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Electrochemical synthesis of vertically aligned zinc
nanowires using track-etched polycarbonate
membranes as templates
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In the present paper, vertically aligned arrays of zinc nanowires were synthesized by electrochemical
deposition into ion track-etched polycarbonate membranes in the ionic liquid electrolyte 1-ethyl-3-
methylimidazolium trifluoromethylsulfonate ([EMIm]TfO)/Zn(TfO),. Cyclic voltammetry and chronoamperometry
were performed to investigate the electrochemical growth of zinc nanowires inside of the membranes. The
transport processes and mechanisms of the nanowire growth in the membranes are also discussed. A
supporting zinc or copper layer was deposited on the sputtered side in order to make the back layer thick
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structures on such a substrate might be a potential anode candidate for future generation lithium ion
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1. Introduction

Metal nanowires show a variety of quite interesting physical
and chemical properties, which are not seen in bulk materials,
such as superconductivity, enhanced mechanical properties
and coercivities and remnant magnetization.”> The synthesis
of metal nanowire arrays has attracted more attention in recent
years because of their potential applications in batteries, catalysis
and nanoscale electronic devices.*™ Several methods have been
employed to synthesize metal nanowires, including electrochemical
deposition, physical/chemical vapor deposition, and vapor-liquid-
solid growth.®® In this context the electrochemical deposition into
nanoporous templates is a promising process to prepare metal
nanowire arrays as electrodeposition is relatively simple concerning
the experimental requirements. Furthermore, the composition,
dimensions and the length of the nanowires can be well controlled
by electrochemical methods.>"" Commercially available anodic
aluminum oxide (AAO) and ion track-etched polymer membranes
are widely used as templates. The polymer templates are fabricated
by irradiation of the membranes with heavy ions followed by
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etching with chemicals. The pores are usually randomly
distributed across the surface. Prior to electrodeposition, a
conductive metal layer has to be applied on one side of the
membrane to serve as an electrode for the nanowire growth.
Compared to AAO, porous polymer membranes are chemically
stable in many electrolytes including strong acidic and alkaline
solutions."? Furthermore, the templates can be easily removed
by dissolving them in dichloromethane.

It was reported that Zn nanowires exhibit superconducting
properties'>'* and zinc nanowire composites exhibit superior
magnetoresistance and thermopower properties."> Further-
more, zinc nanowires are expected to have some potential as
host materials for lithium ion batteries or zinc/air batteries.
Free-standing zinc nanowire arrays would offer better accom-
modation of large volume changes during lithium insertion
and extraction processes.

The synthesis of Zn nanowires, nanotubes, and nanobelts
was reported recently.'®'® However, the reported nanostructures
were not free-standing on the substrate, and to the best of our
knowledge there is no report on the synthesis of free-standing
zinc nanostructures hitherto.

Ionic liquids (ILs) are known for their low vapor pressure
and for their usually large electrochemical windows and they
are quite intensively investigated as electrolytes.'®*° There are
many prospects of using ionic liquids as electrolytes as they
avoid hydrogen evolution and allow the deposition of a range of
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reactive elements such as Al, Ga, Si, Ge, Ta, and maybe other
ones, which are difficult or impossible to deposit in water.”*
The deposition of zinc from AICl;-based ionic liquids was
extensively studied by Sun et al.’*** and by Abbott et al.****
The effect of additives on zinc electrodeposition was also
studied.”®?® Recently, we could show that the electrodeposition
of zinc films from 1-butyl-1-methylpyrrolidinium trifluoro-
methylsulfonate, [Py, 4]TfO, and from 1-ethyl-3-methylimidazolium
trifluoromethylsulfonate, [EMIm]|TfO, is quite easy at room
temperature® and even macroporous zinc structures as a
potential material for batteries could be obtained.* Zinc nano-
wires are also an attractive anode host material for lithium/air
or lithium ion batteries, zinc nanowires themselves possibly for
zinc/air batteries.

In the present paper, vertically aligned arrays of zinc nano-
wires are made using ion track-etched polycarbonate mem-
branes as templates. A copper or gold supporting layer serves as
the working electrode, and the zinc nanowires are grown inside
of the cylindrical nanochannels of the templates. The results
show that the nanowire diameter is about 90 nm and the length
can be up to 18 um, depending on the experimental conditions.
An about 7 pm thick supporting layer of zinc or copper is
electrodeposited on the sputtered side of the PC membrane.
The cyclic voltammograms show the typical zinc reduction and
oxidation peaks. The mechanism of the nanowire growth in the
ion-track etched polymer membrane is also investigated by
chronoamperometry.

2. Experimental

Zinc trifluoromethylsulfonate (Zn(TfO),) powder (IO-LI-TEC,
Germany, 99%) and copper(i) chloride powder (Sigma-Aldrich,
American, 99.99%) were used as zinc and copper sources for
electrochemical deposition, respectively. The ionic liquids
1-ethyl-3-methylimidazolium trifluoromethylsulfonate, [EMIm]|T{O,
and 1-ethyl-3-methylimidazolium dicyanamide, [EMIm|DCA, were
obtained from IO-LI-TEC, Germany. The amount of impurities (Li",
Cl7) in the liquids was less than 100 ppm. Liquids with the triflate
ion can contain several hundred ppm of trifluoromethylsulfonic
acid. The ionic liquids were dried under vacuum at 120 °C to water
contents of below 3 ppm and stored in closed bottles in an argon
filled glove box (OMNI-LAB from Vacuum Atmospheres) before
using. The concentration is 0.2 M for Zn(TfO), in [EMIm]TfO and
1 M for CuCl in [EMIm]DCA, respectively.

Cyclic voltammetry and electrodeposition experiments were
performed in the glove box using a classical three-electrode cell
setup. The electrochemical cell made of polytetrafluoroethylene
(Teflon) was clamped over a Teflon covered Viton o-ring, thus
yielding a geometric surface area of 0.3 cm”.

Track-etched polycarbonate (PC) membranes with a nom-
inal thickness of 21 pm, an average pore diameter of 90 nm and
pore densities of 10° em ™2 (Ion Track Technology for Innovative
Products, IT4IP, Belgium) were used as templates. A thin layer
of Au or of Cu (~100 nm thick) was sputtered on the reverse
side of the templates serving as the working electrode. A
platinum wire (Alfa, 99.99%) and a zinc wire (Alfa, 99.99%)
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were used as a counter and quasi reference electrode, respectively,
for zinc deposition. The reference and counter electrodes were
directly immersed in the solutions without using a separate
compartment. A thick supporting zinc or copper layer is deposited
on the sputtered side of the membranes. Copper wires were used
both as counter and reference electrodes for copper deposition. A
10 mL glass beaker was employed as an electrochemical cell for the
supporting layer deposition. The electrochemical measurements
were carried out using a PARSTAT 2263 potentiostat/galvanostat
controlled by PowerCV and PowerStep software.

After deposition, the membranes were rinsed with isopropanol
to remove the ionic liquid and subsequently the membranes were
removed by dissolving them in dichloromethane (CH,Cl,, AR,
Merck). A high resolution SEM (Carl Zeiss DSM 982 Gemini)
was used to characterize the surface morphology. Contact angle
measurements were performed using a Kriiss DSA100S system for
sessile droplet analysis (Kriiss GmbH, Hamburg, Germany).

3. Results and discussion

Fig. 1a shows a top view SEM micrograph of the track-etched PC
membranes. The membranes have rather a low porosity which
is usually less than 15% and the pores are randomly distributed
in the membranes. In our experiment, the membranes have a
nominal pore diameter of 90 nm and a pore density of 10° cm ™2
Furthermore, Fig. 1 shows that double or triple pores are present,
too. A contact angle measurement, as shown in the inset of Fig. 1a,
reveals that the ionic liquid well wets the membrane, which is quite
important for the homogeneous growth of the nanowires inside of
the membrane. Prior to deposition, a thin layer of Au or of Cu was
sputtered on the reverse side of the templates to act as a supporting
electrode. The thickness of the sputtered Au or Cu was roughly
100 nm and importantly the pores are not sealed by this

Fig. 1 SEM micrographs of (a) the polycarbonate membrane and contact angle
of 0.2 M Zn(TfO),—[EMIM]TfO solutions on the membrane (inset picture), (b) the
back side of the membrane after sputtering with gold, (c) back side of the
sputtered gold after removing the membrane and (d) interface of the sputtered
gold and zinc nanowire.
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process, only the diameter is decreased to ~46 nm (Fig. 1b with
sputtered Au). However, after dissolving of the membranes with
dichloromethane, small Au islands or even wires can be found
as shown in Fig. 1c (with sputtered Au). Similar results were
also found with the sputtered copper surface. These results
show that to some extent the Au or Cu particles from sputtering
went inside the pore during the sputtering process and formed
small islands or wires in the pore walls near the pore’s surface.
These small islands or even wires will serve as a special kind of
nanoelectrodes for the growth of nanowires. The SEM image in
Fig. 1d shows the interface between the gold substrate and the
base of the nanowires. The nanowires shown in Fig 1d were
obtained at a potential of —0.5 V versus a quasi Zn reference
electrode for 2 h. The Zn nanowires will grow on these islands
or wires, therefore the connection will depend on the inter-
action between the sputtered metal layer and the deposited
metal itself. An alloy between the supporting metal and
the deposited metal will improve the mechanical stability of
the final electrode material. Once the template is removed, the
nanowires should be free-standing. Zn alloys well with both
gold and copper and it can be expected that the nanowires are
free-standing as will be shown below.

The cyclic voltammograms of 0.2 M Zn(TfO), in [EMIm]|TfO
on a sputtered gold surface and inside of the PC membranes
are presented in Fig. 2. In the latter case the sputtered side of
the membrane was pressed on a gold electrode and deposition
of Zn occurred through the membrane. The electrode potential
was scanned from the open circuit potential (OCP) to —1 V,
then up to +1 V in the reverse scan and finally back to the
former OCP with a scan rate of 10 mV s~ . Cathodic waves are
observed at about —0.5 V (c1) in both cases, corresponding to the
reduction of Zn>" to Zn. The anodic peaks at about +0.4 V (a1) are
ascribed to the stripping of Zn. In both cases, a current loop was
found in the deposition regime indicating a nucleation process.
The CVs show that the deposited zinc is electrochemically active
and the wires exist in the form of the actual reactive metal with
the IL probably protecting it from self corrosion.

The cyclic voltammograms recorded under the same conditions
but on the sputtered copper surface and inside of the Cu sputtered

sl al
— Inside of the PC membrane
——on gold
2
<
S
~ 1F
c
Q
= 0}
=3 —
(@)
& |
cl
-2 1 1 1 L 1 1 1 n 1
-1.0 -0.5 0.0 0.5 1.0

Potential vs. Zn/V

Fig. 2 CVs of 0.2 M Zn(TfO), in [EMIm]TfO on gold and inside of the PC
membrane at room temperature. Scan rate: 10 mV s~
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Fig. 3 CVs of 0.2 M Zn(TfO), in [EMIMITfO on copper and inside of the PC
membrane at room temperature. Scan rate: 10 mV s~

PC membranes are shown in Fig. 3. The CVs show the typical zinc
deposition (c1) and stripping peaks (a1) as well. Compared to Fig. 2,
the potential for Zn deposition is more negative in both cases on
copper than on gold under the same experimental conditions.
Furthermore, a current loop in the deposition regime was only
found on the sputter deposited copper layers indicating a nuclea-
tion process, while such a loop was not found for deposition inside
of the membranes. In both experiments the current on the
sputtered side was almost 4 times higher than the one inside of
the PC membranes. Such a ratio of currents is not in direct
agreement with the one calculated from the porosity. Similar
results were also reported for Co and Ni nanowires made in
aqueous solutions.®" In any case this result shows that the mass
transport in the confined space of the nanochannels may have an
effect on the growth of the nanowires.

The growth mechanism of nanowires in aqueous solutions
is known and was studied by several authors.*>** In the present
study, chronoamperometry measurements were performed to
investigate the growth mechanism of Zn nanowires inside of
the membranes at a constant deposition potential of E= —0.5V
versus a quasi Zn reference electrode on the Au-sputtered
membrane. The current-time curve depicted in Fig. 4 can be
divided into three stages. In stage 1, once the potential was
applied, the nucleation occurs at the electrode—-electrolyte inter-
face forming a thin zinc layer at the bottom of the pores. The
current increases first and decreases subsequently due to
diffusion control. The diffusion processes are surely different
from the conditions of a planar substrate due to the confined
space inside of the templates. Subsequently, in stage 2, the
current increases which is attributed to the proceeding growth
in the pores towards the surface of the membranes. Growth
proceeds until the pores are filled. Beyond this in stage 3, the
deposit will now grow out of the templates by firstly forming
hemispherical caps on top of the wires and then a more or less
planar layer forms over the whole of the template surface.
Correspondingly, the current increases first rapidly followed
by a decrease due to the diffusion control. We refrain here from
an overinterpretation of the chronoamperogram as also varying
solvation layer effects might occur possibly influencing the
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Fig. 4 Cathodic current as a function of time for the potentiostatic deposition of
Zn at a potential of —0.5 V versus Zn inside of the Au-sputtered polycarbonate
membrane from 0.2 M Zn(TfO),~[EMIm]TfO. The inset pictures display three
different stages of the growth process: stage 1, Zn nucleation and formation of a
thin layer on the surface; stage 2, Zn grows in the pores; stage 3, the pores are
completely filled, then forming hemispherical caps on top of the wires and finally
over the whole membrane.
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Fig. 6 Top-view SEM micrographs of Cu deposits formed in 1 M Cucl in
[EMIm]DCA at a potential of —0.6 V versus Zn for 3 h on sputtered gold (a)
and on sputtered copper (c). Cross-section of the samples is shown on gold (b)
and on copper (d), respectively.

deposition process. The potentiostatic current-time curve
recorded on a Cu-sputtered template was similar to that of
the Au-sputtered template (the results are not shown).
Although the feasibility has been shown, the sputtered layer
alone is not thick enough to allow an array of free standing
nanowires. Once the template is removed in dichloromethane,
the sputtered layer will break into pieces or enroll. Conse-
quently, it is quite difficult to collect the nanowires. Therefore,
a thick supporting layer is needed on the sputtered side to
support the nanowires. For this purpose, firstly, a layer of Zn
was deposited on the sputtered Au or Cu surface, while the
other side of the membrane was isolated from the electrolyte
using a PTFE (Teflon) tape. Top and cross-section views of such
Zn deposits made on the Au or Cu surface are shown in Fig. 5.

Fig. 5 Top-view SEM micrographs of Zn deposits formed in 0.2 M Zn(TfO), in
[EMIm]TfO at a potential of —0.5 V versus Zn for 2 h on sputtered gold (a) and on
sputtered copper (c). Cross-section of the samples is shown in (b) and (d) on gold
and on copper, respectively.
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The Zn deposits obtained on the sputtered gold surface appear
to have a platelike morphology, with the plate rather perpendi-
cular to the surface. This growth is comparable to the one on a
planar gold substrate.*® Furthermore, the particle size of the Zn
deposit on copper is larger than the one on gold. The thickness
of zinc on gold and on copper was 18.5 um and 9.5 um,
respectively. In both cases a dendritic structure formed which
does not make this layer suitable as a supporting layer, it is
simply too brittle. Therefore, a thick layer of copper was
deposited alternatively on both sputtered Au and Cu layers
from 1 M CuCI-[EMIm]DCA solutions. The advantage of depos-
iting a layer of copper is that it can be directly used as a current
collector. As shown in Fig. 6, the thickness of the Cu layer can
be more than 25 nm and the surface shows a dense structure.
Thus, copper is quite a good candidate material as a supporting
layer for zinc nanowires. It should be mentioned here that
many factors can influence the morphology of the deposits
such as concentration, current density, and temperature.

Zinc nanowire arrays are of interest for applications in
nanoelectronic devices; furthermore, vertically aligned zinc
nanowire arrays on a conductive substrate are expected to have
a good performance in batteries due to their high surface area
and their good electron conductivity.>* However, until now
published zinc nanowires are randomly oriented, whereas in
the present paper free-standing zinc nanowire arrays are in the
focus of our interest. SEM micrographs of Zn nanowires
obtained potentiostatically at a potential of —0.5 V for 6 h (on
Au-sputtered) and —1.0 V for 4 h (on Cu-sputtered), respectively,
are shown in Fig. 7 and 8. In both cases Cu was electro-
chemically deposited on the sputtered membranes as a support
structure of the nanowires. Fig. 7a and 8a show a top view of the
vertically aligned Zn nanowire arrays. The zinc wires are
practically free-standing and perpendicular to the substrate
with a high aspect ratio. But, the Zn nanowire arrays are also
bunched together as clearly seen from Fig. 7b and 8b, and this
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Fig. 7 (a) Top-view SEM micrograph of Zn nanowires obtained after dissolution
of the polycarbonate membrane from 0.2 M Zn(TfO),~[EMIm]TfO solutions on
sputtered gold with a copper supporting layer at a potential of —0.5 V versus Zn
for 6 h. (b) Top view of the Zn nanowires with higher magnification. (c) SEM
micrograph of the length of the nanowires and (d) SEM micrograph of the
diameter of the nanowires.

20 pm

Fig. 8 (a) Top-view SEM micrograph of Zn nanowires obtained after dissolution
of the polycarbonate membrane from 0.2 M Zn(TfO),~[EMIm]TfO solutions on
sputtered copper with a copper supporting layer at a potential of —1.0 V versus
Zn for 4 h. (b) Top view of the Zn nanowires with higher magnification. (c) SEM
micrograph of the length of the nanowires and (d) SEM micrograph of the
diameter of the nanowires.

effect increases with increasing length of the nanowires. Higher
magnification SEM micrographs given in Fig. 7c and 8c show
that the length of the nanowires is about 19 um in both cases.
The length of the wires, as can be seen from Fig. 7a in the
corner and in Fig. 8¢, is not really uniform. One possible reason
is that the pores in the commercial membranes are not aligned
perfectly parallel but rather have a certain angular distribution.
The SEM images in Fig. 7d and 8d show that the diameters of
the zinc nanowires in the middle are almost equal to the ones
of the templates. Only at or near the top end of the nanowires
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Fig. 9 SEM micrographs of free-standing Zn nanowires (a) and a sandwich-like
structure (b) obtained from 0.2 M Zn(TfO),~[EMIm]TfO solutions by electro-
deposition at a potential of —1.0 V versus Zn for 2 h and 8 h, respectively, on
the copper sputtered membranes with a copper supporting layer.

the diameter is a little smaller. The diameter is about 75 nm
close to the top end and 94 nm in the middle as shown in
Fig. 7d, more or less in agreement with the nominal pore size.

The length of the nanowires can be well controlled by the
deposition time. Fig. 9 displays SEM micrographs of free-
standing zinc nanowires and of sandwich-like structures
obtained at a potential of —1.0 V for 2 h and 8 h, respectively,
on the copper sputtered membranes with an electrodeposited
copper supporting layer. Vertically aligned zinc nanowire arrays
with a length of less than 5 um are obtained in the first case as
shown in Fig. 9a. The bottoms of the wires are well separated
from each other, while the tops are stuck together forming
bunch-like structures. By prolonging the deposition time to 8 h
(Fig. 8b) the pores are completely filled up with electrodepos-
ited zinc and finally a thick film is grown over the surface of the
template, consistent with the qualitative description of the
chronoamperometry measurements. Both the short nanowires
and the sandwich-like structure with nanowires in the middle
might be of some interest in the field of supercapacitors
or catalysis, especially as they can be fully modified in the
chemical process.

4. Conclusions

In summary, we have demonstrated a comparably simple and
effective approach to produce vertically alignhed Zn nanowires
from 1-ethyl-3-methylimidazolium trifluoromethylsulfonate/
zinc triflate electrolytes by electrochemical deposition into
ion track-etched polycarbonate membranes. Both the cyclic
voltammograms and chronoamperometry measurements show
the complicated diffusion and transport process of the Zn>*
inside of the nanochannels. A supporting zinc or copper layer
was deposited on the sputtered side from ionic liquids in order
to make the wires free standing. The SEM results show that the
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diameter of the obtained zinc nanowires is about 90 nm, which
is the same as the nominal diameter of the pores, and wire
lengths of up to 18 um could be obtained by controlling the
deposition time. Furthermore, short nanowires with lengths of
less than 5 um and sandwich-like structures with nanowires in
the middle are also synthesized.
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