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ABSTRACT: Directed electrochemical nanowire assembly is a
promising high growth rate technique for synthesizing electri-
cally connected nanowires and dendrites at desired locations.
Here we demonstrate the directed growth and morphological
control of edge-supported platinum nanostructures by applying
an alternating electric field across a chloroplatinic acid solution.
The dendrite structure is characterized with respect to the
driving frequency, amplitude, offset, and salt concentration
and is well-explained by classical models. Control over the tip
diameter, side branch spacing, and amplitude is demonstrated,
opening the door to novel device architectures for sensing and
catalytic applications.
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Metallic nanowires are an important class of materials for the
study of low-dimensional transport phenomena and

growth of such structures in a directed manner enables their
use as a building block for electronic, optoelectronic, and NEMS
devices.1,2 Currently a number of techniques exist for the syn-
thesis of both randomly oriented and mounted arrays of metallic
nanowires, including electrospinning3 and template driven
electrodeposition4,5 respectively; however, for certain applica-
tions, secondary processing steps such as electrostatic trapping,6

optical trapping,7 dielectrophoresis,8,9 or microfluidic flow10 are
required to orient and place single nanowires at desired locations.
In contrast, directed growth techniques such as directed gas
phase growth via chemical vapor deposition11 or electrochemical
deposition in prepatterned structures12 can be used to grow and
place single crystal metallic nanowires between microelectrodes
in a single step. However such techniques can be very slow, less
than one micrometer per minute, limiting their utility in applica-
tions where high aspect ratio features are required.

Metallic dendrites are another important class of materials that
are attractive due to their high surface-area-to-volume ratio and
their high degree of connectivity. These properties make dendrites
useful for a number of applications including catalysis,13,14 chemical
sensing,15,16 and surface enhanced Raman scattering.16 However,
the resulting dendrites are typically dispersed in solution,14,16,17 and
thus just as for nanowires, secondary processing steps would be
required to orient and place them at the desired locations.

Directed electrochemical nanowire assembly (DENA) is a
promising one-step, high growth rate approach to producing
oriented, single crystal nanowires and dendrites. In this method,
an alternating electric field applied to a salt solution induces the

crystallization of metallic wires or dendrites. The direction of
these structures is guided by the electric field18 and the resulting
nanowires grow at specified locations and orientations as defined
by the electrode configuration. In contrast to gas phase growth,
this solution-based method can achieve much faster growth rates,
on the order of tens of micrometers per second, and since growth
is achieved at atmosphere it is relatively inexpensive and easy to use.
Furthermore, it is achieved at room temperature, which is in contrast
to the elevated substrate temperatures required in methods such as
MBE and MOCVD. DENA was first demonstrated by Cheng et
al.,19 who showed that 75 nm diameter palladium nanowires could
be grown at prescribed locations from a palladium acetate solution.
Growth has also been demonstrated for indium20 and gold.21

This letter explores the use of DENA to grow Pt dendrites and
nanowires for sensor and catalysis development. Pt is chosen
primarily for its chemical inertness, catalytic performance, and
thermoelectric properties. We explore the conditions that con-
trol growth directionality and dendrite morphology including
driving frequency, amplitude, offset, and salt additives. The main
stem diameter is dependent on driving frequency, whereas the
side branch spacing and magnitude are primarily controlled by
voltage amplitude and salt concentration. The experimental
results are explained in the context of classical dendrite growth
models. The growth of nanostructures ranging from treelike,
multibranched dendrites to single, nonbranching, high aspect
ratio nanowires between two microelectrodes is demonstrated.

Received: November 14, 2010
Revised: December 21, 2010



B dx.doi.org/10.1021/nl1039956 |Nano Lett. XXXX, XXX, 000–000

Nano Letters LETTER

Figure 1 shows the wire growth apparatus. The electrodes are
patterned via photolithography and consist of a 100 nm thick Pt
top layer, 10 nm thick Ti adhesion layer, and 500 nm SiO2

insulating layer on an silicon substrate. The gap between the
electrodes is 60 μm. A 1 μL droplet of 24 mM aqueous
chloroplatinic acid solution (H2PtCl6, Cole-Parmer) is placed
across the electrodes, and a waveform generator (HP 8111A) is
used to apply a square wave potential V(t) across the gap. This
potential drives the reduction of Pt cations from solution,
resulting in Pt dendrites that grow from one electrode tip toward
the other.

Growth is achieved by programming the desired frequency
and then ramping to the desired voltage with the waveform
generator. We examine growth for applied square waves in the
range of frequencies 0-10 MHz and voltage magnitudes 0-30
Vpp (peak to peak). We also study the effects of adding a dc
voltage offset (V0, Figure 1), varying the duty cycle (defined as
tþ/T, Figure 1), and adding NaCl to the electroplating solution.
All growth is observed in situ under an optical microscope
(Zeiss), and after growth, samples are rinsed in DI water and
characterized via scanning electron microscope (Phillips XL30).

Since such large voltage magnitudes are used, a number of
reaction pathways exist for the reduction of Pt. One such pathway
is shown in eq 1 in which the hexachloroplatinate ion is directly
reduced to elemental Pt, but other pathways may include the
formation of intermediates, such as tetrachloroplatinate.

2H3O
þ þ PtCl6

2- þ 6H2O sFRs
VðtÞ

PtðsÞþ 6H3O
þ þ 6Cl-

þO2ðgÞ ð1Þ
We find that there are two primary growth regimes, planar

electroplating and anisotropic dendrite growth. Below a mini-
mum voltage magnitude (Vmin ≈ 12Vpp) and a minimum
frequency (ωmin ≈ 10 kHz), the reduction results in planar
electroplating on the electrode surface. Above these thresholds,
highly branched dendrites form, as shown in Figure 2. These
structures show classical dendrite behavior with sidebranches
that point in crystallographic directions, a regular spacing be-
tween sidebranches, and a regular angle of 71� between stem and
branch. The branching angle of 71� corresponds to the angle

between the Æ110æ close-packed directions directions of the face-
centered cubic (fcc) lattice, suggesting that the Pt dendrites are
single crystal and grow in the Æ110æ (Figure 2a). These results are
consistent with TEM studies of single crystal Pt nanoparticles,
which have shown that the Æ110æ are preferred growth directions
while the {100} and {111} are preferred facets.22

The results also appear consistent with the picture for classical
dendrite growth. In classic dendritic solidification, growth is
driven by a thermal undercooling Δ = Tmelt - T.23,24 At low
absolute values of Δ, the solidification front is planar and stable.
However as Δ increases, solidification becomes so rapid that
temperature and concentration gradients build up at the solidi-
fication front. Here solidification becomes limited by the diffu-
sion of latent heat away from the solidification front, and the re-
sult is the anisotropic propagation of instabilities (sidebranches).
Additionally, a largeΔ is also expected to increase the tip velocity
vtip and decrease the tip diameter F. Similar results are obtained
for the electrolytic growth of dendrites, where instead of the
undercooling, growth is driven by the overpotential η.25

Like electrolytic growth, in DENA the driving force is
electrochemical. Here the oscillating potential V(t), or the
resulting electric field E(t), drives the reduction of Pt cations
from solution, leading to nucleation at the electrode tips and

Figure 1. DENA experimental setup.

Figure 2. Dendrite grown via the DENA method at 2 MHz, 17.6 Vpp,
V0 = 0, 50% duty cycle. (top) SEM micrograph of the dendrite tip.
The sidebranch angle of 71� likely corresponds to growth in the Æ110æ
directions of the fcc lattice. (bottom) Higher-resolution micrograph of
the dendrite junction structure.



C dx.doi.org/10.1021/nl1039956 |Nano Lett. XXXX, XXX, 000–000

Nano Letters LETTER

crystallization of Pt dendrites. Side branch formation is caused by
a similar instability as in the case of thermal dendrites. A large
driving force leads to a reduced interface stability and thus a
greater degree of side branching. However, note that whereas the
classical dendrite growth examples had dc driving forces,23-25

the driving force in DENA is ac. Hence the DENA driving force
may be described by two components, the magnitude of the
applied potential Vpp and its frequency ω.

We first examine the effects of Vpp. Previous studies have
shown that a large applied Vpp leads to a greater degree of side
branching in Au and In systems,18,20,21 and we demonstrate a
similar trend for Pt DENA growth. We find that the number of
side branches per micrometer along the Pt main stem grows with
increasing Vpp and these results are denoted by the black squares
in Figure 3. A side branch is defined as any growth along the main
stem that is of length greater than twice the diameter of the main
stem. We also note that changing Vpp does not affect the tip
velocity or tip radius. This observation lies in contrast with the
expected behavior for classical dendritic solidification, in which
the sidebranching, vtip, and F are all expected to be controlled by
the magnitude of the driving force.

As the Vpp decreases, there is an expected reduction in the
degree of side branching, but it is not possible to reduce this to
zero due to the planar electroplating regime that occurs at lower
voltages. A minimum of approximately Vmin = 12 Vpp is required
to induce anisotropic dendrite growth, but as shown in Figure 3,
this value still yields a considerable degree of side branching.
Thus additional methods of suppression are needed to obtain
nonbranching structures.

Addressing this demand, we find that the addition of NaCl to
the electroplating solution results in a dramatic suppression of
side branch formation. The presence of NaCl causes a shift to less
branching as denoted by the gray circles in Figure 3. We identify
two possible mechanisms leading to this side branch suppression.

For one, the chlorine passivates the surface of the growing
dendrite, for it is known that chlorine adsorbs readily on Pt.26 Second,
the Cl- slows the reduction of Pt, as Cl- is found on the right-hand
side of eq 1. These two effects serve as a mechanism to stabilize the
growing dendrite surface and inhibit side branch formation.

In addition to the magnitude of the driving force and the
presence of salt, we also examine the effect of the ac frequencyω.
We find that increasing the frequency increases the growth
velocity vtip and decreases the wire radius F (Figure 4) without
affecting the degree of sidebranching. At frequencies greater than
5 MHz, the growth rate is in excess of 20 μm per second with
nanowire radii reaching as small as 50 nm.

The observation that the growth velocity and radius of the
wires are anticorrelated is consistent with classical dendritic
solidification theory from which a stability analysis predicts that
the tip velocity and tip radius of curvature F0 are related by

vtip ¼ 2d0D
σ

1

F02
ð2Þ

whereD is the diffusion coefficient, d0 is the capillary length, and σ
is the stability criterion.23,27 The stability criterion is generally
accepted to be σ ≈ 0.02,23,27 and we assume that that the tip
diameter is roughly equal to the wire diameter (2F0 ≈ 2F). We plot
vtip versus F on a log-log plot in the inset of Figure 4, and as
expected from eq 2, at high values of F we find a slope of -2,
stemming from the F-2 dependence. From this fit, assuming d0 is
on the order of 10-7 cm,24 we find that the diffusion coefficient of
H2PtCl6 in aqueous solution is on the order of D = 10-8 cm2/s.
This diffusivity is consistent with other measures of Pt precursor
diffusion, as the diffusion coefficient of K2PtCl4 in an ionic solution
has been reported to beDionic = 10

-7 cm2/s.28 The good qualitative
fit to eq 2 suggests that the simple diffusion model is a valid first
order approximation to describing DENA, however, this simple
calculation does not include effects of electromigration or electro-
convection that can play a role in these electrochemical systems.29

Figure 3. Plots of the side branching (number of branches per microm-
eter) versus voltage magnitude for chloroplatinic acid solutions without
NaCl (squares, three SEM insets at top), and solutions with 89 mM
NaCl (circles, SEM inset at right middle).

Figure 4. Plot of the tip velocity vtip and diameter versus the frequency
ω with accompanying scanning electron micrographs. Inset: Log-log
plot of the tip velocity versus the radius. The straight line corresponds to
a slope of -2, as predicted by eq 2.
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At low values of F, the plot does not follow the linear log-log fit;
however, the shape of the plot is consistent with experiments on
classic dendritic growth by Glicksman.27

The frequency also controls the morphology of growth
through the growth rate dependence. As shown in the top
scanning electron microscopy (SEM) panels of Figure 4, increas-
ing the frequency causes the morphology to change from faceted
needlelike dendrites to dendrites with bumpy surfaces in which
many nucleation sites are observed. These protuberances arise
because the rapid growth velocity at highω, as newly reduced Pt
adatoms do not have time to diffuse away from the tip.

We also find that an ac potential, as opposed to dc, is necessary
for dendrite growth. Under a constant dc potential, increasing the
magnitude beyond roughly 1.5 Vdc causes bubbles of H2 and O2

to form violently in solution due to electrolysis. This agitation
mechanically disrupts wire growth and prevents stable nanowires.

Thus single, high aspect ratio nanowires may be grown via the
combination of low voltage magnitude, addition of NaCl, and
high ac frequency. A typical nanowire is shown in Figure 5 and
features a high aspect ratio of 60 μm � 100 nm, minimal side
branching, and most importantly bridges the gap between the
two microelectrodes. Growth conditions for this wire are a 24 mM
chloroplatinic acid solution with 89 mMNaCl, an applied poten-
tial of 16 Vpp at 8 MHz, V0 = 0, and 50% duty cycle.

Figure 6 shows time lapse images of typical DENA growth
taken in situ under an optical microscope with no dc offset and a
50% duty cycle.We find that themechanism of directed growth is
a combination of anisotropic diffusion and dielectrophoresis
(DEP). Panels a-c of Figure 6 show the onset of dendrite
growth. Here we see that both the main stem and the side-
branches preferentially grow faster toward the pulsed electrode
(right side of image) as compared to the perpendicular direction.
The likely cause for this faster growth is the spatially dependent
intensity of the electric field. From the electrode geometry, one
can show that the electric field is higher in the regions between
the electrodes than in the regions away from the electrodes. This
high field leads to a high Pt ion concentration in the electrode gap
and thus faster growth in the gap than away from the gap.

Examination of panels d-f in Figure 6 reveals evidence of the
physical bending process. After the wires grow beyond a certain
threshold length, they begin to bend toward the opposing pulsed
electrode. This bending is caused by dielectrophoretic (DEP) in
which a nonuniform electric field induces a dipole moment on a
neutral particle in solution, and the resulting moment acts to
align the particle with the field.30 This DEP force has been shown
to align pregrown nanowires and nanoparticles in solution,8,9,15

and in this case a similar effect occurs on growing nanowires.
But not only does the driving force set the direction of growth,

it also sets the initial site of nucleation. We find that the sign of
the dc offset sets the site of nucleation. Figure 7 shows that with a
dc offset of V0 g 0, growth typically begins on the grounded
electrode and proceeds toward the pulsed electrode, while with a
dc offset of V0 < 0, growth typically proceeds in the opposite
direction, from the pulsed electrode toward the ground. In
general, growth initiates on the electrode that is more negatively
biased. Changing the duty cycle has a similar effect as changing
the dc offset in that a duty cycle g50% (net positive dc offset)
leads to growth beginning on the grounded electrode, and a duty
cycle <50% (net negative dc offset) leads to growth on the pulsed
electrode.

We have demonstrated the synthesis and control of nanoscale
dendrites and wires using the DENA method. This approach
enables the scalable and rapid growth of Pt nanostructures at

Figure 5. SEM of a single Pt nanowire, 60 μm � 100 nm, that bridges
the gap between the electrodes. This nanowire was grown from a 24mM
chloroplatinic acid solution with 89 mM NaCl, an applied potential of
16 Vpp at 8 MHz, V0 = 0, and 50% duty cycle.

Figure 6. Two mechanisms for directed growth, shown in time lapse images from left to right taken under an optical microscope. (a-c) Anisotropic
diffusion growth (12 Vpp at 2 MHz). Side branches emanating from the vertical dendrites grow faster toward the right (toward the electrode gap) than
toward the left (away from the electrode gap). (d-f) DEP bending (12Vpp at 4MHz). Dielectrophoresis aligns the nanowires with the electric field, thus
bending the growing nanowires toward the opposing electrode. The DEP force is more noticeable on the bottom panels than on the top panels because
the thinner wires on the bottom (200 nm diameter) are more easily bent than the thicker wires on the top (700 nm diameter).
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predefined locations. By mapping the experiment onto classical
dendrite growth theory, we explain the dependence of observed
morphology on the growth parameters. In contrast to the
classical examples of dendrite growth, where the tip velocity,
tip radius, and degree of side branching are all controlled by the
magnitude of a dc driving force, we find that in DENA these
dependencies are decoupled allowing greater control over the
structures obtained. Here the degree of sidebranching is primar-
ily controlled by the magnitude of the applied potential Vpp,
whereas the tip diameter and velocity are controlled by the
frequency ω. Moreover the addition of salt to the electroplating
solution further reduces the degree of sidebranching. We have
shown that careful control of driving parameters and salt addition
enables the production of a variety of edge-supported nano-
structures ranging from highly branched treelike dendrites to
unbranched nanowires with high aspect ratio (60 μm� 100 nm).
The nanostructures and synthesis method appear promising for a
wide variety of applications such as sensors or catalysis in which
the directed assembly of high aspect ratio or high surface area Pt
materials are needed.
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