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ABSTRACT We present a new approach for the creation of nanowires with well-defined complex geometries by electrodeposition
onto self-organized single-walled carbon nanotubes. The concept is demonstrated by generation of continuous Au nanowires with
various geometries, including parallel arrays, serpentines, and coils. The generality of this approach is further illustrated by synthesizing
Bi2Te3 nanowires. Our concept of “drawing with nanotubes” offers to combine different material properties with complex geometries
on the route to new functional nanosystems.
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Envisioned nanodevices employ nanowires for various
functions, such as semiconducting transistor chan-
nels and electrical interconnects.1,2 Nanowires can

also exhibit unique properties owing to their low-dimension-
ality, including electroluminescence,3 lasing,4 photoconduc-
tance,5 thermoelectricity6 and giant magneto-resistance.7

Although research into nanowire synthesis has led to the
development of extensive methods and encompassed nu-
merous types of materials,8 the process of device fabrication
still poses major questions. Importantly, how can nanowires
be shaped into desired geometries (e.g., curves, rings, etc.)
or arranged according to specific designs? Self-assembly
holds promising prospects for directed synthesis and organi-
zation:9-12 It does not suffer from inherent resolution limits
(as opposed to photolithography), while offering a parallel-
process alternative to existing serial high-resolution pro-
cesses (e.g., electron-beam lithography and SPM lithogra-
phy).13 For instance, careful control of nanowire growth
conditions results in various complex geometries including
helical,14 ring,15 kinked16 and hyperbranched17 nanowires.
Templating is another method for synthesizing nanowires
with different geometries.18-23 Extensive efforts have been
devoted to the use of biological molecules as nanowire or
nanoparticle-array templates.24-29 Nanowire arrays of dif-
ferent materials have been produced by electrodeposition
onto step edges of highly ordered pyrolytic graphite
(HOPG).30-33 Single-walled carbon nanotubes have also
been used as templates, though mainly for the chemical,34,35

electrophoretic36 and electrochemical deposition of nano-

particles.37-42 Templating of continuous nanowires by nan-
otubes was reported on multiwalled nanotube forests43-45

and on two-dimensional random networks of single-walled
carbon nanotubes,38 in both cases achieved by electrodepo-
sition. However, templating of continuous nanowires on
single-walled carbon nanotubes with well-defined geom-
etries has not yet been reported, to the best of our knowl-
edge. Our group has recently developed a new approach of
“nanotube epitaxy”46 whereby carbon nanotubes can be
grown in a variety of self-organized patterns directed by
surfaces, including parallel arrays,46,47 grids,48 serpentines,
and coils.49 This makes carbon nanotubes an attractive
template for the deposition of nanowires. Here we show that
single-walled carbon nanotubes with various complex ge-
ometries can be used as templates for the electrodeposition
of nanowires of different materials, thus offering variety in
both form and material of the products. Despite previous
reports and common intuition,39 we show that under certain
conditions continuous coverage of the single-walled carbon
nanotubes is not limited by nucleation on their relatively
defect-free sidewall, but by diffusion limitation in a progres-
sive nucleation mechanism. We overcome the diffusion
limitation by using pulsed electrodeposition. This leads to
the successful electrodeposition of continuous nanowires
onto single-walled carbon nanotubes with well-defined com-
plex geometries.

Our templating method is illustrated in Figure 1. Self-
organized growth of single-walled carbon nanotubes is fol-
lowed by electrodeposition from solution, in which the
nanotubes function as working electrodes. We call this
approach “drawing with nanotubes”, because it creates
nanowires with specific shapes and materials drawn with
nanotubes, similar to lines drawn by an artist.
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The self-organization processes that we employ are sur-
face-directed growth and nonequilibrium self-organization
of single-walled carbon nanotubes, both developed in our
group.46,47,49 Arrays of parallel, straight nanotubes form
along the surface steps of miscut sapphire46 or quartz50

when the catalyst for nanotube growth is patterned directly
on the surface. This is due to the strong adhesion of growing
nanotubes to the surface steps, nanofacets, or atomic rows
of the substrate. Serpentines and coils are formed by
depositing the catalyst on stripes of thin amorphous SiO2,
which causes nanotubes to grow upward from the surface.49

These nanotubes then fall in a meandering or coiling pattern,
similar to falling spaghetti, due to surface adhesion. Surface
features (e.g., steps, nanofacets) introduce order into these
patterns, resulting in regular, highly periodic serpentines.

The templating process used in this work is electrodepo-
sition from solution, which exploits the electrical conductiv-
ity of carbon nanotubes, thus providing high selectivity (as
quartz substrates are electrical insulators) and applicability
under mild conditions compatible with other processes.
Most importantly, its generality makes the concept of “draw-

ing with nanotubes” applicable to various materials (metals,
semiconductors, electropolymers) and different nanotube
patterns (e.g., grids, serpentines, coils, etc.).

As a proof-of-concept, we demonstrate the electrodepo-
sition of Au on carbon nanotubes with self-organized com-
plex geometries. The materials and methods used in this
work are described in detail in the Supporting Information.
Briefly, carbon nanotubes are grown by chemical vapor
deposition (CVD) on miscut quartz substrates and then
contacted by photolithographic patterning of Ti electrodes.
Au is deposited from HAuCl4 0.24 mM solution with a KCl
0.1 M supporting electrolyte. Potentials are given versus a
Ag/AgCl pseudoreference electrode. The electrochemical cell
is transparent to allow real-time observation under an optical
microscope. Figure 1 shows an illustration of the experi-
mental setup, together with an optical image of a templated
nanowire.

The suitable potential range for Au electrodeposition was
found using cyclic voltammetry (CV) while observing the
sample under the optical microscope. Figure 2a shows a
cyclic voltammogram for arrays of surface-aligned carbon

FIGURE 1. “Drawing with nanotubes” concept and realization. (a) Stripes of amorphous SiO2 with Fe catalyst are patterned on a vicinal quartz
substrate. (b) Carbon nanotube growth by chemical vapor deposition (CVD). The nanotubes grow and self-organize into patterns determined
by surface features and gas flow. (c) Electrodes (Ti) are patterned on top of the amorphous SiO2/Fe stripes to provide electrical contact with
the nanotubes. (d) Au plating by pulsed electrodeposition (PED) from a solution of HAuCl4. Au nanoparticles form and merge along the
nanotubes as recurrent potential pulses are applied to them. (e) Illustration of the electrochemical cell for electrodeposition on carbon
nanotubes. The Au counter electrode (CE) is patterned on a glass slide. The cell compartment is carved from a piece of polydimethylsiloxane
and sewn through with a Ag wire, which is oxidized to Ag/AgCl and serves as a pseudoreference electrode (RE). The working electrode (WE)
consists of carbon nanotubes grown on quartz and contacted by Ti electrodes. The transparent quartz substrate allows for real-time observation
of the deposition process under an optical microscope. (f) Optical image of a serpentine Au nanowire templated by a self-organized nanotube.
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nanotubes in HAuCl4 solution. Deposition of nanoparticles
begins around 0.2 V with more nanoparticles appearing as
potentials become more negative. It is selective to the carbon
nanotubes, that is, nucleation over the quartz surface or Ti
electrodes is insignificant. Stripping of the deposit was
observed at positive potentials.

On the basis of the CV, we applied single potential steps
from -0.2 to -1.6 V to surface-aligned nanotube arrays.
However, single potential steps did not result in continuous
coating of the nanotubes. Potential steps only promoted
nucleation and growth of separate nanoparticles (Supporting
Information Figure S1). Longer step durations increase the
particle density (especially at less negative potentials), but
mostly result in larger particles (10 s steps produce diam-
eters larger than the desired wire thickness). Particle sizes
are polydispersed. Higher particle densities are obtained by
applying more negative potentials. The inset in Figure 2b
shows the nanoparticles produced by a potential step of
-1.6 V and 10 s. Differences in particle density among
nanotubes were only observed for potential steps equal to
or less negative than -1.0 V. Such differences may be
attributed to the diameter and chirality distribution, since
the rate of electron-transfer could depend on the electronic
properties of the nanotube.44 In addition, large contact

resistances may arise due to Schottky barriers when the
Fermi level is inside the bandgap of semiconducting nano-
tubes, leading to a smaller potential drop at the nanotube-
solution interface.

Electrodeposition of Au on nanotubes appears to be
limited by diffusion rather than by electron-transfer. This
finding is based on three observations: (i) The inverse
relationship between particle density and sizes. (ii) The
particle morphology tends to be rough and is especially
fractal-like at less negative potentials, as commonly seen in
diffusion-limited aggregation (Supporting Information Figure
S1). (iii) The decay of the potentiostatic current transients
(Figure 2b) is typical of diffusion-limited reactions. Our
finding adds to accumulating evidence of electrochemical
activity of the carbon nanotube sidewalls, namely high
electron-transfer rates at sidewalls51,52 and patterns of metal
deposition along carbon nanotubes.37,38 Also, although
selective nucleation at structural defects of carbon nanotubes
has been shown in the past,39 our Raman measurements
found no signature of such defects along entire nanotube
serpentines grown in our lab.49

We obtain significantly lower particle densities on surface-
aligned nanotubes as compared to those reported in the
literature for random nanotube networks.37,38 The highest

FIGURE 2. Electrochemical characterization of the Au electrodeposition on single-walled carbon nanotubes. (a) CV for surface-aligned single-
walled carbon nanotubes, showing a reduction wave around -1.0 V and a stripping (oxidation) peak around 1.3 V (potentials vs Ag/AgCl). CV
was performed in a solution of HAuCl4 0.24 mM, KCl 0.1 M (sweep rate 150 mV/s). (b) Current transient response to a potential step of -1.6
V in the same solution. Maximum current is reached at tmax ) 101 ms. Constant potential steps on surface-aligned nanotubes only yield
deposition of nanoparticles. SEM inset shows Au nanoparticles formed during 10 s of -1.6 V applied potential (scale bar 500 nm). (c) Illustration
of diffusion effects around growing particles. Existing particles deplete reactive species around them as they grow, leading to the formation
of “exclusion zones”, where further nucleation is inhibited. The figure shows particles along a nanotube and the concentration gradients
formed around them, represented by color gradients. Arrows represent diffusion of reactive species, showing how fewer particles can reach
the interparticle section of the nanotube (the diffusion perpendicular to the surface should follow a similar pattern). (d) Qualitative assessment
of the nucleation mechanism following the Scharifker-Hills method.58 Dimensionless current transients are plotted for different potentials
(solid lines) together with the theoretical curves (dotted lines) for instantaneous and progressive nucleation (IN and PN, respectively).
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densities occur on nanotubes or nanotube segments that are
not aligned by the surface. A single potential step could thus
produce continuous Au nanowires on flow-aligned nano-
tubes. These nanotubes were aligned by gas flow to fall
perpendicular to the quartz surface steps, to investigate the
effect of surface alignment on nucleation (see Supporting
Information Figure S2). We suspect that the properties of
nanotubes may be altered by an anisotropic substrate effect,
leading to significantly lower nucleation densities on surface-
aligned carbon nanotubes. Possible substrate effects include
physical deformation,53,54 changes in electronic structure
due to the direction of adsorption,55 or an effect of the
substrate on nanotube chirality during growth (as of yet
reported only for sapphire).56

Nanotube serpentines exhibit another interesting pattern
of electrodeposition, which may be substrate-induced. While
some serpentines are uniformly decorated by Au nanopar-
ticles following a potential step, others show decoration that
is selective to the straight segments (Supporting Information
Figure S3). An effect of surface alignment on the band
structure of nanotube serpentines has in fact been shown
by our recent Raman measurements.57 In serpentines that
are inherently semiconducting, the bottom sides of straight
segments appear to acquire a metallic character. Thus, both
electrochemical and Raman data suggest that the direction
of alignment on the substrate can have an effect on the
electronic properties of carbon nanotubes.

The diffusion limitation, coupled with low nucleation
densities (which are especially low on surface-aligned nano-
tubes), thus seem to constitute a major obstacle for the
electrodeposition of continuous nanowires on single-walled
carbon nanotubes. As schematically explained in Figure 2c,
under diffusion limitation the concentration of reactive
species around each growing nucleus is depleted, which
creates a growing “exclusion zone” in which no further
nucleation can take place.58,59 The appearance of new
particles between existing ones is therefore inhibited. Thus,
the diffusion limitation may be setting an upper limit for the
nucleation density along nanotubes (a certain “saturation
density”). This saturation density is lower than the nucleation
site density inherent to the nanotube sidewalls. Note that
our reasoning is based on the observation that the appear-
ance of particles along nanotubes is indeed gradual, as seen
under the optical microscope. The fact that the major
obstacle is due to diffusion limitation and is not inherent to
the properties of the single-walled carbon nanotubes leaves
room for significant improvement of the electrodeposition
by simply changing the profile of the applied potential. In
the following section, we describe how a better understand-
ing of the reaction kinetics assists us in obtaining higher
nucleation densities and eventually continuous nanowires.

First, we ascertained that the gradual appearance of
particles observed under the optical microscope indicates a
mechanism of progressive nucleation (PN) for the elec-
trodeposition of Au on single-walled carbon nanotubes (i.e.,

gradual activation of nucleation sites along the nanotubes)
rather than instantaneous nucleation (IN, where all the
nucleation sites would be activated at once). This was done
by analyzing the current transients according to the method
of Scharifker-Hills.58 Figure 2d shows dimensionless tran-
sients recorded for various potential steps, compared to the
theoretical curves for instantaneous and progressive nucle-
ation (eqs 1 and 2, where i, imax, t, and tmax denote the
current, peak current, time, and the time of peak current,
respectively). For less negative potential steps (0 to -0.6 V),
the current transients closely resemble those theoretically
expected for progressive nucleation, both in the rise and the
decay. For more negative potential steps (-0.8 to -1.6 V),
the current initially follows the progressive nucleation curve
but shows a different type of decay after reaching the peak.

We note that use of the Scharifker curves to assess the
nucleation mechanism in our system should be done with
caution, because they were formulated for random nucle-
ation on surfaces,58,59 whereas in our system, nucleation
density is not random over the whole surface but highest
along nanotubes and lower in any other direction. However,
at less negative potentials, the nucleation density along
nanotubes is relatively low and then the anisotropy becomes
negligible. This can explain why the experimental transients
in our one-dimensional systems for the less negative poten-
tial steps closely resemble the theoretical curves developed
for random two-dimensional nucleation.

For the more negative potential steps, the decay profile
is not the typical Cottrellian t-1/2 decay observed in both
instantaneous and progressive nucleation,58-61 but rather
around t-1/7. This non-Cottrellian decay could result from
different factors, such as the anisotropy of the nanotube
arrays, evolution of nonplanar diffusion regimes (e.g., hemi-
cylindrical diffusion to individual nanotubes), electron-
transfer limitations, and nanoelectrode effects62 (see Sup-
porting Information for a more detailed discussion). Decay
profiles similar to our t-1/7 have been reported for elec-
trodeposition of Ag and Ni on carbon nanotube networks
and forests, respectively.38,42

Further support for progressive nucleation is provided by
scanning electron microscopy (SEM) images, which show a
wide distribution of particle sizes uncorrelated to their local
density (Figure 2b inset, Supporting Information Figures S1
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and S2c). This indicates that particles start to grow at
different times during the application of the potential step,
as consistent with a progressive nucleation mechanism.

On the basis of the above considerations, we conclude
that the electrodeposition of Au on single-walled carbon
nanotubes in our system proceeds by a mechanism of
progressive nucleation for all of the applied potentials, even
though the current transients for the more negative potential
steps are not adequately described by the existing theory.
This finding is also consistent with previous results for the
electrodeposition of Pt on nanotube networks, which was
shown to proceed by progressive nucleation via a slow
multistep reduction of PtCl6-.40 The progressive nucleation
of Au in our system could be a similar case, since the
reduction of AuCl4- is also a multistep process.

The fact that the electrodeposition of Au on single-walled
carbon nanotubes in our system proceeds by a mechanism
of progressive nucleation confirms the diffusion limitation
illustrated in Figure 2c. This explains why a single step
cannot lead to the formation of continuous nanowires due
to the merging of exclusion zones. We find that this diffusion
limitation can be overcome by allowing the concentration
of AuCl4- near existing Au nuclei to replenish for a certain
period of time, before resuming the application of potential
for further nucleation and growth. This process can be
repeated for a number of cycles using pulsed electrodepo-
sition.

Pulsed electrodeposition (PED) is a common method of
promoting dense nucleation on surfaces.63 It consists of
applying multiple short potential steps (pulses) of elec-
trodeposition, separated by intervals of a different potential
at which no deposition occurs. Each interval allows for
regeneration of reactive species in the exclusion zones
around existing nuclei. Nucleation between existing particles
is therefore possible during the next pulse. To the best of
our knowledge, PED has not yet been applied to single-
walled carbon nanotube electrodes. Figure 3a presents a
scheme of the pulse program with its various parameters.

Parallel arrays of continuous Au nanowires are obtained
by pulsed electrodeposition on perfectly aligned single-
walled carbon nanotubes on quartz50 (Figure 3c,d). To
produce these arrays, we applied 20 pulses of -1.6 V, 0.2 s
long, separated by 1.0 s intervals of -0.06 V. The current
response to this program is shown in Figure 3b. SEM and
atomic force microscopy (AFM) scans of resulting nanowires
are presented in Figure 3c,d, respectively. The heights of
these nanowires (measured by AFM) are 40-50 nm, while
widths (estimated by SEM) are 80-100 nm. The Au nanow-
ires are roughly hemicylindrical, based on these observa-
tions. Our reasoning in choosing the PED parameters is
explained in the following paragraphs.

The pulse potential, Eon, was set at a large overpotential
for the reduction of HAuCl4 on nanotube arrays (based on
the CV and the results of single potential steps). This provides

a strong driving force for nucleation to compete with further
growth of existing nanoparticles. The duration of each pulse,
ton, should allow near-saturation of the nucleation density
but leave minimal time for particle growth. The time of peak
current (tmax) marks the point when nucleation and growth
are no longer significant due to diffusion limitations. The
theory of nucleation on surfaces predicts that at tmax, the
nucleation density reaches 95% of its saturation value.58 We
therefore set ton as slightly longer than tmax.

For interval duration we initially choose toff g 3ton and
increase toff if peaks of consecutive pulses show a marked
decay. Such long intervals are required for diffusion to
replenish the ion concentration near particles, but they make
the choice of interval applied potential, Eoff, crucial for the
final thickness and continuity of the nanowires. Eoff was
chosen based on the CV as the point where, after the
potential is swept to negative potentials and back (meaning
that nucleation has occurred), the measured current is zero.
Thus, no growth, shrinking, or stripping of existing particles
should occur during toff. The suitable number of repeats, N,
was determined experimentally to obtain a minimum thick-
ness of continuous nanowires.

Peak currents may be expected to increase rather than
stay constant, since the surface area of the Au nuclei
increases from one pulse to another. However, due to
multiple nucleation on the surface, a regime of planar
diffusion is rapidly attained, so the peak current is actually
limited by the macroscopic area where the electrodeposition
takes place. On the other hand, tmax becomes shorter from

FIGURE 3. Continuous Au nanowires by pulsed electrodeposition
(PED). (a) Diagram of the pulsed electrodeposition program. (b)
Currents measured during PED of Au on surface-aligned nano-
tubes; Eon ) -1.6 V, Eoff ) -0.06 V, ton ) 0.2 s, toff ) 1.0 s, and N
) 20. (c) SEM and (d) AFM images showing arrays of parallel
nanowires formed by PED. Nanowire heights in this image are
around 40 nm.

© 2010 American Chemical Society 4746 DOI: 10.1021/nl103270s | Nano Lett. 2010, 10, 4742-–4749



pulse to pulse due to increase in the microscopic nuclei
surface area.

Serpentine and coiled Au nanowires were templated on self-
organized carbon nanotube serpentines42 and coils, respec-
tively, using the same PED program as mentioned above, but
applying longer intervals (toff ) 1.3 s). Optical, SEM, and AFM
images of these nanowires are shown in Figure 4. Wire heights
(measured by AFM) of serpentines at the straight segments are
80-90 nm, again suggesting a hemicylindrical cross-section.
The curved sections of serpentine nanowires are thicker than
the straight ones, with a height of about 120 nm. For coils,
cross-section heights are between 120 and 180 nm. The
difference in nanowire thickness between the straight and
curved segments of the serpentines may be explained in two
ways. (i) Curved sections grow larger because they have less
competition for reactant species from neighboring nanotube
segments. (ii) There could be some degree of selectivity for

nucleation depending on nanotube alignment or curvature, as
observed with single potential steps (Supporting Information
Figure S3). As of yet, we cannot determine whether the thicker
curved sections of Au serpentines result from either or both
reasons.

We demonstrate the general applicability of our “drawing
with nanotubes” concept to other materials by electrodepos-
iting bismuth telluride (Bi2Te3) along surface-aligned nanotube
arrays. Bi2Te3 is a room-temperature thermoelectric material
exhibiting increased performance in low-dimensional struc-
tures (e.g., nanowires).64,65 It can be electrodeposited from
solution according to the following reaction:66

FIGURE 4. Au nanowires with complex geometries obtained by PED on self-organized carbon nanotubes. Images by optical microscopy (a-d),
SEM (e-h), and AFM (i-k). Examples include a coil (a,e,i), a “pretzel” shape (b,f), and two serpentines (c,g,j and d,h,k). Black frames on the
SEM images locate the sections whose AFM scans are presented below. AFM height measurements for (i) are 120-180 nm, for (j) 90-100 nm
along the straight segments and up to 130 nm at the curved segments, and for (k) 75-90 nm along the straight segments and about 100 nm
at the curved segments. Parameters of the PED program were Eon ) -1.6 V, Eoff ) -0.06 V, ton ) 0.2 s, toff ) 1.3 s, and N ) 20.

2Bi3+ + 3HTeO2
+ + 18e- + 9H+ f Bi2Te3(s) +

6H2O E0 ) 0.62V
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Figure 5 shows Bi2Te3 nanowires produced during cyclic
voltammetry in a solution of Bi(NO3)3 and TeO2. The Bi2Te3

nanowires are straight, parallel to each other and about 100
nm thick. The exact stoichiometry of the Bi2Te3 nanowires
determined by energy-dispersion spectroscopy (EDS) is
Bi2Te2.81, which is very close to the ideal Bi2Te3 stoichiometry
within the measurement error range. This is the first dem-
onstration of Bi2Te3 nanowires synthesized by templating
onto carbon nanotubes.

In summary, we have shown that self-organized carbon
nanotube patterns can serve as templates for the synthesis
of Au nanowires with well-defined and complex geometries.
Pulsed electrodeposition was used to obtain continuous
nanowires on surface-aligned carbon nanotube arrays and
also on carbon nanotube serpentines and loops. The geom-
etries of the nanotube templates are inherited by the nanow-
ires. We have demonstrated that our new concept of “draw-
ing with nanotubes“ can be generally applied to different
materials by electrodepositing Bi2Te3 nanowires onto surface-
aligned carbon nanotubes. More recently, we have also been
able to produce CdSe nanowire serpentines by the same
method.67 We can envisage that thermoelectric and semi-
conducting nanowires with a serpentine geometry could in
the future be used to create “nanorefrigerators”, “nano-neon
lights”, ultrasensitive photodetectors, and all sorts of func-
tional nanosystems combining the unique properties of
different materials with self-organized complex geometries.
Our method offers control over the shapes and spatial

arrangements of nanowires of various materials. Such con-
trol is important for the integration of nanowires into
functional systems.
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Materials & Methods 

Nanotube Growth 

The substrate we used for growing nanotubes as parallel line arrays, serpentines and 

coils was miscut quartz (vicinal α-SiO2 )0111( , Y-cut singly rotated about the X-axis at 

an angle of 35030’, purchased from Roditi Intl., London, and Krystaly, Hradec Králové). 

To allow real-time observation of experiments under an optical microscope, we used 

double-side polished wafers, which are transparent (see experimental setup on Figure 1). 

Quartz substrates (8 × 8 × 0.5 mm) were annealed in air at 900 0C for 8 hrs. The catalyst 
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for chemical vapor deposition (CVD) was Fe nanoparticles. These were deposited on the 

substrate by one of the following methods: (i) Deposition of ferritin from solution: 0.1 g/l 

aqueous solution of ferritin type I from horse spleen (Sigma-Aldrich) was deposited on 

each sample for ~10 min. Samples were then rinsed with deionized water (Simplicity 185 

purifier from Millipore, resistivity 18.2 MΩ·cm) and blow-dried with N2. The ferritin was 

then oxidized by oxygen plasma (March Plasmod GCM 200, 1 sccm of O2 for 3 min., at 

100W). This was the usual procedure for growing surface-aligned nanotube arrays. (ii) 

Electron-beam evaporation: Fe (Kurt J. Lesker, 99.95%) is evaporated by e-beam (Odem 

scientific applications, initial vacuum ~1.0x10-5 mbar) to a nominal thickness of 2 Å. 

Evaporated Fe was usually used for growth of serpentines and coils. For this purpose, it 

was deposited onto a pattern of amorphous silica (SiO2 from Kurt J. Lesker, 99.99%) 

prepared by photolithography and electron-beam evaporation. 

For CVD, samples were placed inside a quartz tube (fused silica; outer diameter 2.5 

cm, inner diameter 2.2 cm) and aligned such that surface steps are either parallel to the 

gas-flow along the tube (for growth of nanotube arrays) or at some angle to it (usually 

900, for growth of serpentines and coils). The tube was placed in a furnace (Lindberg 

Blue). Samples with evaporated Fe were first oxidized, either for 90 min. at 900 0C (for 

growth of nanotube arrays) or for 20 min. at 550 0C (for growth of serpentines and coils). 

CVD was performed either at 854 0C (for ferritin catalyst) or at 900 0C (for evaporated Fe 

catalyst), in a mixture of 60% Ar (99.998%, Oxygen & Argon Industries), 40% H2 

(99.999%, Gordon Gas) and 0.2% ethylene (99.9%, Gordon Gas). Total flow rates were 

either 500 or 1000 sccm, and growth times were between 45 and 90 min. A flow rate of 
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2000 sccm was used once in order to produce straight, flow-aligned nanotubes 

perpendicular to the quartz steps. 

Electrochemical Setup 

The electrochemical setup is a specially-prepared electrochemical cell (Figure 1). 

Experiments can be observed under an optical microscope in real-time, since both the 

cell’s base and cover are transparent. The cell’s volume is approximately 50 μL. The 

working electrode (WE) is composed of the nanotubes grown on quartz samples. 

Electrical contact with the nanotubes was provided by Ti electrodes. Ti was deposited 

over the catalyst pattern by photolithography and electron-beam evaporation (Kurt J. 

Lesker, 99.995%; thickness 40 nm). Quartz samples carrying carbon nanotubes and Ti 

contacts were then used as the cover of the electrochemical cell. The counter electrode 

(CE) is 100 nm-thick Au (Kurt J. Lesker, 99.999%) patterned on a glass slide that serves 

as the cell’s base. Counter electrodes were fabricated by photolithography and e-beam 

evaporation, using 5 nm-thick Cr (Kurt J. Lesker, 99.95%) or Ti as an adhesive layer. The 

cell compartment is carved from a cast slab of polydimethylsiloxane, 1-2 mm-thick 

(PDMS; 184 Silicone Elastomer Kit, Sylgard, 10:1 elastomer:curing agent). The PDMS 

provides good sealing of the cell at both base and cover. As a pseudo-reference electrode 

(RE), we use Ag wire (0.1 mm diameter, 99.9% from Sigma-Aldrich). The wire is 

suspended across the cell by sewing it through the PDMS slab, and then oxidized to 

Ag/AgCl. All potentials mentioned in this work are defined vs. this reference.  

Solutions were prepared using the following salts: HAuCl4 (99.999%, Sigma-Aldrich), 

KCl (99.5%, Merck), BiNO3·5H2O (99.999%, Sigma-Aldrich), TeO2 (99.9995%, Sigma-

Aldrich). Nitric acid (HNO3 65%, pro analysi, Merck). Electrodeposition of Au was 
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performed from a solution of HAuCl4 0.24 mM, with KCl 0.1 M as the supporting 

electrolyte. Electrodeposition of Bi2Te3 was performed from a solution of BiNO3 5 mM, 

TeO2 6.67 mM, with HNO3 1.6 M as the supporting electrolyte. Solutions were bubbled 

with Ar prior to experiments. Experiments were performed at room temperature. 

 

Figure S1. Morphologies of Au nanoparticles on surface-aligned carbon nanotubes. 

Deposition is performed by applying single potential steps: (a) -0.2 V, 10 s. (b) -1.0 V, 10 

s. (c) -1.3 V, 10 s. (a) and (b) are SEM image taken on the in-lens detector, showing the 

underlying nanotube as a white glow. Deposited material is rough, suggesting a process 

of diffusion-limited aggregation. The image in (c) was taken with the SE2 lateral 

(Everhart–Thornley) secondary electron detector, and shows smoother particles. 
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Figure S2. Effect of surface alignment on electrodeposition. (a) A surface-aligned 

nanotube gone “off-track”, showing denser Au deposition on its deviating section 

(following a -1.6 V, 1 s potential step). This pattern of nucleation was commonly 

observed in potential step experiments. The image mixes data from both the in-lens and 

SE2 detectors of the SEM. (b) Optical (transmission) image of flow- and surface-aligned 
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nanotubes electrodeposited with Au by application of -1.6 V for 10 s (flow marked in 

yellow, surface steps in white). (c) SEM image taken from the same sample as (b), 

confirming that flow-aligned nanotubes exhibit a higher particle density following the 

potential step, and are continuously covered by metal. (d) SEM close-up image showing 

the typical morphology of deposit on flow-aligned nanotubes following a potential step of 

-1.6 V, 10 s. 

 
Figure S3: Effect of surface alignment on electrodeposition along nanotube serpentines. 

Following a single potential step of -1.6 V, 2 s, some serpentines show uniform 
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decoration by Au nanoparticles (a) while in others, decoration appears to be selective to 

straight, surface step-aligned segments (b,c). (a) is an SE2 detector SEM image; (b) and 

(c) mix data from both in-lens and SE2 detectors, also in different color channels, to 

show the nanotube serpentine in red and deposited nanoparticles in yellow. 

Discussion on the current transients for more negative applied potentials 

The current transients recorded at surface-aligned nanotube arrays for more negative (< 

-0.8 V) applied potentials show a marked deviation from the theoretical curves of both 

the instantaneous and progressive nucleation mechanisms.1,2 Furthermore, they do not 

show the Cottrellian decay of t-1/2 expected at long times even after 10 s of applied 

constant potential (t/tmax ~ 100). The decay of these current transients is much slower 

(around t-1/7), and quite similar to those reported for electrodeposition of Ag on random 

nanotube networks3 and Ni on nanotube forests.4 The Scharifker-Mostany model (of 

which the instantaneous and progressive nucleation curves are limiting cases) was shown 

to be inaccurate, especially in the case of progressive nucleation.5,6 Nevertheless, its 

shortcomings cannot account for the qualitatively different decay mentioned above. We 

propose that the non-Cottrellian decay reported here and in the said works for 

electrodeposition on nanotubes may be attributed to one or more of the following factors: 

(i) The inherent anisotropy of surface-aligned arrays: At more negative potentials, the 

nucleation density along each nanotube is significantly higher than the density in any 

other direction. Thus, the dense nucleation induced by more negative potentials could 

change the pattern of overlap of exclusion zones and the rate at which diffusion zones 

cover the sample surface. The former controls the saturation in nucleation density and the 

latter affects the rate of current decay (its approach to the Cottrell curve). Thus, 

7 



nucleation could be arrested as exclusion zones come to cover the nanotubes, though 

diffusion zones have not yet reached the total area predicted by the two-dimensional form 

of the Kolmogorov-Avrami theorem (e.g. due to their “clustering” in rows along 

nanotubes, leaving much area for expansion between their rows). This could explain an 

early current peak (brought about by the virtual arrest of nucleation) and a subsequent 

slow decay (since the diffusion zones are late in spreading over the whole surface). 

Effectively, the situation described above may be viewed as introducing a transitional 

phase of hemicylindrical or band diffusion to multiple electrodes. This phase should 

succeed the initial hemispherical diffusion to individual nuclei, and be replaced by the 

late linear diffusion that evolves with total coverage by diffusion zones. Diffusion to 

regularly spaced arrays of hemicylindrical electrodes allows lower current densities 

compared to diffusion to a planar electrode of equivalent area.7 The reduction in current 

efficiency depends on electrode size and spacing. It follows that different applied 

potentials, which result in different rates of nucleation and growth, should have different 

effects on the current efficiency (e.g. a more negative potential would make the reduction 

current transient at a sparse array similar to that of a dense array at a less negative 

potential). A similar situation may be happening in our randomly-spaced arrays, limiting 

the current to an extent that changes with time. The current peak may therefore be lower 

than predicted by two-dimensional multiple nucleation theory, and its decay slower as the 

inhibition due to the array structure is gradually relieved and planar diffusion becomes 

more dominant. 

(ii) Non-planar diffusion to nanotube arrays: In nanoelectrode ensembles (i.e. arrays 

with non-regular spacing), different experimental parameters produce different 
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diffusional regimes.8-11 Application of highly negative potentials could perhaps give rise 

to patterns other than planar diffusion to the array as a whole. Examples include 

hemicylindrical or planar diffusion to each individual nanotube (after merging of the 

diffusion zones of nuclei on each nanotube). These would be analogous to the results of 

high sweep rates in voltammetry of nanoelectrode ensembles. The resulting current 

profiles would undoubtedly be very different from those formulated for nucleation on 

surfaces. Note that the explanation of non-planar diffusion may have consequences 

similar to that of anisotropy, but could equally apply to random nanotube networks. 

(iii) Electron-transfer limitations: Low electron-transfer rates during the initial phase of 

the current transient (i.e. when most of the nucleation occurs),12 or either during the 

whole potential step, could result in current peaks lower than the maximum current 

allowed by diffusion limitations, invalidating the comparison between dimensionless 

transients and the Scharifker curves. The same could result from mass-transport rates that 

are higher than usual, for example in the early stages of particle growth. There is 

currently no theoretical treatment of electrodeposition reactions under mixed control. 

However, since electron-transfer rates should increase as potentials become more 

negative, we deem this factor less likely to account for the anomalous profile of current 

transients. Still, certain applied potentials may result in small overlap between electrode 

and reactant states due to a shift in the whole band-structure of the nanotube electrode. In 

carbon nanotubes, applied potentials mainly shift the Fermi level, but strong potentials 

could also shift the electronic band-structure.13,14 The density of states (DOS) of 

nanotubes consists of van Hove singularities separated by intervals of low DOS, with a 

bandgap for semiconducting nanotubes. Thus, if an applied potential brings the bandgap, 
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or even a low-DOS region, of the band-structure near the reactant states, there will be 

only a small overlap of energy states, which leads to a low rate of electron-transfer.15  

(iv) Nanoelectrode effects: Diffusion-controlled reactions at nanoelectrodes often show 

deviations from classical behavior. This is attributed to the overlap of the concentration 

depletion layer with the electrical double-layer. Specifically, anion reduction (as is the 

case in our Au deposition reaction) is inhibited. The effect should be noticeable only at 

the smallest nanoelectrodes, as are our 1-5 nm-diameter nanotubes. Also, in the presence 

of a supporting electrolyte, the deviations from classical theory should not exceed 20%.16 

Thus, currents at the initial phase of the transient (where most nucleation takes place, i.e. 

the reaction occurs mainly at very small nanoelectrodes) may be lower than predicted by 

theory. This effect would be similar to that described for electron-transfer limitations (iii). 

There may be ways to determine which of the possible reasons given above is at work 

in moderating the current decay at more negative potentials. For example, comparing the 

transients recorded for nanotube arrays and random networks may elucidate the role of 

anisotropy. The role of diffusion regimes could be assessed by recording transients for 

arrays of different nanotube densities: Denser arrays may exhibit planar diffusion even 

for highly negative potential steps, indicating that non-planar diffusion is part of the 

reason for unusual current transients. Finally, deposition from a different Au species, e.g. 

a cationic one, could refute or lend support to the assumption that nanoscale effects at the 

nanotube electrodes are at work, inhibiting reduction and decreasing currents. 
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