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Nanowire sensors are promising to deliver greater performance than conventional sensors due to their size confinement as well
as low cost and power consumption. However, scalable assembly of nanowire sensors remains a big challenge, which requires the
synthesis of uniform nanowires and organization of them. Here, we report a simple method to control the growth and organization of a
promising nanowire material for gas sensing, tetrathiafulvalene bromide ((TTF)Br), by mass transfer in electrodeposition. We found
that the use of Pt microdisk electrodes for electrodeposition of (TTF)Br wires resulted in wires with higher uniformity and larger
aspect ratio (length to width) than their counterparts deposited on Pt films under the same deposition conditions. More interestingly,
we found that the number of wires grown from a Pt microdisk electrode exhibited a limiting number of 3 or 4 per electrode when the
electrode diameters are smaller than ~1.4 pm. Both experimental and simulation results suggest that the morphological differences
and the constant minimum wire density are caused by the different TTF flux distributions at a microdisk versus a film electrode. The
results have significant implications for scalable manufacturing of nanowire-based sensing devices.
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One-dimensional nanostructures are widely recognized as the next
generation building block for many chemical,' electronic,*® and
optical’ applications on account of their unique physical and chemi-
cal properties. In particular, nanowire sensors are promising to deliver
greater performances with size confinement as well as low cost and
power consumption than conventional sensors.!%!* Despite their at-
tributes, nanowire sensors have yet to play a significant role in the
sensing market. In 2016, the global nanosensors market was valued
at $85 million'> whereas the global market for sensors was $123.5
billion.'® This is in part due to the lack of scalable manufacturing tech-
niques to mass produce nanosensors. Fabrication of nanowire sensors
typically goes through two steps: synthesis of nanowires and the sub-
sequent device assembly. Recent advancements in synthetic methods
make the scalable production of uniform nanowires possible. In con-
trast, scalable assembly of nanowire sensors remains a big challenge,
which requires the nanowires to be organized over large areas with
controlled orientation and density.!” Several methods have been previ-
ously proposed to address this challenge, including using the electrical
or magnetic field,'®'® templates,?’ microfluidic flow,?' layer-by-layer
deposition,? optical trapping,>® Langmuir-Blodgett technique,’* and
blown bubble film.?> These methods, however, require multiple addi-
tional steps to align the wires prior to the sensor assembly. To further
improve the efficiency of sensor manufacturing, it will be ideal if
the synthesis of uniform wires and the organization of them can be
accomplished in one single step.

Charge-transfer complexes are one promising group of materials
for achieving this goal. These materials have been studied intensely
in the last several decades mostly because of their one-dimensional
growth and high conductivity.?*-" We are interested in charge-transfer
complexes for two main reasons: (1) their micro/nanowires can be
synthesized directly on a device substrate via one-step electrochemical
growth under ambient conditions,?' which is difficult to realize for
other one-dimensional materials such as metal or oxide nanowires;
(2) we have recently discovered that charge-transfer complex wires,
such as tetrathiafulvalene bromide ((TTF)Br) wires, show rapid and
reversible conductivity changes in response to ammonia and other
solvent vapors'~*?> making them potential materials for gas sensing
applications.

Although the one-step electrochemical growth of charge-transfer
complex wires on device substrates simplifies sensor fabrication
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process, it is still challenging to control the uniformity, alignment,
and density of these wires for scalable production. For example, we
found that the (TTF)Br wires directly electrodeposited on a Pt film
were randomly oriented and showed significant variations in length
and width, which will be discussed in detail in the following sections.
In this paper, we report a simple mass transfer-based method using
microdisk electrodes (MDEs) to address this challenge. The benefits
of using MDEs are four-fold: (1) unlike the transient mass transfer on
a bulk electrode, the mass transfer on a MDE is at steady state ensur-
ing the steady supply of reactants without significant fluctuations for
uniform growth of the (TTF)Br wires; (2) the circular shape of MDEs
creates a radial symmetry for growing radially oriented wires; (3) the
non-uniform distribution of TTF flux across the surface of a MDE,
where the flux at the periphery is higher than that close to the center,
promotes one dimensional growth of the (TTF)Br wires leading to an
increased aspect ratio (length to width); and (4) the number of wires
per electrode can be conveniently adjusted by using MDEs of differ-
ent sizes. This new method is important for the scalable fabrication of
charge-transfer complex nanowire-based sensors.

Experimental

Chemicals and materials.—Tetrathiafulvalene (TTF, 97%), tetra-
butylammonium bromide (TBABr, 98%), tetrabutylammonium hex-
afluorophosphate (TBAPFq, 98%), and acetonitrile (ACN, 99.8%)
were purchased from Sigma-Aldrich and used without further pu-
rification. Glass capillary (0.d./i.d.:1.65/1.10 mm; soft temperature:
785°C) was purchased from Dagan Corporation. Pt wire (25 pwm di-
ameter, 99.95%) was purchased from Alfa Aesar. W wire (250 pm
diameter, 99.95%) were purchased from Solutions Materials. Pt film-
coated Si wafer (SiO,/Ti/Pt thin film on Si (100) (P-type) substrate,
where the thickness of SiO,, Ti, and Pt is 300 nm, 10 nm, and 150
nm, respectively) was purchased from MTI Corporation. SiC sand-
papers were purchased from Buehler, and Ag conductive epoxy was
purchased from MG Chemicals. All aqueous solutions were prepared
from deionized (DI) water (PURELAB, 18.2 MQ/cm, TOC < 3 ppb).

Fabrication of 25 pwm diameter Pt microdisk electrodes.—A
~2 cm long Pt microwire (25 pm in diameter) was attached to a
W wire using Ag conductive epoxy. Then, the Pt wire was carefully
inserted into a glass capillary followed by thermal sealing inside the
capillary using an H,/O, flame. The glass capillary with a sealed Pt
microwire was polished using a SiC sandpaper until a Pt microdisk
was exposed. Diameters of the prepared Pt microdisk electrodes (dp,)
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Figure 1. Electrodeposition of (TTF)Brg 76 wires on a Pt film at 0.20 V vs Ag/AgCl in an ACN solution containing 5.0 mM TTF and 0.10 M TBABTr. (a) SEM
images of (TTF)Bry 76 wires at deposition times of 10, 20, 30, and 60 s. (b) Plots of the average length of (TTF)Brg 76 wires (blue) and anodic current (red) as a
function of time (7). (c) Plot of the average width of (TTF)Br 76 wires vs 7. (d) The average aspect ratio (length/width) of (TTF)Brg 76 wires at different deposition
times. The error bars in the graphs are the standard deviations of more than 30 wires.

were confirmed electrochemically by measuring the diffusion-limited
current of these electrodes (ijmy in Figure S1) in an ACN electrolyte
solution containing 5.0 mM TTF and 0.10 M TBAPFs using the fol-
lowing equation:*

iimit = 2F CrreDdpy

where Crrr = 5.0 mM, D is the diffusion coefficient of TTF (= 2.0 x
107> cm?s™1),* and F is the Faraday constant.

Fabrication of Pt disk electrodes with diameters < 25 pm.—
Pt disk electrodes with diameters < 25 wm were fabricated using a
similar method as above.’? The only difference is that prior to thermal
sealing, the end of a Pt wire was sharpened in a 15 wt% CaCl,
solution using a sinusoidal wave with 100 Hz frequency and Vi, =
4 V. The average curvature of electrochemically sharpened Pt wire tips
is ~20 nm. The Pt nanotip was cleaned using DI water and thermally
sealed in a glass capillary. Pt electrodes with various diameters (from
~200 nm to 12 wm) were obtained by controlling the polishing time.
The electrode diameters were electrochemically determined from the
diffusion-limited current in 5.0 mM TTF in ACN using the same
equation as above.

Electrochemistry.—All the electrochemical reactions were per-
formed using the three-electrode system with a CHI potentiostat. Pt
microdisk electrodes were used as working electrodes, and a 0.5 mm
thick Pt wire was used as the counter electrode. An Ag/AgCl electrode
in saturated KCl was used as the reference electrode because it has
been reported to be one of the most stable reference electrodes in ACN
solutions.>®

SEM analysis.—The morphology of (TTF)Br wires was charac-
terized by field-emission SEM (JEOL JSM 7600F SEM). The SEM
including an in-lens thermo electron gun and a y-filter for detection
was operated at an acceleration voltage of 15 kV, working distance of
8 mm, and probe current of 6 LA. The ImagelJ software was used for
data analysis.

AFM.—The nanostructures of (TTF)Br wires were character-
ized by a Dimension 3100 AFM (Bruker) in the tapping mode un-
der ambient conditions. The height, amplitude, and phase images
were obtained using silicon tapping tips (nanoScience Instruments,

VistaProbes T300) with resonance frequency of 300 kHz and a nom-
inal tip radius less than 30 nm. The images were analyzed using
NanoScope Analysis 1.5 from Bruker.

Results and Discussion

Electrodeposition of (TTF)Br wires on a Pt film.—Electrodepo-
sition of (TTF)Br on a Pt film electrode was carried out by applying
an anodic potential step of 0.20 V vs Ag/AgCl in an ACN solution
containing 5.0 mM TTF and 0.10 M TBABTr for 10 to 60 s. At E =
0.20 V, TTF is oxidized to TTF* which then combines with Br~ to
form randomly oriented (TTF)Br wires on the Pt film (Figure 1a).
Note that although E7 ., JTFE = 0.40 V vs Ag/AgCl (Figure S1), the

formation of insoluble (TTF)Br shifts the oxidation potential of TTF
to more negative than 0.20 V. The wire morphology of (TTF)Br is pri-
marily caused by its molecular structure, which defines the interfacial
energies of different crystal facets.>**¢ The strong electrostatic bond-
ing along the [001] direction is responsible for the faster growth rate of
the (001) facet compared to the other facets, leading to the growth of
wire-shaped crystals on the Pt film.?* At electrode potentials more pos-
itive than 0.2 V, TTFBr exhibits featherlike morphologies as a result
of the change of these interfacial energies (Figure S2). The (TTF)Br
wires electrosynthesized under the above conditions are well known
to be a mixed-valence salt, (TTF)Bry, with the value of x ranging from
0.72 to 0.80 and an average reported value of 0.76.>” The composition
defines the extent of oxidation of the TTF chains, with the Br~ ions
serving to neutralize the charge. Hereafter, we will use (TTF)Br 76 as
the chemical formula of the electrodeposited (TTF)Br wires.

The chronoamperogram in Figure 1b (red curve) shows that the
(TTF)Bry 76 electrodeposition undergoes two stages. Initially, the cur-
rent spikes to a large value (> 100 pA) followed by a quick (< 0.2 s)
drop to a minimum current, i,,;,, of ~20 pA. After reaching i,,,,
the current increases nearly linearly with time (slope ~1.5 pA/s). A
similar i-f behavior has been observed by Ward and coworkers in elec-
trodeposition of (TTF)Bry7¢ on a gold electrode.’®* They attributed
the initial current drop to two possible reasons. First, the (TTF)Brg 76
nuclei cover the surface sufficiently so that their diffusion spheres
merge and this results in the onset of planar or linear diffusion, similar
to the Scharifker-Hills model for electrodeposition.**** Second, the
formation of inactive (TTF)Brg ;¢ centers exhausts the energetically
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Figure 2. Electrodeposition of (TTF)Brg 76 wires on a 25 wm diameter Pt MDE at 0.20 V vs Ag/AgCl in an ACN solution containing 5.0 mM TTF and 0.10 M
TBABT. (a) Optical microscopic images of (TTF)Brg 76 wires at deposition times of 2, 4, 6, 8, and 10 s. The dashed circles show the sizes of the (TTF)Brg 76
wires-Pt MDE ensembles (TB-MDE). (b) The average length of (TTF)Br( 76 wires (blue) and the current (red) vs ¢. The dashed red line shows the predicted iqx
that is limited by the mass transfer of TTF to the electrode. (c) The average width and (d) aspect ratio of (TTF)Brg 76 wires vs t. The error bars are the standard

deviations of more than 30 wires.

favorable nucleation sites originally present on the gold electrode.*®
The current increase after i,,;, was caused by an increase in the effec-
tive electrode area due to the growth of conductive (TTF)Br ;¢ wires
that behave as active electrode surfaces.”*

Figures 1b and lc show the average size of (TTF)Bry7¢ wires
ranges from 44 pm at 10 s to 270 wm at 60 s in length, and from 2 pm
at 10 s to 7 wm at 60 s in width, with a relative standard deviation of
30-65% and ~34%, respectively. The large variation in length and
width is most likely caused by the non-uniform distribution of
(TTF)Bry 76 nuclei on the electrode surface. For nuclei that are close
to each other, they compete for the reagents and grow slowly, whereas
nuclei that are further apart have less competition leading to faster
growth.*>*3 The aspect ratio, defined as the ratio of the average length
and width, increases at the beginning and reaches a maximum value
of ~40 after 30 s. The large variation in size, limited aspect ratio,
and random orientation of the (TTF)Brj7¢ wires prepared by direct
deposition on Pt films present the challenge in applying this elec-
trochemical method for large-scale production of nanowire sensors,
which demands a high degree of control over size, shape, orientation,
and density of the nanowires.
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Electrodeposition of (TTF)Br, ;s wires on a Pt microdisk elec-
trode (MDE).—To address the above challenge, we have found a sim-
ple but effective method to control the growth of (TTF)Brj7¢ wires
using microdisk electrodes (MDEs). Figure 2a show the growth of
(TTF)Bry 76 wires from a 25 wm diameter Pt MDE at 0.20 V vs
Ag/AgCl in an ACN solution of 5.0 mM TTF and 0.10 M TBABT.
The nucleation sites of (TTF)Br(76 are randomly distributed on the
electrode surface and the initial orientation of the wires is also ran-
dom (Figure S3). At the initial growth stage (< 1 s), these wires on
the MDE have already shown similar lengths and widths suggesting
the nucleation of the wires occurred simultaneously. The wires grow
radially with an average length of ~80 pm after 10 s deposition and a
constant growth rate of ~8 pm/s (Figure 2b), which is ~5 times that
using a Pt film (~1.5 pm/s). Moreover, these wires show a uniform
length with a small relative standard deviation of < 25% (compared to
30-65% with the Pt film in Figure 1b). This small variation in length is
not surprising because the disk geometry of the MDE provides a radial
symmetry for the growth of (TTF)Br( 76 wires. Most interestingly, the
width of the wires reaches a constant value of ~1 wm with a stan-
dard deviation of 24 to 48% (Figure 3c, and the corresponding SEM
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Figure 3. AFM cross-section analysis of (TTF)Bry 76 wires that were grown using a 25 pm diameter Pt MDE at 0.20 V vs Ag/AgCl in ACN for 10 s. For (a) and
(b), Crrr = 5.0 mM and Ctpapr = 0.10 M; for (c) and (d), Crtr = 3.0 mM and Ctpapr = 0.10 M. (e) The wire height vs width plot for (TTF)Brg 7¢ wires grown
at Ctrr from 3 to 10 mM. The red dashed line is the best linear fit of the data points with a slope of 0.14.
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Figure 4. (a) Simulated steady-state Ctrr distributions on nine evenly-distributed xy planes at z values between —100 pm and 100 wm. The TB-MDE, which
is located at z = —100 pm, comprises twenty (TTF)Brg 76 wires (length: 50 pm, width: 1 wm, and height: 150 nm, corresponding to the wire morphology at a
deposition time = ~6 s in Figure 2) connected to a 25 wm diameter disk. (b) Top view of the Crrr distribution at the TB-MDE. The view dimension: 200 pm x

200 pwm. (c) Distribution of the magnitude of total TTF flux (jrrr) at the TB-MDE.

images are provided in Figure S2). As a result, the average aspect ra-
tio of the (TTF)Br(7¢ wires increases linearly with electrodeposition
time, reaching the value of 80 in 10 s (Figure 3d), which is ~4 times
that of the wires grown on Pt films for the same duration (10 s) and
~2 times that of the maximum value on Pt films. We also tested the
extended electrodeposition time up to 60 s for comparison with the
wires grown on the Pt film. At 60 s, the average length, width and
height of the wires reached 493.1, 5.9, and 2.0 pm, respectively (Fig-
ure S4a). During the entire 60 s, the wires kept growing longer. The
average width, however, stayed at ~1 wm until 10 s, and then started
to increase with a rate of ~0.1 wm/s (Figure S4c). Also, the wire
width became non-uniform along the wires after 10s, with a larger
width at the tip than that at the other end connected to the Pt-MDE
(Figure S4b).

In addition to the length, width, and aspect ratio, we also found
the cross-section profile of these wires to be slightly different from
their counterparts on Pt films. Figure 3a shows a typical AFM image
of the (TTF)Br(7 wires that were grown under the same conditions
as in Figure 2. The height profiles of this wire (Figure 3b) show a uni-
form trapezoidal cross-section along the wire in agreement with the
previously reported morphology.>* The most prominent face is par-
allel to the substrate and extended along the needle axis of the wire.
The widths of the top and bottom faces are ~0.6 wm and 1.0 pwm,
respectively, which are consistent with the average width measured
by SEM (Figures 2c and S2). The wire height is ~170 nm leading to
a height/width ratio of ~0.17 and a dihedral angle between the top
and side faces of ~120°. Similar cross-section profiles are observed in
(TTF)Bry 76 wires that were prepared using other TTF concentrations
during electrodeposition (Figures 3c and 3d). More interestingly, Fig-
ure 3e shows the height/width ratio for all wires is a constant of ~0.14
suggesting the side and top faces are at thermodynamic equilibrium.*®
In contrast, such a constant height/width ratio has not been previously
observed for (TTF)Br76 wires grown on planar electrodes, which
exhibited a height/width ratio ranging from 0.2 to 0.5.% Overall, the
simple change from Pt films to Pt MDEs results in radially oriented
(TTF)Bry7¢ wires with a more uniform length, faster growth in the
length direction than the width direction leading to a higher aspect
ratio. These wires also show a relatively constant height/width ratio
when grown on Pt MDEs.

Mechanism of morphological changes.—Thus far, we have de-
scribed one interesting key finding: the use of Pt MDEs promotes the
one-dimensional growth of the (TTF)Bry7¢ wires. To understand it,
we first analyzed the i-7 transient for the Pt MDE (Figure 2b) to deter-
mine the possible rate-determining step during the electrodeposition
of (TTF)Bry7¢ wires. The i-t transient shows the current increases
linearly with time. The increase in current is attributed to the growth
of conductive (TTF)Br( 76 wires, which expands the electroactive area
for TTF oxidation.*® To quantitatively interpret the linearity of the i-¢
trace, we estimate the current (ip,y) that is limited by the mass trans-
fer of TTF to the electrode using Eq. 147 by considering the Pt MDE
and (TTF)Br( 76 wires together as a new electrode with an increasing

diameter (denoted as TB-MDE).

Imax = ICottrell + Lsteady state

= nFAWCri| 2+ 4nFDCred/2 + L) (1]

where n is the number of charge transfer for oxidation of a TTF
molecule (n = 1), F is the Faraday constant, L(t) is the average length
of (TTF)Bry ;¢ wires as a function of time (¢), dp, is the diameter of
the Pt MDE (dp, = 25 wm), A is the electroactive area of the TB-
MDE (A = (L + dp/2)?), Crrr is the bulk concentration of TTF,
and D is the diffusion coefficient of TTF (= 2.0 x 1075 cm?s~!).*
The predicted in, is plotted as a dashed red line in Figure 2b, which
overlaps well with the experimental i-¢ trace. This agreement indi-
cates that the TTF oxidation on TB-MDEs at 0.20 V is limited by the
mass transfer of TTF to the electrode rather than the reaction kinetics.
The specific contributions from the Cottrell (icouer) and steady-state
terms (igieady state) are provided in Figure S5. Because igeady-stae aC-
counts for more than 80% of the total current, we can approximately
consider that the electrooxidation of TTF on the TB-MDE is at steady
state for the entire 10 s deposition. Altogether, the TTF oxidation
at a TB-MDE in our experiment was at steady state and limited by
the mass transfer of TTF. Note that there are some slight deviations
between the experimental and theoretical i-¢ traces before 2 s and
after 8 s. The initial deviation may arise from the large contribution
of TTF reactions on the MDE to the total current when wires are
relatively short. The later deviation may be caused by the reduced
overlap of diffusion layers on the periphery of TB-MDE as the spac-
ing between the tips of wires increases. In both cases, the diffusional
patterns of TTF are slightly different from that in our theoretical
model.

Since mass transfer of TTF is the rate-determining step for gener-
ating TTF" and subsequent growth of (TTF)Brq s wires, we hypoth-
esize that the enhanced one-dimensional growth of (TTF)Brj ¢ wires
(i.e., the increased length/width ratio) is caused by the TTF flux (jrrr)
distribution on the TB-MDE being different from that on a planar film.
To test this hypothesis, we built a 3D steady-state finite element model
to obtain the distribution of jrrg at the TB-MDE during (TTF)Brg 76
electrodeposition. Simulation details are provided in the SI (Figures
S6 and S7). Briefly, we connect twenty (TTF)Bry7¢ wires (length:
50 wm, width: 1 pm, and height: 150 nm, corresponding to the wire
morphology at a deposition time ~6 s in Figure 2) to a 25 pm diam-
eter disk. For simplicity, we set the wires to be evenly distributed. As
discussed above, electrooxidation of TTF is at steady state and limited
by the mass transfer of TTF to the electrode, meaning Crrr = 0 on
the surfaces of (TTF)Br( 7 wires and Pt MDE, both of which act as
an active electrode (i.e., TB-MDE).

Figure 4a shows the simulated Crrp distribution on different xy
planes at z values from —100 pm to 100 pwm. The diffusion layer
thickness for TTF is ~100 pwm, which is comparable to the size of
TB-MDE. The Crrr between (TTF)Brj 7 wires is close to 0 (Figure
4b) indicating the diffusion layers for individual wires merge during
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Figure 5. (a) Optical micrographs of (TTF)Brg 76 wires grown using Pt disk electrodes with diameters (dp;) of 1.2, 1.4, 1.8, and 4.6 um. The number of wires (N)
increase from 3 to 15. Electrodeposition conditions: 0.20 V vs Ag/AgCl in an ACN with 5.0 mM TTF and 0.10 M TBABTr for 10 s. (b) The plot of N vs dp; for
21 Pt disk electrodes with diameters from 200 nm to 12 pm. The lower limit of N is 3 or 4. (c) Top row: simulated Ctrr at a 1.2 pm diameter Pt disk electrode
with different numbers of (TTF)Brg 76 wires (N from O to 4). The wire length, width, and height are set as 2 um, 1 pwm, and 150 nm, respectively. For N = 3 and
4, the angles between wires were obtained from the micrographs in (a). Bottom row: simulated jrrr distributions. The arrows indicate the regions with the largest

JTTE, or the “hot spots”.

electrooxidation of TTF. This leads to a thicker diffusion layer near
the center of the TB-MDE than on its periphery. Therefore, the jrrg
becomes much higher (> 6 times) at the tip of these (TTF)Bry 7 wires
than that along the body of these wires or at the Pt MDE (Figure 4c).
Due to the steady-state condition, generation rate of TTF* is thus
the highest at the wire tips. At Crgap: = 0.10 M, Br™ is in 20-fold
excess, so TTFT ions are expected to completely react with Br~ to
form the building blocks for the (TTF)Br76 wires. At the tip of a
wire, there is a sufficient supply of building blocks for the fast growth
of the (TTF)Br( 76 wires. However, the lack of such supply along the
body of these wires suppresses their growth in the width direction.
The slow growth of the wire body leads to the establishment of a
thermodynamic equilibrium between the top and side faces of the
wires. In comparison, during electrodeposition of (TTF)Br( 76 wire on
a Pt film, jrrg is relatively uniform across a Pt film (there is no higher
Jjrre at the wire tip than on the wire body) due to the planar diffusion.*’
To conclude, the non-uniform distribution of jrrg at the TB-MDE
promotes one-dimensional growth of (TTF)Bry;¢ wires: enhanced
growth in the length direction and suppressed growth in the width
direction.

Controlling the density of (TTF)Bry ;s wires.—In the previous
sections, we have shown that the large jrrg at the tips of (TTF)Bry 76
wires promote their one-dimensional growth. Now, we continue to
demonstrate the control of the density of (TTF)Br7¢ wires. In this

experiment, we fabricated Pt disk electrodes with diameters from
~200 nm to 12 wm using a previously reported method>*->? and used
them to grow (TTF)Brj ¢ wires under the same deposition conditions
as above: 10 s at 0.20 V vs Ag/AgCl in an ACN solution containing
5.0 mM TTF and 0.10 M TBABr. As shown in Figures 5a and 5b,
the number of (TTF)Brj 76 wires (V) grown using these Pt disk elec-
trodes generally increases as the electrode diameter (dp) increases.
No meaningful correlation was observed between the electrode size
and the dimensions of (TTF)Brj7¢ wires (Figure S8). The changed
number of wires can be understood in terms of an increasing number
of nucleation sites with increasing electrode size assuming a constant
nucleation site density at all electrode sizes. Interestingly, however,
we observed the existence of a lower limit of the number of wires to
be 3—4 when the electrode size is reduced. All the electrodes with dp;
< 1.4 pm grow either 3 or 4 wires (Figures 5b and S9).

This lower limit is surprising because a single nucleation site
is commonly observed when an electrode approaches nanometer
dimensions.**3-53 It might arise from the nucleus having a particular
crystal structure with 3 or 4 most favorable facets for wire growth.
However, if it is true, when we deposited these wires using a Pt film,
we should have observed similar (TTF)Bry ;¢ wire ensembles, each
containing 3 or 4 wires, rather than the relatively independent indi-
vidual wires in Figure 1. This discrepancy leads to another possible
mechanism: the local jrrp affects the initial growth of (TTF)Brj7
wires from a nucleus. As discussed in previous sections, the
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elongation of (TTF)Bry7¢ wires is accelerated by a high local jrrg.
By analogy, it is likely that the high local jrrr can also help with the
initial growth of (TTF)Brj7¢ wires from a nucleus. Figure 5¢ shows
the simulated Crre and jrre distributions at a 1.2 wm diameter Pt
disk electrode with different numbers of (TTF)Br, ;s wires attached
(N from O to 4). At N = 0, the jrrg is axisymmetric around the disk
electrode, so there is no location with larger jrrg (or the “hot spot”).
At N =1 and 2, the hot spots are located at the tips of the wires as well
as part of the disk electrode edge as indicated by the arrows. The latter
one might promote the growth of additional wires from the nucleus
at the Pt disk electrode causing N = 1 and 2 not favored. At N = 3
and 4, however, the hot spots are only present at the tips of the wires,
so they are not able to assist in the growth of new wires. For larger
electrodes (>1.4 pm), when N = 3 and 4, the hot spots are, however,
located all around the disk electrode rather than just on the tips of
the wires, resulting in the nucleation of additional wires (> 4 wires)
on the electrode surface (Figure S10). Hence, N = 3 or 4 becomes
the minimum wire density that can be achieved by reducing electrode
size.

Conclusions

In conclusion, we have demonstrated a simple but effective method
to control the growth of (TTF)Br 76 micro/nanowires using microelec-
trodes. The use of Pt MDEs ameliorates the uniformity of (TTF)Br 76
wires with a relative length standard deviation of less than 25% com-
pared to 30-65% for a Pt film. In addition, the elongation of the wires
becomes ~5 times faster than that using a Pt film, while their widths
remain relatively constant during the growth overcoming the aspect ra-
tio of ~40 that were found in the (TTF)Br( 76 wires grown on Pt films.
The AFM cross-section profiling result shows a constant height/width
ratio of ~0.14 for all wires grown using Pt MDEs, suggesting the
top and side faces of these wires are at thermodynamic equilibrium.
Analysis of the i-f transient during electrodeposition reveals the rate
determining step for the wire growth is the mass transfer of TTF to
the electrode. The fast mass transfer rate at the tips of the TTF wires
grown from a Pt MDE promotes the one-dimensional growth. We
also discovered that the number of wires per electrode depends on the
size of the Pt MDE and exhibits an unusual minimum of 3 or 4 per
electrode for dp, <1.4 pm. This lower limit of wire numbers can be
explained by the dependence of TTF flux distribution on the number
of wires grown out from a Pt MDE. Nanowires with high aspect ratios
will provide high sensitivity in nanowire sensors. The use of charge-
transfer salts could potentially enhance sensor selectivity without the
need for further surface functionalization. These features enable us to
move closer toward the realization of a low-cost and scalable man-
ufacturing technique of nanowire chemical sensors. This technique
has the potential of being a reliable platform for the manufacturing
of micro/nanowire-based devices such as FET transistors, electronic
interconnects, and quantum gates.
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