Open Access Article. Published on 03 settembre 2024. Downloaded on 03/04/2026 18:47:11.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

W) Check for updates

Cite this: Nanoscale, 2024, 16,
20073

Received 21st February 2024,
Accepted 27th August 2024

DOI: 10.1039/d4nr00736k

Guillermo Coldén-Quintana,® Thomas B. Clarke,

%a.b

Jeffrey E. Dick

rsc.li/nanoscale

Due to their superior optical and electrical properties, gold nano-
wires are used ubiquitously across industries. Current techniques
for fabricating such structures are often expensive, involving mul-
tiple steps, cleanroom operation, and limited ability for a user to
controllably place a hanowire at a desired location. Here, we intro-
duce the concept of triphasic electrodeposition, where metal salts
act as antagonistic salts at the liquid|liquid interface, leading to
their increased concentration at this phase boundary. We show
that the electrodeposition of ultra-high aspect ratio gold nano-
wires may be achieved in a one-step, one-pot method by submer-
ging a conductor in contact with two phases: an organic phase
containing HAuCl; and a quaternary ammonium salt, and an
aqueous phase containing potassium chloride. Changing electro-
deposition parameters in the triphasic system allows tunability of
important features of the nanowire, such as size and thickness.
Furthermore, this new method provides an impressive ability to
choose the geometry and precise positioning of deposited nano-
wires simply by changing where a liquid|liquid interface contacts
the electrode surface.

Since its discovery, humans have been attracted to gold and its
unique properties. Its high chemical stability, electrical con-
ductivity, and malleability have made it a prime candidate for
use in various domains, from technology and currency to
healthcare and aesthetics." Noteworthy examples include the
use of gold in microprocessor development for increased com-
putational capabilities and in biosensing and treatment, with
early known uses of gold colloid solutions for treating diverse
ailments and poisons dating back to the 5th century BCE."”
More recent examples of gold in medicine include the use of
gold nanomaterials in biosensing and bioimaging appli-

“Department of Chemistry, Purdue University, West Lafayette, IN, 47907, USA.
E-mail: jdick@purdue.edu

bElmore School of Electrical and Computer Engineering, Purdue University, West
Lafayette, IN, 47907, USA

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr00736k

This journal is © The Royal Society of Chemistry 2024

™ COYAL SOCIETY
ap OF CHEMISTRY

Single gold nanowires with ultrahigh (>10%) aspect
ratios by triphasic electrodepositiont

@ Sakshi A. Ailawar 22 and

cations, as drug, gene, or protein carriers, and as photothera-
peutic agents.>*

Within the last decade, there has been an outstanding
interest in studying gold nanomaterials, mostly due to their
unique properties over their macro counterparts. Although
nanoparticles are one of the most employed geometries, many
other geometries, including nanorods and nanowires, have
also shown outstanding physical and chemical properties.
Nanowires, for example, have shown remarkable growth in
electronics, energy conversion and storage, catalysis, optics,
and biosensing.>'® Gold nanowires have especially been
shown to hold many advantages in biosensing and electronics
due to their composition, such as being chemically unreactive,
electrically conductive, and biocompatible.’®>* For example,
gold nanowires have previously been used with surface-
enhanced Raman spectroscopy (SERS), where the enhanced
electromagnetic field has been shown to amplify Raman
signals of adsorbed molecules and enable ultrasensitive detec-
tion.”® However, most conventional synthesis methods for
such nanowires are limited to chemical reductions of metal
precursors, seed-mediated growth, template-assisted synthesis,
or other lithographic methods that require clean rooms or
specialized instrumentation (see Table 1).'%"%21:24726:41,42

Chemical synthesis methods, for example, have recently
shown great potential for high aspect ratio nanowire
synthesis."®?”~*" In the work of Khanal et al., the authors show
a one-step synthesis for high aspect ratio nanowires using gold
nanorod seed particles.”* This method had limitations: for
instance, the method requires pre-existing nanorod seeds and
strong acidic conditions, and it is also difficult to produce a
homogenous size distribution of nanowires. Furthermore, with
increasing interest in studying the physicochemical properties
of nanomaterials,** especially at the single entity level,*® such
chemical synthesis methods are largely incapable of forming
individual nanowires for analysis. Electrochemical seed-
mediated methods exist, wherein the chemical reducing agent
traditionally used in chemical seed-mediated growth is
replaced/supplemented with an electrode held at a reducing
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Table 1 A sample of nanowire synthesis methods presented in the literature, with reported sizes and capabilities compared
Reported Reported Reported Able to make Position
Method Ref. # lengths thicknesses aspect ratios single nanowires? control?
19 10 pm 16-66 nm 200 No No
29 355.3 +31.3 nm 18.7 nm 19 No No
30 16 £+ 3 nm N/A 18 +2.5 No No
> W < 35 0.2-1.2 pm N/A 6-22 No No
o B 40 400-500 nm 19-20 nm 21-23 No No
21 <25 pm 23-54 nm 229-352 No No
- -
Wet-Chemical/
Seed-Mediated Growth
34 389 +190 nm 99 + 24 nm 15.7£9.3 No No
Electrochemical
Seed-Mediated Growth
20 6 um 200-350 nm 17-30 No Yes
27 17-50 pm 40-200 nm 85-750 No No
28 55 um 15-20 nm Avg = 4200 No No
Templated Growth )’ 39 10 um 1.7 + 0.3 nm 1000 No No
salllLis "L’ """""" /
P # ~ 26 2.7 cm 40 nm 600 000 Yes Yes
P — 43 4600 nm 150 nm 31 Yes Yes
T Lithography \
> A4
This work 1.2 mm or longer 80-100 nm 12 000 Yes Yes
= W
9
This Work
potential.**?* This methodology has been used to create herein, one can specifically create a nanowire wherever on an

micron-long nanowires with moderate aspect ratios, but often
other shorter nanorods or nanoparticles are produced along-
side these nanowires (i.e., there is poor control over the nano-
geometry synthesized and location of such nanowires).
Penner’s group has introduced what they call the “electro-
chemical step edge decoration” methodology*® where various
metals®”*® have been shown to preferentially electrodeposit at
defects of an electrode material. However, this method is
limited in that all step edge sites across the electrode will be
the nucleation sites for nanowires, and precise localization
(especially on basal planes) for a single nanowire is currently
impossible unless an electrode is carefully engineered to
exhibit one such step edge. In the methodology presented

20074 | Nanoscale, 2024, 16, 20073-20081

electrode surface, simply by placing a liquid|liquid boundary
at the desired location. Other methods of nanowire deposition,
like those discussed by Menke et al., rely on using lithography
to form gold nanowires, wherein a complex seven-step syn-
thesis process was required to obtain high aspect ratios and
control over nanowire thickness and length.>® Table 1 provides
a comparison between the techniques discussed herein. While
homogeneous chemical or heterogeneous electrochemical
methods offer a relatively simple protocol for the synthesis of
gold nanowires and lithography provides impressive spatial
and size control, no technique as of now simultaneously offers
the ease and ability to precisely control the size, position, and
number of nanowires produced.

This journal is © The Royal Society of Chemistry 2024
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Given the technological importance of gold nanowires, new
methods are necessary to fabricate single gold nanowires with
control over the nanowire’s placement without complex litho-
graphic techniques. While electrodeposition presents a rela-
tively simple and cheap means of creating nanowires, to our
knowledge it has not been reported before the present article
for an electrodeposition technique alone to grow just one
single nanowire at a time with control over the nanowire
length, thickness, and placement on a larger substrate elec-
trode. Instead, procedures rely on an additional step (e.g., pat-
terning a surface with electrolyte channels)®® or other tem-
plated growth or lithographic pre-treatment (see Table 1) to
expose regions for electrodeposition.

Our group has been studying electrochemistry under
complex, multiphase conditions, where the three-phase
boundary between two immiscible liquids and an electrode
surface have shown interesting electrochemical properties.**™*
We have also shown that antagonistic salts can form under
multiphase conditions, emulsifying the liquid|liquid interface
because of interfacial solute flux.*°

Here, we demonstrate a novel method (triphasic electrode-
position) for the electrodeposition of gold nanowires, with
control over wire thickness, length, and size. This level of
control was achieved using a combination of both multipoten-
tial chronoamperometric steps and a multiphase system invol-
ving an aqueous phase (top layer) and an oil phase (bottom
layer) solution consisting of a non-aqueous electrolyte (tetra-
butylammonium perchlorate, i.e., [NBu,][ClO,]) and a gold pre-
cursor ion (chloroaurate). We propose that these species inter-
act and allow for the formation of an antagonistic salt that can
adsorb to a liquid|liquid boundary, increasing the probability
of gold nanowire nucleation and growth at the three-phase
boundary. While others have reported the preferential electro-
deposition of materials like silicates®® and polymers®'>? at
three-phase boundaries, these strategies depend on confining
the reactants, precursors, and/or catalysts to opposite phases,
such that the reaction proceeds only where the two phases
meet at the electrode surface. The strategy presented here
offers a new methodology, where the precursor is confined
within one phase and takes advantage of adsorption phenom-
ena to achieve the preferential electrodeposition at the phase
boundary. Notably, the aforementioned strategy of keeping
reactants in separate phases has not enabled metal nanowire
deposition at the boundary; however, Kaminska et al.>* used a
very similar setup to that presented here, but only deposited
gold nanoparticles at a liquid|liquid|electrode interface. Our
optimized methodology allows one to produce single, milli-
meter-long nanowires in a single step without using a template
or a clean room, requiring less gold precursor salt than most
pre-existing lithographic methods.

Results

Fig. 1 shows this work’s experimental setup and a full descrip-
tion of the methods are presented in the “Materials and

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Overview of experimental setup containing a two-phase system
where an aqueous solution containing 1 M KCl (top layer) is pipetted
above a 10 mM HAuCl, in 1,2-dichloroethane (DCE) solution containing
100 mM [NBu4]IClO4] (bottom layer). A standard three-electrode system
can be seen with an indium tin oxide (ITO) working electrode, a glassy
carbon rod counter electrode, and a salt bridge to a Ag|AgCl (1 M KCl)
reference electrode. Inset shows a scanning electron microscope (SEM)
image for the zoomed-in region for a nanowire after electrodeposition.
Observed gold nanowire deposition was achieved at/near the position
of the liquid|liquid boundary after electrodeposition.

methods” section of the ESL} In short, a three-phase (liquid|
liquid|solid) system was employed for the electrodeposition of
gold nanowires. This system consisted of an aqueous top layer
containing an aqueous salt (1 M KCl), an organic (1,2-dichlor-
oethane (DCE)) bottom layer containing a non-aqueous electro-
Iyte ([NBu,][ClO,]) with a gold precursor (HAuCl,), and a solid
conductive phase (here an indium-tin oxide (ITO) working
electrode was used). Both solutions were carefully pipetted
into a container to prevent mixing, allowing for a clear and dis-
tinct phase boundary to form. The indium-tin oxide working
electrode was then submerged through both the aqueous and
organic phases ensuring adequate contact with both phases. A
standard three-electrode setup was used, where the reference
and counter consisted of an Ag|AgCl (1 M KCl) electrode and a
glassy carbon rod (r = 1 mm), respectively, as shown in Fig. 1.
To investigate the triphasic electrodeposition of gold, a
sufficiently negative potential was applied to drive the electro-
deposition of gold. In prior work,”* our group has shown the
use of multi-step electrodeposition methods for the deposition
of gold nanoring arrays and studied the effect of the poten-
tials, time held at each potential, and number of deposition
cycles, with results showing a clear correlation between gold-
ring thickness and deposition time, concentration, overpoten-
tial, and number of cycles. In the experiments presented here,
the same deposition conditions and parameters
sufficient to deposit high aspect ratio gold nanowires from
this triphasic setup as well. Namely, the potential was systema-
tically stepped, starting at —0.65 V for 0.5 seconds, followed by
a second period at 0.3 V for 0.5 seconds, as shown in Fig. 1.
This potential cycle was repeated throughout the experiment
and varied to test for changes in deposition behavior.
Following the deposition process, the ITO working electrode

were
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was removed from the DCE solution and immersed in de-
ionized water for a minimum of 5 minutes to ensure the com-
plete removal of any remaining precipitated supporting elec-
trolyte or precursor chloroauric salt. The electrodes were sub-
sequently submerged in acetone to remove excess water and
leftover oils, and then pure DCE, with intermittent rinses
using acetone. The resulting nanowire can be observed using a
scanning electron microscope (SEM), as seen in Fig. 1 (inset).
The chronoamperometric deposition allowed for the formation
of firmly attached gold deposits with wire geometries. Fig. 2
presents further scanning electron microscopy images for the
electrode surface after the deposition. The presence of gold
was verified using energy-dispersive X-ray spectroscopy (EDX)
analysis, as shown in Fig. S1.1 Notably, gold is strongly con-
fined to the three-phase interface but can sometimes be
detected as small nanoparticles within a couple microns of the
gold nanowires on the DCE side (see Fig. S1 and Table S17).
No gold was detected on the aqueous side of the three-phase
boundary. Additionally, no gold wire deposition was observed
when either the chloroaurate species or the quaternary
ammonium salt was absent in this system.

View Article Online

Nanoscale

The ability to adjust the width of these deposited nanowires
is of great importance due to the distinctive properties exhibi-
ted by nanomaterials at this scale. By using chronoamperome-
try, we pulsed the potential and allowed for the nucleation of
nanoparticles near/at the liquid|liquid boundary and growth
to form nanowires along this three-phase boundary. Various
experimental factors, including the potential applied during
the deposition, the duration of the potential pulse process,
and the number of repetitions that a potential pulse is
employed, can significantly impact the thickness of the nano-
wires. Fig. 3 shows the influence of the repetition of chron-
oamperometric cycles on the deposition of gold nanowires.
Here we show that as the number of cycles increases, from one
to ten cycles, so does the width of the nanowire increase in
size by a couple hundred nanometers. Fig. 3A, for example,
shows a gold wire with a width of approximately 100 nm at its
widest point, while Fig. 3D shows a nanowire whose width is
slightly larger than 500 nm throughout. Fig. S21 shows an
example current vs. time trace for one of these multi-cycle
depositions. To further assess the dimensions of the nano-
wires, we took SEM images at different sample angles, includ-

Fig. 2 Scanning electron microscopy (SEM) images taken after 1 cycle of 0.5 s at —0.65 V vs. Ag|AgCl, then 0.5 s at 0.3 V vs. Ag|AgCl for a two-
phase system. Images (A) through (B) show increasing magnifications of the same electrode.
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Fig. 3 Scanning electron microscopy images of electrodeposited nanowires of varying widths. A multipotential step chronoamperometric method
of biasing the ITO electrode at —0.65 V vs. Ag|AgCl for 0.5 s, followed by 0.3 V vs. Ag|AgCl for 0.5 s was repeated for (A) 1 cycle, (B) 2 cycles, (C) 4

cycles, and (D) 10 cycles.
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ing at 45°, so that an estimation of the height of the nanowires
could be made. Fig. S31 shows that for a nanowire that was de-
posited with a width of ~180 nm, the height of the same nano-
wire was approximately 200 nm, indicating that the nanowires
can be quite hemicylindrical.

An additional discovery or application may be found in the
fact that the movement of the working electrode between
chronoamperometry cycles yields the ability to deposit mul-
tiple nanowires on the same electrode, as shown in Fig. 4 and
Fig. S4.1 This is possible because the three-phase boundary
formed at the interface of our ITO working electrode and the
liquid|liquid boundary can repeatedly be moved by changing
the working electrode position. By changing the position of
the working electrode in a vertical direction (as shown in
Fig. 4A), one can then procedurally electrodeposit nanowires
in a stepwise fashion. Like that of roads on a highway,
different “lanes” can be generated by successive movement
and deposition steps. Fig. 4B below shows an optical micro-
graph after three electrode movements and electrodeposition
steps. These three distinct steps yield three separate nano-
wires based on the locations of the prior positions of the
liquid|liquid interface (see Fig. S4t). Scanning electron
microscopy images of increasing magnification can be
observed in Fig. 4D and E. One notable observation from
Fig. 4 is that of the high aspect ratios (length/width) that
can be obtained for the wires produced here, with the rela-
tive thickness of ~100 nm (shown in Fig. 3A, B and 4D) but
relative lengths of the nanowires on the scale of millimeters
in length, as shown in Fig. S4A and S4B.f Fig. 4B shows
the presence of wires of 2 mm in length, with the most
truly continuous segments for this specific horizontal wire
spanning 800 pm in length without breakage. Examples for
long length wires can be seen in Video S1,f wherein con-
tinuous microwires of up to 2 cm can be seen to be de-
posited with similar aspect ratios by tuning deposition con-
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ditions. These results highlight the technique’s simplicity
and its ability to place nanowires in a desired location by
simply changing the placement of the three-phase
boundary.

Notably, as the electrodeposition of the nanowire depends
on the positioning and shape of the three-phase boundary
formed at the interface of our ITO working electrode and the
liquid|liquid boundary, one can deposit nanowires in varied
geometries. Fig. S5, for example, shows evidence of the ability
to form continuous nanowires along the boundary of a pipetted
droplet on an ITO electrode surface. Fig. S5Af shows a sche-
matic representation of the system under question, where the
glassy carbon rod counter and the Ag|AgCl (1 M KCl) reference
electrode are positioned into an aqueous (1 M KCl) bulk solu-
tion surrounding a droplet of 10 mM HAuCl, in 1,2-dichlor-
oethane (DCE) solution containing 100 mM [NBu,][ClO,4].
Similar to the procedure described above for the electrodeposi-
tion of other nanowires, a series of chronoamperometric poten-
tial steps are performed, starting with a —0.65 V vs. Ag|AgCl
(1 M KCl) for 0.5 s step followed by another 0.5 s step at 0.3 V vs.
Ag|AgCl (1 M KCl). The resulting behavior can be observed in
Fig. S5(B-D),t where differences can be observed when compar-
ing before (Fig. S5(B)}) and after (Fig. S5(C)t) deposition has
taken place at/near the edge of the droplet. Fig. S5(D)f shows
the residual nanowire after electrodeposition and after the
droplet has been removed from the electrode surface.

Fig. 5A and B shows a micrograph image taken with SEM
after deposition using a droplet system, as described in
Fig. S5.1 Here, a continuous gold nanowire can be observed
where the DCE droplet was positioned on the ITO. The dia-
meter of the gold nanowire ring measures approximately
376 pm in diameter equating to a circumference of 1.181 mm.
Fig. 5A demonstrates that the electrodeposition can be carried
out to maintain a consistent nanowire width with significant
length. These images demonstrate the ability to accurately

Gold
; nanowires

[

».

Fig. 4 Tunable deposition of multiple nanowires. Changes in the ITO working electrode position were used to deposit multiple nanowires on a
single electrode surface. Herein, the applied potential was quickly pulsed at —0.65 V vs. Ag|AgCl for 0.5 s, followed by 0.3 V vs. Ag|AgCl for 0.5 s for
2 cycles. Image (A) shows a schematic representation of multiple wire depositions on a single ITO working electrode, simply by moving the ITO
working electrode up in between each electrodeposition. (B) shows a low magnification light microscopy image of three electrodeposited wires and
(C) shows a higher magnification light microscopy image of a single (one of three) gold nanowire electrodeposited on the ITO surface, with (D)
showing a scanning electron microscopy image of the same nanowire. Image (E) shows an increased magnification SEM image of the gold nano-

wires shown in image (D).

This journal is © The Royal Society of Chemistry 2024

Nanoscale, 2024, 16, 20073-20081 | 20077


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr00736k

Open Access Article. Published on 03 settembre 2024. Downloaded on 03/04/2026 18:47:11.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

A

Fig. 5 Scanning electron microscopy images of nanowires formed at
the edges of a droplet. A 1,2-dichloroethane (DCE) solution containing
10 mM HAuCl, and 100 mM [NBu4lIClO4] is pipetted as a droplet onto
the surface of ITO and surrounded by an aqueous solution containing 1
M KCl (bulk aq. layer). A multipotential step chronoamperometric
method was used, where the applied potentials were —0.65 V vs. Ag|
AgCl for 0.5 s, followed by 0.3 V vs. Ag|AgCl for 0.5 s. Images (A) to (B)
show increasing magnifications of the same nanowire.

deposit large aspect ratio nanowires of different geometries
based on the geometry of a three-phase system. These same
wires may also be exfoliated from the electrode surface for use
in other studies; Fig. S61 shows SEM micrographs of exfoliated
wires taken from a droplet system using carbon tape. As can be
noted from Fig. S6,7 the act of exfolitating the nanowires
induces several breaks and discontinuities in the wire, making
an independent conductivity measurement of individual wires
incredibly difficult. Therefore, relying on the circumference

View Article Online
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and thickness of wires estimated from SEM images shown in
Fig. 5, the aspect ratio of this as-deposited ring-shaped wire,
can be estimated to be on the order of 2 x 10*

Increased control of nanowire geometry and positioning was
additionally achieved by changing the geometry of the contact-
ing oil phase in this three-phase system, as shown in Fig. S7
and Fig. 6. Here optical micrograph and scanning electron
microscopy images show the use of capillaries for the controlled
positioning of three-phase boundaries using two different capil-
lary templates and subsequent deposition of nanowires along
these geometries. Fig. S7A-S7Ct and Fig. 6A-C show multiple
optical micrographs of repeatable instances of shaped depo-
sition for each case. “D” shaped nanowires achieved with a
theta capillary can be seen in Fig. S7A-S7C,T while circular
nanowires based on a regular glass capillary can be seen in
Fig. 6A-D. To achieve this behavior capillary tubes were brought
very close to our conductive ITO surface (already submerged in 1
M KCl) and subsequently filled with a 0.1 M [NBu,][ClO,] and
10 mM chloroauric acid solution. Upon filling the capillary, a
liquid|liquid|electrode three-phase interface can be created
(assuming the capillary is not fully contacting the ITO surface),
from which a nanowire can be deposited as before. For example,
a multipotential-step chronoamperometric method was then
used for the deposition, using the same potentials for 2 cycles.
To allow for multiple depositions of these shapes on the same
electrode, the capillaries were simply lifted from the surface
after a deposition and repositioned slightly above the ITO again
several hundred micrometers away laterally from the previous
position using a micro-positioner. From here, the chloroauric
acid solution was re-inserted into the capillary tube and the
deposition steps were repeated. Fig. 6C shows two such circular
nanowires deposited next to each other with the round capillary,
while Fig. S7B and Ct{ show multiple “D” shaped nanowires
achieved with the theta capillary. The fact that these images
show numerous gold nanowire shapes deposted close to one
another suggests a strong degree of reproducibility and further
demonstrates this system’s control and ability to accurately
deposit nanowires of desired geometries on conductive
surfaces.

&

Fig. 6 Tunable shape deposition of nanowires. A capillary was used to change droplet geometry and deposit multiple capillary shaped nanowires
on a single electrode surface. The capillary was lightly pressed on to our conductive surface and subsequently filled with a 0.1 M [NBu,][ClO4] and
10 mM chloroauric acid (DCE) solution. Applied potentials of —0.65 V vs. Ag|AgCl for 0.5 s, followed by 0.3 V vs. Ag|AgCl for 0.5 s were repeated for
2 cycles. Images (A) to (C) show light microscopy images taken during the deposition of gold wires on the ITO surface. (A) Shows the capillary
placed above the ITO, (B) shows the capillary filled with the DCE solution, and (C) shows the ring after deposition (and next to another ring of identi-
cal shape and size deposited previously). Image (D) shows a scanning electron microscopy image of the same nanowire shown in (A)—(C).
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Discussion

We attribute the formation of nanowires to the increased concen-
tration of AuCl," at the interface between the liquid phases and not
simply due to other reasons such as lower iR drop or double layer
charging time at the three phase boundary. To refute these alterna-
tive explanations, we conducted a set of additional control experi-
ments. In the first, we ensured that the glassy carbon counter elec-
trode only had contact with the DCE phase (see Fig. S6T). Even in
this configuration, preferential electroreduction of gold still occurs
at the location where the water|DCE interface meets the ITO elec-
trode. This suggests that the reason nanowires are formed is not
solely because electrodeposition at the three-phase boundary is the
path of least resistance, since no ion transfer across the liquid|
liquid interface is necessary when the counter electrode is con-
fined to the DCE phase. Additionally, Fig. S71 shows a scanning
electron micrograph wherein a larger overpotential is applied.
Specifically, —0.9 V vs. the Ag|AgCl reference electrode was
applied to the ITO electrode using the same experimental setup
as shown in Fig. 1. Here, preferential electrodeposition of gold at
the three-phase interface is still observed to occur at the three-
phase boundary; however, additional deposition is observed
throughout the ITO|DCE interface, suggesting that while nano-
particles are still able to be deposited from the bulk chloroaurate,
the concentration there is insufficient to spontaneously grow
nanoparticles at more mild potentials. Furthermore, nanowire
formation with few-to-no nanoparticles being formed from the
bulk DCE phase, was achieved when a constant potential of
—0.65 V was applied for several seconds, which suggests that any
difference in double layer charging time between the different
interfaces is not solely responsible for this phenomenon.

We therefore propose that the preferential electrodeposition
is due to the formation of an antagonistic salt, [NBu,][AuCl,],
from the original chloroaurate and tetrabutylammonium
cations present in the DCE phase (eqn (1)).>*> This antagon-
istic salt can then adsorb at the liquid|liquid boundary (ie.,
the water|DCE interface) based on the difference in solubility
of the two ions (eqn (2)).**>® Then the reduction of chloroau-
rate present at the water|DCE interface can electrodeposit gold
on the surface of the electrode (eqn (3)).

AuCl, (DCE) + NBu,* (DCE) « [NBuy|[AuCl,] (DCE) (1)
[NBuy|[AuCly] (DCE) < [NBuy][AuCly] (DCElaq.) (2)

[NBuy][AuCly] (DCElaq.) + e~ — Au(s) 4+ 4 Cl~ (DCE)
+ NBu, " (DCE) (3)

Reaction (3) needs to be accompanied by an ion transfer
reaction, as the current must flow between the working electrode
(where a reactant from the dichloroethane phase - i.e., chloroau-
rate — is reduced) through the aqueous phase to the counter elec-
trode where oxidation occurs. Therefore, either an anion from
the dichloroethane phase needs to transfer to the aqueous phase
or an aqueous cation transfers to the DCE phase. Given the ion
transfer potentials of the ions that satisfy these conditions,*® the
most likely ion transfer reaction is the generated chloride (from
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chloroaurate) into the aqueous phase. In fact, this could be a con-
certed reaction as shown by reaction (4):

[NBuy|[AuCly] (DCE|aq.) + e~ — Au(s) + 4 Cl™ (aq.)
+ NBuy* (DCE) (4)

Besides chloride transferring to the aqueous phase, the per-
chlorate anion is the next most thermodynamically favorable
anion to transfer to the aqueous phase to maintain electroneu-
trality; whereas potassium transferring from the aqueous
phase to the DCE phase is not spontaneous.>®

Our group has previously studied the mechanism of this
phenomenon.*® Importantly, the physico-chemical properties of
our strategy differs from previously reported liquid|liquid chemi-
cal seed-mediated and electrochemical seed-mediated growth
strategies. In the former, a chemical reductant can be placed in
one liquid phase, where the other phase contains the metal pre-
cursor reactant. Only where the two phases meet can the metal
be reduced, creating nanoparticles at the liquid|liquid. In the
latter, the electrode replaces the chemical reductant as the source
of electrons, and as such, nanoparticles, nanorods, and/or nano-
wires are deposited at many locations scattered across this elec-
troactive surface. While in our methodology the electrode still
acts as the electron source, we use the relative difference in solu-
bilities between the organic cation and the anionic metal precur-
sor to favor adsorption and increase the metal concentration at
the liquid|liquid interface. This increases the probability of
nucleation and subsequent growth of the nanowires at this three-
phase interface. Others, like Liu et al., investigated the reduction
of HAuCl, through UV radiation and revealed that phthalocyanine
derivative compounds with quaternary ammonium cations
exhibited preconcentration at the liquid-air interface.””
Considering the presence of quaternary ammonium salts in the
DCE phase of our experiments, a similar preconcentration of
NBu, " at the water-oil interface could potentially facilitate favor-
able interactions with AuCl,~ at the interface, thereby promoting
the deposition of gold nanowires. Given the interactions between
the chloroaurate anion and the quaternary ammonium cation, an
antagonistic salt could be forming and allowing for surfactant-
like behavior to preferentially preconcentrate gold at the liquid|
liquid|electrode interface allowing for electrodeposition of these
high aspect ratio nanowires. While the generalizability of this
technique is the topic of current study, we acknowledge that the
chloroaurate anion may be especially able to achieve this type of
triphasic electrodeposition due to its properties as an anionic
metal complex that can ion pair with a tetraalkylammonium
cation and have sufficient solubility in both the aqueous and
organic phases.

Conclusion

In summary, we present a new concept, termed triphasic electrode-
position, for the electrodeposition of gold nanowires with ultrahigh
aspect ratios, tunable thickness, length, positioning, and geometry.
This nanowire electrodeposition is achieved by taking advantage of
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a three-phase boundary (liquid|liquid|electrode) and multipoten-
tial step chronoamperometric methods to preferentially deposit
gold at the three-phase boundary. The work presented here shows
a template-free and cleanroom-free method for forming mm-
length nanowires with tunable aspect ratios and excellent control
over nanowire placement on a conductive surface.
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