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1. Introduction

Gallium is a key element in the production of a variety of opto-
electronic devices such as light-emitting diodes (LEDs), laser
diodes, photodetectors and solar cells, especially on the nano-
meter scale. Ga nanoparticles, as an example, exhibit interest-
ing physical properties. Wu et al.[1] reported that the surface
plasmon resonance of Ga nanoparticles on various substrates
can be tuned from the UV to the near-infrared wavelength
regime by changing the size of the particles. In that study it
was shown that, unlike the Ag, Al and Mg plasmon resonances
which are very sensitive to oxidation, the exposure of Ga nano-
particles to air for months caused no significant effect on its
plasmon resonance. Gallium nanowires encapsulated in carbon
nanotubes (CNTs) showed extraordinarily freezing and melting
behavior with freezing temperatures as low as �80 8C.[2] It was
also reported that such encapsulated Ga crystallizes in either
the b- or the g-phases rather than in the common a-phase.[3]

Simulations done by Li et al.[4] revealed that the encapsulated
b-Ga and g-Ga nanowires are more stable than the a-Ga ones
and that these stabilities are mainly due to the finite size of
the nanowire diameter in addition to the influence of the inner
wall of the CNTs.

Ga nanostructures are usually synthesized by high-vacuum
techniques such as chemical and physical vapor deposition,[5, 6]

chemical liquid deposition[7] and molecular beam epitaxy.[8]

However, these techniques are considered to be expensive
and complicated for a technical process. Herein, we report for
the first time, the simple template-assisted electrochemical
synthesis of Ga nanostructures, namely nanowires and macro-
porous nanostructures. The synthesis is carried out at room
temperature inside polycarbonate (PC) membranes and poly-
styrene (PS) colloidal crystal templates, respectively. The ionic
liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfony-
l)amide ([Py1,4]TFSA) containing GaCl3 was used as the electro-

lyte. This ionic liquid has proven to be a good solvent for the
electrodeposition of elemental gallium and a detailed study on
the electrodeposition of Ga in [Py1,4]TFSA using in situ electro-
chemical scanning tunneling microscopy and ex situ X-ray pho-
toelectron spectroscopy was presented in ref. [9] .

Experimental Section

The ionic liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethyl-
sulfonyl)amide ([Py1,4]TFSA) was purchased in the highest available
(ultrapure) quality from Merck KGaA and was used after drying
under vacuum at 100 8C to a water content of below 2 ppm. All im-
purities are guaranteed by the supplier to be below 10 ppm. GaCl3

( 99.999 %) was purchased from Aldrich Co.

Ga Nanowires: Track-etched PC membranes were used as tem-
plates and were purchased from “Ion Track Technology for Inova-
tive Products” (IT4IP, Belgium). The thickness of the membranes is
21 mm with an average pore diameter of 90 nm and pore density
of 109 cm�2. One side of the membrane was sputtered with
~125 nm thick film of Pt to act as a working electrode during the
electrochemical synthesis. The membrane was filled with 0.5 m

GalCl3 in [Py1,4]TFSA and the electrodeposition was performed
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inside the pores of the membrane. After the deposition was finish-
ed, the membrane, with the nanowires imbedded inside, was care-
fully dissolved by dichloromethane (CH2Cl2) to get free standing Ga
nanowires.

Ga Macroporous Structures: PS colloidal crystal templates with a
sphere diameter of ~600 nm on indium tin oxide (ITO)-coated
glass were made at the Harbin Institute of Technology and used as
received. The template preparation in brief is as follows: an aque-
ous or alcoholic suspension of monodisperse polystyrene spheres
is prepared and ITO-glass substrates are coated with several layers
by a dipping process. The PS template was filled with 0.5 m GaCl3

in [Py1,4]TFSA. After the deposition was finished, the template (PS
spheres) was carefully dissolved by tetrahydrofuran (THF) to get
the macroporous structure of Ga.

For both Ga nanowires and macroporous structures, the electro-
chemical cell used was made of polytetrafluoroethylene (Teflon)
and clamped onto the template with a Teflon-covered O-ring
(Viton), yielding a geometric surface area of 0.6 cm2. A platinum
ring was used as a counter electrode (CE) and a Pt wire was used
as a quasi-reference electrode (RE). Though not perfect in stability,
the Pt quasi-RE proved to be quite suitable for these experiments.
The electrochemical measurements were performed by using a
VersaStat II (Princeton Applied Research) potentiostat/galvanostat
controlled by powerCV software.

The solution preparations and all the electrochemical experiments
were performed inside an argon-filled glove-box with water and
oxygen contents of below 1 ppm (OMNI-LAB, Vacuum Atmos-
pheres). Inert gas conditions are necessary due to the hygroscopic
nature of GaCl3. The obtained Ga nanostructures were character-
ized by high-resolution scanning electron microscopy (HR-SEM)
and energy-dispersive X-ray spectroscopy (EDX).

2. Results and Discussion

2.1. Ga Nanowires

The electrochemical behavior of GaCl3 in [Py1,4]TFSA inside the
template was first investigated by cyclic voltammetry in order
to determine the deposition potential of Ga. Figure 1 shows
the cyclic voltammogram (CV) of 0.5 m GaCl3 in [Py1,4]TFSA on

Pt inside the PC membrane acquired at a scan rate of
10 mV s�1. Starting from the open-circuit potential (OCP) and
sweeping in the cathodic direction, two main reduction peaks
appear: the first one at a potential of �1.5 V vs Pt quasi-refer-
ence electrode corresponds to the bulk deposition of Ga. The
origin of the second reduction peak at �2.7 V is difficult to al-
locate without doubt. It might be attributable to the electrode-
position of Ga on electrodeposited Ga. The peak is rather un-
likely due to the decomposition of the TFSA anion described
in refs. [9–12] as it usually occurs at more negative electrode
potentials. The rising current below �2.8 V can, however, be
attributed to the decomposition of the cation. In the back
scan, two reduction peaks appear at �2.7 and �2 V, which are
related to further Ga deposition. Such a behavior is typical for
passivation phenomena, likely a consequence of cation and
anion breakdown products. The oxidation peaks at about
�0.6 V and 0.3 V are mainly due to the oxidation of Ga. One
should bear in mind that the electrochemical behavior inside
such membranes can be considerably different to that of a
planar electrode and it can even vary with the template. This is
due to the limited diffusion pathway of the electroactive spe-
cies inside the pores of the membrane. Ge and Si electrodepo-
sition in Au-coated PC membranes, as an example, showed dif-
ferent electrochemical behavior from that on planar Au elec-
trodes.[13, 14]

Gallium nanowires with an average length of 2 mm and an
average diameter corresponding to the diameter of the pores
in the PC membrane were obtained by applying a potential of
�2.4 V for 30 min. Figure 2 shows a SEM image of free-stand-
ing Ga nanowires obtained after the dissolution of the tem-
plate by CH2Cl2. An EDX analysis of the nanowires (Figure 3)
showed besides Ga, small amounts of oxygen due to the
ex situ treatment of Ga nanowires and a small amount of
carbon from the traces of the PC membrane. Pt is from the Pt
sputtered film. The length of the nanowires can be increased
by simply changing the reaction parameters like GaCl3 concen-
tration, applied potential and deposition time. Increasing the
deposition time up to one hour, as an example, led to an in-

Figure 1. Cyclic voltammogram of 0.5 m GaCl3 in [Py1,4]TFSA on Pt electrode
inside the PC template, acquired at a scan rate of 10 mV s�1 at 25 8C.

Figure 2. SEM image of free-standing Ga nanowires obtained after the disso-
lution of the PC membrane. Deposition potential : �2.4 V, deposition time:
0.5 hour.
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crease in the nanowires length to more than 4 mm when ap-
plying the same potential (�2.4 V) as shown in Figure 4. There-
fore, this method is quite feasible and simple compared to the
usually used ultra-high vacuum techniques. Depending on the
method of preparation, both free-standing and randomly dis-
tributed nanowires can be made.

2.2. Ga Macroporous Structures

Figure 5 shows the cyclic voltammogram (CV) of 0.5 m GaCl3 in
[Py1,4]TFSA on ITO-glass inside the PS colloidal crystal template
(600 nm average sphere size). In the forward scan (cathodic di-
rection), a main reduction peak arises at a potential of �1.75 V
which corresponds to the deposition of Ga. In the back scan
the CV exhibits two current loops which are indicative of nu-
cleation-controlled processes. As can be seen, the electrochem-
ical behavior of the employed electrolyte in the PS template is
different to the one in the PC template. Apart from different
working electrodes (ITO vs Pt), both electrodes with their tem-
plates on top of them exhibit different environments for the
transport of the active species, resulting in slightly different
electrochemical behavior. Furthermore, the nature of the sub-
strate can influence the electrochemical behavior by the possi-
ble formation of alloy films with Ga and/or formation of differ-
ent solvation layers structures at the substrate/electrolyte inter-
face. A discussion of the differences in the electrochemical be-

havior of the different templates is out of the scope of this arti-
cle. Furthermore, the different electrochemical behavior is not
of relevance for nanostructure deposition as in both cases a
suitable deposition potential is found.

The deposition of Ga inside the PS template (600 nm aver-
age sphere diameter) was achieved by applying a constant po-
tential of �1.4 V for 1 hour. We should refer here that the dep-
osition of Ga on ITO inside the PS template occurs at a lower
negative potential than that on Pt inside the PC membrane.
This gives, in our case, rise to different morphologies of the
obtained structure. Figure 6 presents an SEM image of this de-
posit after dissolving the PS template by THF: In contrast to
other macroporous structures we have made so far, the one-
layer macroporous Ga has quite a rough morphology consist-
ing of grains with smallest diameters of about 40 nm. This is
similar to observations in ref. [9] where a granular growth was
also observed and which we attributed to nucleation phenom-
ena. It is rather difficult to make Ga macroporous structures
with several monolayers with our templates. The granular

Figure 3. EDX analysis of the Ga nanowires shown in Figure 2.

Figure 4. SEM image of Ga nanowires obtained after the dissolution of the
PC membrane. Deposition potential : �2.4 V , deposition time: 1 hour.

Figure 5. Cyclic voltammogram of 0.5 m GaCl3 in [Py1,4]TFSA on ITO electrode
inside the PS template, acquired at a scan rate of 10 mV s�1 at 25 8C.

Figure 6. SEM images of Ga macroporous structure obtained after the disso-
lution of the PS template. Deposition potential : �1.4 V, deposition time:
1 hour.
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growth of Ga insinde the template seems to burst the tem-
plate and for multilayers the electrochemical parameters have
to be further adjusted. Nevertheless, such a surely not perfect
morphology does not seem to prevent light reflection in the
macroporous structure, as can be seen in Figure 7, where the

sample showed different colours upon changing the angle of
incidence of white light. These light reflections, originating
from the macroporous structure, are similar to the ones of a
Bragg grating, as we showed in a previous study on macropo-
rous germanium.[15]

In our opinion this electrochemical synthesis has several
prospects:

1. Gallium nanostructures can be made quite easily with a
template-assisted electrochemical route. Especially in ionic
liquids, as presented herein, there are no side-reactions
such as hydrogen evolution that affect the deposition pro-
cess and Ga is obtained as a pure material.

2. Such Ga nanostructures are also of interest for a post-treat-
ment, both by means of electrochemistry and by physical
methods. One could, for example, deposit antimony elec-
trochemically (to make GaSb) or arsenic physically to make
GaAs. One might also consider an electrochemical oxidation
of the as-made Ga in an ionic liquid containing for example,
ammonia, which might be a route to make GaN, especially
in ultrathin layers.

3. Such Ga structures might also be of interest as host materi-
al in lithium microbatteries. The Li/Ga phase diagram shows
several compounds[16] and it was suggested that the dend-
retic growth of Li is strongly suppressed[17] if deposited on
gallium as a host material.

3. Conclusions

Herein, we have shown that Ga nanostructures, namely nano-
wires and macroporous structures, can be obtained via a tem-
plate-assisted electrodeposition from ionic liquids. For the
nanowire synthesis, track-etched polycarbonate membranes
were used as templates. The obtained nanowires have an aver-
age diameter of 90 nm and a length of more than 4 mm. The
diameter and length of the nanowires can be varied by using
PC membranes with different pore sizes and by varying the re-
action conditions, respectively. Ga macroporous nanostructures
were prepared by electrodeposition inside polystyrene colloi-
dal crystals with an average sphere diameter of 600 nm and
the subsequent removal of the template by THF. The average
pore size of the macroporous structure corresponds to the
spheres size of the employed template. The morphology is
represented by grain diameters of about 40 nm showing
strong light reflections upon changing the angle of incident
light. Such Ga nanostructures might be of interest for a further
treatment to make compound semiconductors or as anodes
for lithium batteries.
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Figure 7. Photographs of a sample of macroporous Ga (600 nm pore size)
on ITO-glass showing different colors due to light reflections upon changing
the angle of incident white light.
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