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Poor length uniformity in nanowires synthesized by template-assisted electrodeposition remains
a bottleneck to the development of nanowire-based energy and electronic devices. This fabrication
method is inherently unstable, often amplifying non-uniform growth and making precise control difficult.
In this work, we investigate how introducing a temperature gradient along individual Bi nanowires

enables self-controlled growth that suppresses such instability and improves length uniformity. The
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Accepted 28th October 2025 temperature difference at the nanowire tips, induced by the fin effect, regulates the local growth rate of
each nanowire, allowing the system to equilibrate toward uniform lengths. This approach not only

DOI: 10.1039/d5ra07147j enhances the feasibility of nanowire-based technologies but also provides fundamental insights into self-
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1. Introduction

Nanowires are regarded as promising building blocks for next-
generation electronic and energy technologies, and their
development remains a central focus of nanoscience
research.’™ Synthesizing nanowires for these applications
requires scalability, simplicity, and selectivity. In this context,
the template-assisted electrodeposition method offers distinct
advantages over other methods by meeting these criteria.>® In
template-assisted electrodeposition, a porous scaffold with
narrow, elongated channels guides the electrochemical depo-
sition of metal ions to form nanowires. Commonly used
templates, such as anodic aluminum oxide (AAO), contain
densely arranged nanopores that enable the fabrication of
compact nanowire arrays. This “template” is what makes such
a method attractive for implementing in various energy and/or
electronics applications because the template itself provides
mechanical robustness and serves as an electrical insulator that
keeps dense nanowires separated from each other.

However, a critical limitation arises in template-assisted
electrodeposition when implemented for device applications
that require electrical connection at both ends of the nanowires.
That is, the length uniformity of the nanowires synthesized by
this method is shown to be extremely poor. When certain
nanowires grow faster and emerge from the template, they
expand laterally without restriction, thereby blocking neigh-
boring pores (Fig. 1a). Consequently, only a small fraction,
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regulating growth mechanisms, offering new opportunities in materials science.

typically well below 1%, of the nanowires achieve full connec-
tion between both ends of the template.”

One major reason for this behavior is the non-uniform ion
transport near and within the long, narrow nanopores. Since
the size of individual pores is always irregular and dispersed,®®
local mass transfer and resulting concentration gradients near
the growth front are seldom uniform.'>** This effect is more
pronounced in disordered commercial AAO membranes such as
Anodisc, which are convenient to use but irregular in pore size
(otherwise, fabricating home-made AAO membranes involves
tedious fabrication steps and elaborate effort). Also, the non-
uniform ion transport becomes more prominent in the pres-
ence of an electrolyte with a low concentration used for nano-
wire growth, which is inevitable for particular circumstances

o
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Fig. 1 Self-controlled growth of nanowires via thermal gradients. (a)
Unstable growth of nanowires in template-assisted electrodeposition.
(b) Suppression of growth instability by introducing temperature
gradients across the nanoporous template, resulting in more uniform
nanowire growth.
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that require a low concentration of metallic salts (<0.1 M), such
as synthesizing bismuth'* or bismuth compound structures.™

Moreover, this non-uniform nanowire growth is inherently
an unstable process where the non-uniform ion transport
accelerates the uneven growth of the nanowires.'®** That is, ions
transported through pores containing longer nanowires can
more easily reach the growth front because the remaining pore
length is shorter; this leads to accelerated nanowire growth for
the longer nanowires compared to the shorter ones.

To date, several efforts have been devoted to mitigating this
non-uniform ion transport and enhancing nanowire length
uniformity,  for  instance, by employing  pulsed
electrodeposition,*™® lowering the deposition temperature,*>**
or modulating surface conduction.* Although these
approaches have been shown to be fairly effective in enhancing
nanowire length uniformity, they are based solely on sup-
pressing the overall transport and reaction rate, which fails to
prevent the positive-feedback process.

Previously, we reported that imposing temperature gradients
across nanoporous templates could suppress growth insta-
bility," which was later studied theoretically by others."*** In
this work, we present a comprehensive investigation of
temperature-gradient-driven nanowire electrodeposition and
demonstrate that the growth instability can be experimentally
controlled, resulting in enhanced nanowire growth. The
difference in the tip temperature of individual nanowires
caused by the fin effect triggers a self-controlled growth mech-
anism that regulates their own growth rate and enhances overall
length uniformity. Even with a highly disordered nanowire
template (Anodisc) and a low electrolyte concentration (20 mM),
we show that it is possible to enhance nanowire length unifor-
mity by more than 40% compared to nanowires grown under
uniform temperature conditions.

2. Results and discussion

The concept of self-controlled nanowire growth via temperature
gradients is shown in Fig. 1b. When the temperature of the
bottom side (seed layer) of the template is high, and the
temperature of the electrolyte is maintained at a low tempera-
ture, the temperature at the tips (growth front) of the nanowires
should be different depending on the length of the nanowires
because temperature gradient is drawn along the nanowires by
fin effect. For instance, the tip temperature of a long nanowire
should be low whereas that of a short nanowire should be high,
which implies that the electrochemical reaction at the short
nanowire should be much faster compared to the long nanowire
because the electrochemical reaction is highly dependent on
the temperature, which follows the Arrhenius relation. There-
fore, shorter nanowires should grow faster than longer nano-
wires, enabling self-controlled growth for enhancing the length
uniformity.

Therefore, to induce local temperature gradients along the
nanowires during electrodeposition, we built a reaction cell that
includes an ambient temperature control unit along with a local
heating unit (Fig. 2). The ambient temperature of the electrolyte
was controlled by external water jacket that circulates through
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a constant temperature bath (Fig. 2a). Local heating along the
nanowires was enabled by a microfabricated heater/sensor
device (Fig. 2b and c). An indium tin oxide (ITO) heater, along
with a platinum resistance temperature detector (RTD), depos-
ited on a silicon substrate induces and measures the tempera-
ture gradient (Fig. 2c). On the backside, copper foil was
deposited as a working electrode. Here, nanowire template
(Anodisc, average pore diameter = 320 nm),® which is sputtered
with 300 nm-thick copper layer on one side, was placed. To
prevent unwanted heating of the electrolyte, the device was
sealed with epoxy, leaving only the growth area exposed. Also,
the electrolyte was vigorously stirred to ensure a uniform bath
temperature.

In order for a temperature gradient to be drawn along the
nanowires under such a short length, thermal conductivity of
the nanowires as well as AAO must be as low as possible. We
have chosen bismuth for this purpose due to the low thermal
conductivity (0.8 W m™" K at 300 K for electrodeposited bismuth
nanowires.”?) Also, the thermal conductivity of Anodisc is
known as about 0.9 W m™~" K at 300 K.>* Such low thermal
conductivity values of bismuth nanowires and AAO are expected
to increase the temperature gradient along the nanowires.
Moreover, the similar thermal conductivities of the two
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Fig. 2 (a) An electrodeposition cell capable of achieving local
temperature gradients across nanoporous anodic aluminum oxide
(AAO) template. (b) Cyclic voltammetry for bismuth under various bath
temperatures. Red arrow indicates assigned overpotential, which is
70% between the two reduction peaks (peak 1 and 2).
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materials will minimize any significant thermal crosstalk
between the neighboring nanowires, thus maintaining the
individual temperature of the nanowires mostly along their
length.

As our goal is to self-regulate the electrochemical reaction
rates across the whole nanowire by inducing a temperature
difference, other factors besides temperature that influence the
reaction rate should be strictly regulated. To this end, a rigorous
control of the overpotential is critical since a slight difference in
the overpotential leads to an unfair comparison across the
experiment cases. Therefore, rather than using a reference
electrode, we applied a certain overpotential that was individ-
ually determined from cyclic voltammetry prior to potentio-
static electrodeposition. In detail, we have observed two
reduction peaks for the bismuth salt, which are Bi*" to Bi"
reduction near —1V (peak 1) and Bi" to Bi reduction near —2.3 V
(peak 2),"* as shown in Fig. 2. Between these two particular
events, we have chosen a certain overpotential for the electro-
deposition of bismuth, which is 70% point closer to peak 2
between the two reduction peaks (indicated as red arrow in
Fig. 3). This particular value was chosen as an optimal value for
the electrodeposition because if the overpotential was higher
than this value, i.e. closer to peak 2, the growth of the nanowires
was too fast so that the self-controlled growth could not be
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Fig. 3 Length uniformity of nanowires under various temperatures. (a)
Back-scattered SEM images of cross-sections of nanowire-embedded
AAQO templates under various bottom surface temperatures, T. (b and
c) Zoomed-out SEM images when T is (c) 10.1 °C and (d) 28.8 °C. (d)
Average length uniformity of nanowires grown at different T,. Blue
circles indicate experiments under uniform temperature (Tg = Ty),
whereas red triangles indicate experiments with local heating (T > Ty).
Scale bars are (a) 50 um and (b and c) 100 pm.
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observed whereas if the overpotential was lower than this value,
i.e. closer to peak 1, growth of the nanowires did not initiate due
to the narrow potential window for electrochemical reduction to
occur.

The results for the length uniformity in various experimental
conditions are presented in Fig. 3. Fig. 3a-c show the back-
scattered scanning electron microscope (SEM) images for the
cross-sections of the nanowire-embedded AAO templates grown
at various bottom surface temperatures T while the bulk elec-
trolyte temperature Ty, is fixed at T, = 10 °C. Bright and dark
contrasts in SEM images correspond to bismuth and alumina,
respectively. When synthesized at 10 °C without any local
heating (7 = Ty, = 10 °C), it is shown that only a small fraction
of the template is filled with nanowires. However, as T
increases due to the local heating, the length of the nanowires
occupying the AAO template increases along with more image
contrast between the nanowires and AAO, indicating more
bismuth nanowires. The quantitative length uniformity, which
is presented in Fig. 3d, was estimated as the ratio of the average
length of the fully grown nanowires to the thickness of the
nanowire template, where the error bars represent the degree of
fluctuation of the overall length of nanowires. It is shown that
the average length uniformity increases as Ty is increased up to
a certain point (red triangles). At T, = 28.8 °C, the length
uniformity reaches up to 49.4%, which is 40% enhancement
compared to the baseline experiment. After Ty = 30 °C, the
length uniformity dramatically decreases.

Unambiguously, this length uniformity enhancement is not
attributed to the overall temperature change, but due to the
temperature gradient, as confirmed by further experiments in
which we have carried out; electrodeposition of the nanowires
without local heating under various uniform temperatures. Blue
circles in Fig. 3d represent the length uniformity of the nano-
wires under various uniform electrolyte temperatures without
local heating. The results reveal that without local heating, as
the overall temperature is increased the length uniformity of the
nanowires is slightly decreased, which is in agreement with
previous reports,’>* and the results clearly deviate from the
local heating results (red triangles). Therefore, it is evident that
the temperature gradient plays a critical role in enhancing the
length uniformity during electrodeposition.

By analyzing chronoamperometric curves during electrode-
position, it is possible to further elucidate the relationship
between length uniformity and temperature gradient. Fig. 4a
shows a typical chronoamperometric curve for nanowire elec-
trodeposition. In brief, the nanowires begin to grow along the
nanopores where the deposition current shows relatively steady
behavior (stage (i)). As some fully grown nanowires begin to
grow outside the template and form hemispherical caps, the
deposition current rises due to the enlarged surface area (stage
(ii)). The caps block nearby pores, which hinders the growth of
nearby nanowires. The caps eventually form a continuous film,
such that the deposition current levels off again (stage (iii)).
These stages are separated by two particular points of inflection,
which are denoted as ¢; and ¢,. Reflecting this curve to the
length uniformity, an ideal curve that exhibits a perfect length
uniformity should resemble a step-function where the
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Fig. 4 Chronoamperometric curves for electrodeposition of bismuth
nanowire under various conditions. (a) Chronoamperometric curve for
normal potentiostatic electrodeposition under uniform temperature.
Insets illustrate morphological behavior at each growth stage. (b) t, to
t; ratios for various Ts. Blue circles indicate experiments under uniform
temperature (Ts = Ty), whereas red triangles indicate experiments with
local heating (T > Tp). (c and d) Chronoamperometric curves at stage
(i) for various Ts (c) without and (d) with local heating. Time is
normalized by t;.

overgrowth is instantaneous (t; = ¢,). In this sense, growth
behavior during the overgrowth period (stage (ii)) should be
closely related to the length uniformity. Thus, we analyze the
ratio between time taken in stage (i) (t;) and (ii) (£, — #) to
compare across different time scales for various experiments, as
presented in Fig. 5b. For experiments without local heating
(blue circles), (¢, — t;)/t; is near unity due to poor length
uniformity, and is insensitive to the temperature change,
implying that this is a universal trend. However, (t, — t;)/t; for
experiments with local heating (red triangles) are located far
below unity, indicating improved simultaneous overgrowth of
nanowires. Also, this value is sensitive to Ts, which tends to
increase with Ty and exceeds unity when T >30 °C. Therefore,
we confirm that local heating results in more concurrent growth
of nanowires with enhanced length uniformity. However,
a critical question remains: Is the temperature gradient
responsible for suppressing the non-uniform growth and
inducing self-controlled growth?

By taking a closer look at stage (i) in Fig. 4a, we were able to
find direct evidence for the answer. For normal electrodeposi-
tion of nanowires under uniform temperature, the deposition
current gradually increases because the nanowires grow, the ion
concentration gradient and the electric field increase, leading to
faster, unstable nanowire growth. As we examine the experi-
ments without local heating in Fig. 5c, it is shown that the
deposition current increases as the electrodeposition proceeds,
and the degree of such increase becomes more prominent as
the temperature increases. This implies accelerated growth
instability at higher temperatures, leading to poor length
uniformity.
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Fig.5 Heat transfer analysis of a nanowire inside a pore. (a) Schematic
of the cross-section of the nanowire-embedded nanopore. Red curve
represents the expected temperature profile along the nanopore. (b)
Nanowire tip temperature T, for different nanowire length L, under
various Ts.

In contrast, when temperature gradients are formed along
the nanowires due to local heating, distinct behaviors are
observed (Fig. 4d). As T increases, the increase in the deposi-
tion current tends to be suppressed, and it even shows
a decreasing behavior at 28.8 °C, which is the case for the best
length uniformity. Then, as the temperature further increases,
the deposition current again tends to increase. These behaviors
cannot be explained by the overall temperature rise because
electrochemical reactions are faster at higher overall tempera-
tures. We believe that this is direct evidence for the self-
controlled growth enabled by temperature gradients.

The fin effect may have triggered this self-controlled growth,
where the deposition current actually decreases as the nano-
wires grow. At the early stage, the length deviation of the
nanowires is not significant so that the tip temperature of the
nanowires (growth front) should be similar among the nano-
wires. However, the unstable growth leads to increased devia-
tion in the nanowire length as well as the tip temperature. This
triggers self-controlled growth where the electrochemical reac-
tion of longer nanowires is expected to be slower than shorter
ones. Recalling that the deposition current increase in stage (i)
is mainly due to the accelerated growth of the longer nanowires,
the deposition current is expected to decrease as the electro-
deposition proceeds when the tip temperature deviation is at
maximum, which we observe in Ty = 28.8 °C case.

The unstable growth behavior that reemerges at elevated
temperature (T > 30 °C) is ambiguous. One possible reason is
that the suppressed growth due to the fin effect is overcome by
increased ion diffusion along the pore channels due to the
increased overall temperature. Therefore, the fin effect is unable
to suppress the growth instability at higher temperatures. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a physical sense, this is somewhat in conjunction with what we
have previously mentioned where a large overpotential cannot
induce self-controlled growth behavior due to fast nanowire
growth. Nevertheless, we confirm that, to a certain degree (T <
28.8 °C), the temperature gradient evidently induces self-
controlled growth that leads to enhanced length uniformity.

To evaluate how temperature variations influence nanowire
growth, we perform a heat transfer analysis to calculate the
temperature profiles along the nanowires and assess the
resulting changes in ion diffusion. As discussed earlier, the
comparable thermal conductivities of bismuth nanowires and
AAO permit us to approximate the heat transport as one-
dimensional (1-D) along the nanowire axis. Under this 1-D
assumption, the thermal pathway and the corresponding
temperature profile are depicted in Fig. 5a. Since only conduc-
tion occurs on the electrolyte inside the pores of the template
due to the high aspect ratio of the pores,* the nanowire-
electrolyte system can be treated as a composite fin with
convective heat loss at the end. The temperature at the nano-
wire tip, T, can be expressed as

T — ho keanTb + o knw(L - an)Ts + keknw T (1)
e ho kean + hooknw(L - an) + keknw ’

where 7. is the convective heat transfer coefficient due to
stirring (8500 W m 2 K ' at 300 rpm),® k. is the thermal
conductivity of the electrolyte (0.6 W m ™" K at 300 K for water),
knw is the thermal conductivity of the nanowire (0.8 W m ™" K at
300 K for electrodeposited bismuth nanowire with a diameter of
250 nm),** L is the length of the nanowire template (60 um), and
Ly is the length of the nanowire.

Fig. 5b presents the calculated tip temperature T as a func-
tion of nanowire length L, for several T, based on eqn (1). The
results suggest that the temperature difference between long
and short nanowires is significant, arising from the fin effect
due to the low thermal conductivity of bismuth, and that this
difference amplifies as the T; increases. For instance, when Ts =
30 °C, T is 23.2 °C for a 50 um-long nanowire and 24.6 °C for
a 40 pm-long nanowire. This modest temperature difference of
1.4 °C produces a 7.0% change in the diffusion coefficient
(estimated from the Stokes-Einstein and Arrhenius relations,
with the activation energy extracted as 0.34 eV from growth rate
versus temperature data). These results indicate that a substan-
tial temperature gradient can indeed be established along
nanowires to induce self-regulated growth. Furthermore, Fig. 5b
shows that the slope of the curves becomes steeper with longer
nanowires. This suggests that the self-regulation due to thermal
gradients should intensify in the later stages of electrodeposi-
tion, potentially explaining the observed reduction in the
deposition current (Fig. 4d).

3. Conclusions

In summary, we have reported a strategy to suppress growth
instabilities and achieve self-regulated electrodeposition of
bismuth nanowires, leading to improved length uniformity.
Electrochemical measurements and heat transfer analysis
revealed that the fin effect generates temperature differences

© 2025 The Author(s). Published by the Royal Society of Chemistry
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along nanowires, inducing self-controlled growth by modu-
lating local transport rates. This mechanism not only improves
uniformity but also suggests that thermally driven self-
regulation could extend to other materials and synthesis
methods governed by diffusion-limited processes.*”*®
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