21 x 107"
moles of deposited gold. This value can be converted
into an equivalent volume using the density of gold
and then an equivalent length by diving by the cross-
sectional area of the channel. Thus, the length of gold
deposited in the channel based on the faradaic current
is calculated to be 18.2 um, giving an average deposi-
tion rate of 3.1 nm/s. This length calculation agrees well
with the value of 19.6 um determined optically. The
small discrepancy is likely due to the error associated
with approximating the current as a constant value and
error from the optical measurements, which are limited
by the resolution of the microscope.

In addition to the average growth rate determined
above, an instantaneous linear growth rate can be cal-
culated from the faradaic current at any point during
the deposition, providing insight into the growth con-
ditions at that particular moment. For example, at
60 min, the current is 5.7 pA or 5.7 x 10~ "2 C/s, which
can be used to calculate a volumetric rate and then
divided by the cross-sectional area of the channel to
give an instantaneous deposition rate of 3.0 nm/s.
Therefore, recording the faradaic current allows the
growth rate to be directly monitored and adjusted in
real time.

As deposition proceeds and gold fills the channel,
the mass transport resistance of the AuCl,™ ions
decreases due to the diminishing distance between
the bulk AuCl; ™~ solution and the recessed deposition
site. Consequently, the enhanced migration of AuCl,~
ions results in an increased growth rate. This is ob-
served in the control experiment performed using the
same setup shown in Figure 1 but with no adjustment
of the applied potential during the growth process
(Figure S5), which shows a substantial increase in
current as the growing wire nears the end of the
channel, reaching a peak growth rate of 863 nm/s.
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Therefore, in order to maintain a constant deposition
rate, the externally applied potential must be continu-
ally increased in opposition to the battery potential
to reduce the effective potential at the growing wire
and slow the transport kinetics, as shown in Figure 2. It
should be noted that this potential is controlled manu-
ally. While ideally a constant current would be main-
tained by galvanostatic control during this phase, our
setup does not possess the capability to switch be-
tween potentiostatic (needed for the initial chemical
reduction stage) and galvanostatic modes without first
stopping the potentiostat to switch the settings, which
could result in uneven growth and defects during this
transition period.

We have further demonstrated this in situ control
over the deposition rate by performing an experiment
in which we intentionally changed the external poten-
tial by a significant amount in either direction several
times during the growth process, causing large in-
creases or decreases in the corresponding deposition
rate and confirming that this externally applied poten-
tial can be used to dynamically tune the growth rate
(Figure S6).

Wire growth is monitored under the microscope
until it reaches the end of the channel. As we have shown
in our previous papers on bipolar electrochemistry,>>>
for electrochemical applications, it is advantageous to
allow the inner surface of the gold wire to grow well

Figure 3. Optical microscope images of the completed wire
from Figure 2: (a) bright-field, (b) reflectance, and (c) pseudo-
dark-field. All scale bars are 10 um.
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beyond the end of the channel, as this increased size will
help ensure that the current is limited by reactions
occurring at the outer surface of the wire. This deposition
method can also be used to fabricate other metal nano-
wires, as we have demonstrated for platinum (Figure S7).

Characterization by Microscopy and Cyclic Voltammetry. Op-
tical microscope images of the finished wire are shown
in Figure 3. The gold wire spans the entire length of
the channel and appears solid throughout. An SEM
image of the outside surface of a wire deposited under
the same conditions is shown in Figure 4a. The unique
gold structure reveals the initially disordered chemical
reduction that occurs at the interface between the
AuCl,” and BH, ™ solutions. In order to further investi-
gate the morphology and integrity of the wire, FIB
milling was used to cut cross sections at three different
points along the finished wire. These three locations
and the corresponding SEM images of the cross sec-
tions are shown in Figure 4b—f. These images confirm
that the wire is solid and maintains good contact with
the glass throughout its length.

It is interesting to note that gold fills the entire
channel diameter rather than propagating along
the direction of the electric field from a single cross-
sectional point, as has been observed in previous
reports of open bipolar electrodeposition at conduc-
tive metal spheres and rings.*>*' We believe that the
primary difference lies in the profile of the deposition
surface. In contrast to the curved deposition surfaces
used in this prior work, we suspect that the profile of
our growing nanowire surface is relatively flat due to
the slow growth rate and the use of a closed bipolar
electrode system. This promotes a relatively uniform
distribution of electric potential at either end of the
wire along the anodic and cathodic surfaces, respec-
tively, allowing gold to fill the entire cross section.

While we were unable to obtain TEM images of
the wire due to the thick surrounding glass, Karim and
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Figure 4. SEM images of a completed gold wire: (a) before cutting, showing the outer portion of the wire formed by chemical
reduction; (b) after cutting. (d—f) Cross-section images after the first (d), second (e), and third (f) FIB cuts at the approximate
locations indicated in (c), confirming that the wire is solid and maintains good contact with the glass throughout its length.

WOOD AND ZHANG

VOL.9 = NO.3 = 2454-2464 = 2015 ACNANC)

W N\

WWww.acsnano.org

2459



co-workers have noted that the type of cap that grows
on top of the nanowire after it reaches the end of
the confined nanochannel is indicative of wire crystal-
linity.>® Figure S8 shows an SEM image of the cap
grown on a nanowire via bipolar electrodeposition
when the BH,~ and AuCl,” solution locations were
reversed (in order to move the porous part of the wire
formed by chemical reduction to the inside of the
nanochannel and allow the section formed by con-
trolled bipolar electrodeposition to grow through to
the outside for easy imaging). Since the cap consists of
an ordered collection of smaller wire-like protrusions
rather than a single crystal, the nanowire is probably
high-quality polycrystalline. However, this does not
undermine its usefulness, and the crystallinity could
likely be improved with further optimization.

Gold is a desirable electrode material because it is
relatively inert but easy to functionalize for applica-
tions that require surface modification. However, it is
difficult to fabricate single gold nanoelectrodes due to
the challenge of establishing electrical contact and the
low melting point of gold, which makes traditional
laser-pulling methods used to fabricate platinum nano-
electrodes difficult.>®> Our method is therefore an
excellent way to prepare gold nanoelectrodes. For a
closed bipolar electrode, in which the nanowire is
electrically insulated as it is here, all of the current in
the system is carried through the nanowire. Therefore,
the measured current can be directly and quantitatively
correlated to redox reactions occurring at the nanowire
itself. This is in contrast to an open bipolar system, in
which the nanowire is surrounded by an electrolyte
solution, and the measured current is a combination of
the faradaic current carried through the nanowire and
the ionic current carried through the solution.>®

Cyclic voltammetry was performed to demonstrate
the ability of the insulated gold wire to function as a
bipolar nanoelectrode. The supporting pipet was filled
with 10 mM ferricyanide in 0.1 M phosphate buffer
at pH 7.4, while the outside was immersed in 2 mM
ferrocenemethanol (FcMeOH) in 0.1 M phosphate
buffer at pH 7.4. As we have discussed in our previous
reports, provided that the current is sufficiently limited
by one pole of the electrode (through either ample
area or concentration differences between the two
poles), there are no functional limitations to the closed
bipolar setup, and a bipolar electrode can be used in
the same way as a traditional electrode.’>* Since the
inner face of the wire described here has a larger
surface area and is in contact with a higher concentra-
tion redox solution, the current is limited by the
oxidation of FcMeOH at the outer surface. A cyclic
voltammogram (CV) is shown in Figure 5, along with
the corresponding SEM image of the electrode after FIB
cutting. The electrochemical response is nearly iden-
tical in shape and current magnitude to that expected
from a traditional electrode. The radius of the electrode
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Figure 5. Demonstration of a deposited gold wire function-
ing as a bipolar nanoelectrode. (a) Cyclic voltammogram of
the nanowire electrode in 2 mM FcMeOH in 0.1 M phos-
phate buffer, pH 7.4, at a scan rate of 10 mV/s. The inside of
the supporting capillary was filled with 10 mM ferricyanide
in 0.1 M phosphate buffer, pH 7.4. (b) Corresponding SEM
image of the cross section confirming the 274 nm diameter
calculated from the steady-state limiting current in (a).

can be calculated using the equation for the steady-
state current (i) at a disk ultra-microelectrode:**

i = 4nFDC’'r )

where n and F are previously defined, D is the diffusion
coefficient (6.7 x 107% cm?/s for FcMeOH),>* C* is
the bulk concentration of the redox species, and r is
the electrode radius. A steady-state limiting current of
73.5 pA corresponds to an electrode diameter of
274 nm, which matches well with the 279 nm diameter
measured from the SEM image.

An important difference between the electroche-
mical response of a bipolar electrode and a traditional
electrode is the position of the half-wave potential, £/,
(the potential when the current is half of its steady-
state value), which is shifted in a bipolar setup. How-
ever, this shift is predictable, meaning that a bipolar
electrode can still be used for catalytic studies and
other experiments in which results are determined by
monitoring the E;,, position. We have previously
shown that the E; , for a closed bipolar electrode shifts
depending on the ratio between the anodic and
cathodic steady-state limiting currents according to
the following equation:>

SS

v o RT ic
Eiz = (€ —£) —n 2(;) -1 B

where E, and E. are the formal potentials for the
reactions occurring at the anodic and cathodic poles,
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R is the universal gas constant, T is the temperature, n
and F are previously defined, and i& and i are the
maximum possible steady-state limiting currents at the
anodic and cathodic poles, respectively. The cathodic
current is defined as negative. The values of i% (73.5 pA)
and E;/; (—0.24 V) can both be obtained from the CV.
Solving for i in eq 3 gives a maximum cathodic limiting
current of —7.0 nA. Since the gold grows outward after
reaching the end of the channel, the inner end of the
wire can be approximated as a hemisphere rather thana
disk, with the steady-state current given by>*

iss = 2anFDC'r 4

The limiting current above corresponds to an inner
hemisphere diameter of 3 um, which is reasonable
given that it is visible under the microscope. Therefore,
we can calculate the diameters of both the outer and
inner ends of the wire from a single CV. We have found
that running repeated CVs often results in a loss of
contact between the wire and the surface of the glass.
We do not fully understand the nature of this disconnec-
tion, but we are currently working on surface modifica-
tion procedures to improve adhesion.

CONCLUSIONS

We have presented a simple, highly reproducible
method for dynamically controlling the rate of metal
nanowire deposition in situ. This approach employs a
combined chemical/bipolar electrochemical mecha-
nism that does not require a direct electrical connection
and is driven by the redox potential difference be-
tween solutions of a metal precursor and a reducing
agent. When these solutions mix in a confined nano-
channel template, a short metal nanowire is formed,
creating a closed bipolar electrochemical cell that
separates the reduction of metal precursor ions at
one end of the nanowire from the oxidation of the
reducing agent at the other. This bipolar process is
monitored in real time by the faradaic current readout
and optical microscopy and can be regulated by
applying an independently tunable electric field across
the nanowire, enabling precise “wireless” control over
the deposition rate. We demonstrated this method

METHODS

Chemicals and Materials. All aqueous solutions were prepared
using >18 MQ-cm water from a Barnstead Nanopure water
purification system. Ethanol (Decon Laboratories, Inc.,, 200
proof), potassium chloride (KCl, Macron Chemicals), sodium
chloride (NaCl, JT Baker), potassium ferricyanide (KsFe(CN)g,
Sigma-Aldrich), ferrocenemethanol (FcMeOH, Sigma-Aldrich),
monopotassium phosphate (KH,PO,, JT Baker), dipotassium
phosphate (K,HPO,4, JT Baker), chloroplatinic acid (H,PtCle,
Sigma-Aldrich), and sodium borohydride (NaBH,; Sigma-
Aldrich) were all reagent grade and were used without further
purification. Gold(lll) chloride (HAuCl,) was purchased from Salt
Lake Metals (1% solution by weight, 99.99% purity). Silica

WOOD AND ZHANG

by depositing a single gold nanowire in a silica nano-
channel template and characterized the resulting wire
by SEM and cyclic voltammetry, confirming that it is
solid throughout its length and can be used as a bipolar
nanoelectrode. The ability to directly monitor and
control the deposition rate provides fundamental
insight into the dynamics of metal growth under
confinement. This procedure could be extended to
other electrochemical systems as well and can be
further tailored by modifying the template geometry,
as the degree of confinement affects transport.>”

Electrodes fabricated using this method could be
easily modified to act as electrochemical sensors for
the detection of specific analytes®®*? or used to study
single nanoparticle electrocatalysis if the electrode
dimensions could be made sufficiently small.'”5%¢
With additional optimization, this process could also
be used to fabricate small diameter tips for scanning
electrochemical microscopy (SECM)®? or nanowire ar-
rays containing a known number of wires (so that the
deposition rate could still be accurately monitored and
controlled) for quick screening of potential catalysts®>
or use as high surface area sensors.'®~'* Since it pro-
vides a significant degree of control over the location,
morphology, and growth rate of the wire without the
need for a conductive starting substrate, this technique
is particularly beneficial for applications that require
precise positioning, such as fabrication of nanowires
on a patterned chip for microfluidic electrochemical
sensors®*®® or deposition of metal catalysts used in the
synthesis of other inorganic nanowires.®® With further
development, it could potentially also be extended to
more complex processes, such as the deposition of
binary semiconductors for photovoltaic and other
optoelectronic applications.®” Although transport and
conductivity limitations would present additional chal-
lenges, the ability to tune the applied potential would
allow significant control over the elemental composi-
tion and electronic properties of the resulting semi-
conductor. In addition, the miniature reaction chamber
created by the channel is ideal for studying the con-
fined dynamics of any process that can be optically or
electrically monitored.

capillary tubing (o.d. = 1.0 mm, i.d. = 0.3 mm) was obtained
from Sutter Instrument Company, and silica microcapillaries
(0.d. = 0.35 mm, i.d. = 20 um) were from Polymicro Inc.
Nanochannel Fabrication. Nanochannels were prepared ac-
cording to a previously reported process.*° Briefly, a small piece
of silica microcapillary (o.d. = 0.35 mm, i.d. = 20 um) was first
sealed inside a larger silica capillary (0.d.= 1.0 mm, i.d.= 0.3 mm)
using a laser-based micropipette puller (P-2000, Sutter Instru-
ment Company). The diameter of the inner capillary was
decreased through a series of heating and cooling cycles under
vacuum before the whole ensemble was pulled into two long
nanotips. A nanotip was inserted into a larger diameter boro-
silicate holder pipet under an optical microscope until the end
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could be seen protruding ~5—10 um from the holder opening.
It was then passed very quickly through a natural gas flame to
seal a small section to the walls of the holder. The remainder of
the tip was broken off and removed, leaving only the small
sealed segment containing the nanochannel. The protruding
end was cut off under the microscope using a razor blade.

Gold Deposition. After resistance measurements in 0.1 M KCl
were performed to determine the nanochannel diameter,*® the
supporting pipet was filled with 50 mM HAuCl, in 0.1 M KCl and
inserted into a home-built polycarbonate solution chamber
attached to a glass microscope slide. A thin glass coverslip
was set on top of the chamber, and two Ag/AgCl electrodes
were placed inside of the supporting pipet (designated as the
working electrode) and the solution chamber (designated as
the reference electrode). Pictures of the solution chamber as
well as a more detailed description are included in the Support-
ing Information (Figure S1). The whole ensemble was then
positioned under a 20x microscope objective (Nikon) inside a
Faraday cage. A potential of —0.6 V was applied across the open
circuit, after which ~1 mL of 50 mM NaBH, in ethanol was slowly
added to the solution chamber to initiate the reaction. Although
the solution chamber is covered, there is a small area open to
the air where the NaBH, is added. As time proceeds, two things
occur: first, ethanol evaporates, and the solution must be
replenished; second, bubbles generated by the slow decom-
position of NaBH, in ethanol aggregate to form large bubbles
that can cover the channel opening. A dark shadow can be seen
in the optical microscope image when the solvent front begins
to approach the channel (either from evaporation or a large
bubble), indicating the need for more NaBH, solution to either
replenish the solution or dislodge the bubble. The applied
potential was adjusted manually to accelerate blockage forma-
tion during the initial chemical reduction phase and to main-
tain a near constant current value during subsequent bipolar
deposition.

Current—time traces were acquired using an Axopatch 200B
high-impedance amplifier (Molecular Devices, Inc.) and a Digi-
data 1440A digitizer (Molecular Devices, Inc.) interfaced to a Dell
computer. A 1.0 kHz low-pass filter was applied to the amplifier
during data acquisition, but no further filtering was performed.
An optical video was simultaneously recorded with the OCView7
software package using a Nikon Eclipse E600 microscope con-
nected to a CCD camera (OptixCam Summit Series).

Resistance Measurements and Cyclic Voltammetry. Current—
voltage responses were measured using a Chem-Clamp poten-
tiostat (Dagan, Inc.) and a PAR 175 universal function generator
(Princeton Applied Research). The potentiostat was interfaced
to a Dell computer through a PCI-6251 data acquisition board
(National Instruments) via a BNC-2090 analog breakout box
(National Instruments). The data were recorded using a custom
program written in LabView 8.5 (National Instruments). All
measurements were conducted inside a Faraday cage in a
one-compartment, two-electrode cell with a Ag/AgCl working
electrode inside the supporting pipet and a Ag/AgCl reference
electrode in the outside solution.

Focused lon Beam and Scanning Electron Microscopy. Focused ion
beam milling and SEM imaging were performed using a FEI
XL830 dual beam FIB/SEM instrument.
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