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ABSTRACT. In this paper, we present an attractive method for the fabrication of long, straight,
highly crystalline ultra-thin platinum nanowires. The fabrication is simply achieved using an
inverse hexagonal (Hy) lyotropic liquid crystal phase of the commercial surfactant phytantriol as
a template. A platinum precursor dissolved within the cylindrical aqueous channels of the liquid
crystal phase is chemically reduced by galvanic displacement using stainless steel. We demonstrate

the production of nanowires using the Hy; phase in the phytantriol/water system which we obtain



either by heating to 55 °C, or at room temperature by the addition of a hydrophobic liquid, 9-cis-
tricosene, to relieve packing frustration. The two sets of conditions produced high aspect
nanowires with diameters of 2.5 nm and 1.7 nm respectively, at least hundreds of nanometers in
length, matching the size of the aqueous channels in which they grow. This versatile approach can

be extended to produce highly uniform nanowires from a range of metals.

INTRODUCTION. Nanostructured platinum materials have been investigated for a wide range
of high-surface-area applications. Some of these technologies are driven by the need to meet the
increasing demand for renewable energy, for example, in fuel cells' and solar cells®. Other
applications include sensors® and chemical catalysts*>. The use of nanowires rather than the
commonly used supported nanoparticles brings a number of advantages, overcoming several
problems associated with the latter especially in fuel cells, such as support degradation, particle
sintering, and limitations on catalyst loading'. Ultrathin platinum nanowires have been shown to
exhibit higher electrochemical surface area activity than supported nanoparticles®, and greater
electrochemical durability under voltage cycling®. In other applications, platinum nanowires
bring new optical’, magnetic® and catalytic properties’!°. More generally, ultrathin nanowires

from other metals have applications in transparent conducting electrodes'’.

A number of approaches have been used to produce ultrathin (<10 nm diameter) platinum
nanowires. Non-templating routes through chemical reduction generally give rise to shorter,
more disordered wires® although Xia et al.'? have reported the synthesis of 3 nm diameter
ultralong nanowires in a template-free solvothermal route taking 1-2 days, and involving
temperatures of 170 °C. Longer, straight ultrathin platinum nanowires are more commonly

produced by growing the metal within the cylindrical pores of a template such as mesoporous



silica'3, carbon nanofibers'®, insulin fibrils® and metal organic frameworks'>. However, the
assembly and subsequent removal of these templates are associated with complex, multi-step

processes, often involving harsh conditions and reagents.

Platinum nanomaterials with different morphologies showing periodicity in two or three
dimensions have been produced by electrodeposition within highly ordered hexagonal or cubic
lyotropic liquid crystalline phases'®!®. They generally represent a much more attractive route
than the templates mentioned in the previous paragraph. However, such lyotropic phases have
not until now been used to produce straight ultra-thin nanowires (although inverse micelles have

been used to grow nanowires which are much larger'® or more disordered!.

In this study, inverse hexagonal lyotropic liquid crystal phases (Hy) formed from self-assembly
of the readily available lipid phytantriol (3,7,11,15-tetramethyl-1,2,3trihydroxy-hexadecane) are
used for the template synthesis of ultra-thin, straight platinum nanowires. Hy; phases contain
arrays of straight aqueous channels a few nm in diameter, and have mainly been researched for
pharmaceutical applications®. In the few cases where these have been used as templates, in the

synthesis of metals®! and semiconductor?*?*

nanowires, the nanowires produced are typically
tens of nanometres in diameter; these dimensions are much larger than the diameter of the
channels (indicating that the process has not faithfully ‘templated’ the channel dimension) and of
the ultrathin nanowires we report in this paper. The Hy phase is the thermodynamically favoured
phase for phytantriol in excess water above 45 °C**. Addition of a hydrophobic liquid such as 9-

cis-tricosene (as here) or hexadecane® relieves packing frustration by filling voids between the

monolayer cylinders allowing the Hy; phase to form at room temperature.

EXPERIMENTAL.



Materials and Equipment: 3,7,11,15-tetramethyl-1,2,3-hexadecanetriol (C20H4203), commonly
known as phytantriol, was kindly donated by Adina Cosmetics Ingredients. Hexachloroplatinic
acid (HCPA) solution (8 wt % in water) and 9-cis-tricosene were purchased from Aldrich. 0.5 M
sulfuric acid was prepared from Merck p.a.-grade concentrated acid. Laboratory reagent grade
acetone was purchased from Fischer Scientific. 6 M HCI was prepared by diluting the laboratory
reagent grade HCI (36 %) from Fischer Scientific. All of the compounds were used as received.
All solutions were prepared in purified water, which was prepared by passing deionized, distilled
water through a Milli-Q water purification system. Stainless steel sheet (2 mm thick), purchased
from Inspired steel limited, was cut down to 0.3-1 cm? pieces by the in-house mechanical
workshop.

Preparation of liquid crystal templates: The binary mixture of phytantriol containing 4.1 %
(w/w) 9-cis-tricosene was prepared by weighing appropriate amounts of phytantriol and 9-cis-
tricosene in a capped glass vial. The mixture was vigorously stirred at room temperature with the
help of a glass rod or polypropylene spatula. The glass vial containing the mixture was sealed and
heated in water bath at 40 °C for 20 min and then cooled down to room temperature. The sample
was stirred again. After mixing, the sample was allowed to stand for 1-2 hours to remove air
bubbles. Phytantriol and the binary mixture of phytantriol/9-cis-tricosene were each dissolved in
ethanol in 1:1 or 1:2 ratios by weight for SAXS analysis or platinum deposition on stainless steel
respectively.

Fabrication of Pt-nanowires: For the fabrication of Pt-nanowires, a thick layer (1-2 mm) of
phytantriol or binary mixture of phytantriol/9-cis-tricosene (dissolved in ethanol) was placed on
the steel plate in a Teflon cell. The Teflon cell was left for 1-2 hour to allow the ethanol to

evaporate. The Teflon cell was then sealed and placed inside a Pyrex water jacketed cell attached



to a thermostat water bath for temperature control. After equilibration at the required temperature
for 30-60 mins, HCPA solution was added drop wise to the top of the surfactant layer. It was
allowed to stand for 4-8 hours until the mixture became fully black. Chemical deposition of Pt-
nanowires from Hj; phase of phytantriol without the presence of tricosene was carried out at 55
°C. In the presence of 4.1 wt % tricosene, deposition was carried out at 25 °C. Once the process
was completed, the chemical deposits were removed from the substrate and transferred to a glass
vial followed by washing (see below).

Washing of chemical deposits: Washing of chemical deposits was carried out with acetone (20
ml), water (10 ml), 6 M HCI (10 ml), water (10 ml), acetone (10 ml) and finally with water. After
washing, the nanostructured platinum powder was kept moist in order to avoid inhalation risks
associated with dry powders.

Characterization:

Structural investigations were carried out by small angle X-ray scattering (SAXS) and
transmission electron microscope (TEM) whereas electrochemical analysis was carried out by
cyclic voltammetry.

Small Angle X-Ray Scattering (SAXS) analysis: Small angle X-ray scattering patterns were
recorded using a Small Angle X-Ray System V 4.1.35 Bruker AXS operating at 45 kV and 650
pA. Silver behenate [CH3 (CH2)20COOAg] was used as a calibrant using d001 = 5.8380 nm?%.
Scattering patterns were obtained with a wavelength of 0.154 nm. During analysis the optics and
the sample chamber were under vacuum to minimize the air scatter. 2-D scattering patterns were
subsequently integrated and converted into one dimensional d-spacing intensity profiles by using
Image J software with macros written in-house. The sample to detector distance was 107 cm

(extended beam path) or 67 cm (short beam path). All the temperature controlled measurements



were performed using an mri Physikalische Gerate GmbH high temperature heating stage (mri-
0065151/heating stage).

Sample preparation of nanostructured platinum materials: Small amounts of the Pt-nanowire
powder were wrapped in polyimide sticky tape with the help of a spatula and attached to a metal
frame for SAXS analysis.

Sample preparation of liquid crystals with incorporated platinum: During the chemical
fabrication process, a small amount of a liquid crystal template along with the platinum replica
was removed from the steel plate and a sandwich cell was prepared. A sample was sandwiched
between two layers of a polyimide paper supported by a silicon rubber sheet attached together by
double sided sticky tape. For temperature control, the cell was placed between two metal plates
screwed together and then fixed into the heating stage.

Preparation of liquid crystal samples under excess hydration conditions: Thin coatings of
phytantriol with or without the presence 9-cis-tricosene were deposited on the inside of open-ended
thin-walled glass capillary tubes from their ethanolic solutions (w/w ratio of 1:1) followed by
drying with compressed air (~ 15 min) and then kept under ambient conditions for not less than an
hour. Drying time with compressed air was extended to ~ 30 min for immediate use (in this case,
it was not kept for another hour under ambient conditions). During this time, the ethanol
evaporated leaving a thin film (21 + 5 pum thick) of phytantriol with or without the presence of
tricosene. The capillary was then filled with water or HCPA solution, sealed and fixed into the
heating stage.

TEM Analysis: The surface morphology of the Pt-nanowires was revealed by taking images
using Philips CM20 Analytical TEM and JEOL JEM-2010 HR TEM operated at 200 kV. For TEM

analysis, 2 ml of isopropyl ether or acetone was added to the sample in a glass vial and sonicated



for 5 min to make a suspension of the Pt-nanowires. 1-2 drops of the suspension was placed on a
copper grid with supporting carbon film (300 mesh) with the help of a dropper. The copper grid
was placed on the sample holder and loaded inside the sample chamber for analysis.
Electrochemical characterisation: All electrochemical experiments were carried out on a
purpose built electrochemical workstation and software, interfaced to a personal computer using a
CIO-DASO8 data acquisition card (Measurement Computing), using data recording software
written in-house. Electrochemical experiments were carried out in Pyrex water-jacketed cell of
volume ~ 5 ml and sample temperature was controlled to = 1 °C using thermostat water bath
(Grant) which circulated water around the cell. All the glass ware used was cleaned using 1%
solution of Micro-90 (Cole-Parmer) in which it was soaked for 24 hours followed by rinsing with
distilled water. Final rinsing was carried out using deionized distilled water. All electrochemical
experiments were carried out in a conventional three electrode system comprised of Ag/AgCl
reference electrode (RE), platinum flag (area ~ 1 cm?) counter electrode (CE) and a working
electrode (WE). The platinum counter electrode was flamed until a colourless flame was observed.
The chemically deposited Pt-nanowire powder was attached abrasively to a bare gold wire
electrode (0.2 mm diameter). These electrodes were then used to record the cyclic voltammograms
in 0.5 M H2SO4 vs Ag/AgCl between the limits +1.2 to -0.35 V. The surface area of the rubbed Pt-
nanowire powder was measured by integrating the current in the hydride region during forward
and backward scan, taking their average and divided by the conversion factor for platinum and
scan rate. Before applying the platinum powder, the gold wire electrode was cycled in 0.5 H>SO4
between the limits +1.7 to -0.2 V vs. Ag/AgCl. All these experiments were carried out at room

temperature.

RESULTS AND DISCUSSION



Small Angle X-ray Scattering (SAXS) patterns (1-D and 2-D) of lyotropic templates of
phytantriol at 55 °C, and phytantriol containing 4.1 % (w/w) 9-cis-tricosene at 25 °C, both in
excess hexachloroplatinic acid (HCPA) solution, are shown in Figure 1. The 1-D SAXS patterns
each show three Bragg peaks with relative positions for 1/d in the ratios V1:V3:14 which can be
indexed as (hkl) = (100), (111), (200) consistent with the first three reflections of an Hy phase. The
2-D SAXS patterns are comprised of three sharp Debye—Scherrer rings which suggest the presence

of well-defined polydomain hexagonal liquid crystalline structures.
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Figure 1. 1-D (left) and 2-D (right) SAXS patterns for a) phytantriol in excess HCPA solution at
55 °C and b) phytantriol containing 4.1 % (w/w) 9-cis-tricosene in excess HCPA solution at 25

°C. SAXS patterns in excess water are shown in Supplementary Information (Figure S1).

The lattice parameter, a, represents the centre-to-centre distance of adjacent cylinders, as shown
in Figure 2. For the inverse hexagonal phase of phytantriol at 55 °C in excess water and HCPA
solution, lattice parameter values are 4.62 = 0.15 and 4.73 + 0.15 nm respectively, indicating that
the presence of hexachloroplatinate ions does not significantly interact with the lipid headgroups
or affect mesophase structure. A similar observation was made previously with the inverse cubic

phase!S. Lattice parameters for the inverse hexagonal phase of phytantriol with 4.1% 9-cis-



tricosene at 25 °C in excess water and HCPA solution are 5.16 + 0.02 and 5.24 + 0.02 nm
respectively. The slightly higher lattice parameter at 25 °C compared with 55 °C is likely due to a
decrease in spontaneous curvature?’ due to a reduction in hydrocarbon splay, thus facilitating a

swelling in the lattice parameter.

l Platinum deposition

H, + Pt-nanowires

l Removal of template

Pt-nanowires

Figure 2. Schematic representation of fabrication of Pt-nanowires from Ay phase of phytantriol,
where ‘a’ represents the lattice parameter. Representative SAXS patterns for Hy phase, Hy /Pt

composite, and Pt-nanowires are shown in Supplementary Information Figure S2.



The soft templated metal reduction route by galvanic displacement was first employed by Attard
et al.?® in 1997 to produce nanostructured platinum containing regular cylindrical mesopores. In
the study reported here, the approach is employed for the first time to produce ultrathin Pt-
nanowires. Deposition of the platinum metal from HCPA dissolved in the aqueous channels of the
Hjr phase was achieved by galvanic displacement through contact with a stainless steel plate.
Dissolution of the iron within the steel provides a source of electrons which reduces the HCPA to
solid platinum constrained to grow within the cylindrical aqueous channel (Figure 2). As platinum
reduction only takes place at a metal surface (initially the stainless steel, then at the growing end
of the nanowire), this favours the growth of more uniform nanowires that grow longer and longer
as deposition continues. In contrast, in reactions where platinum reduction is carried out by a
reducing agent in the aqueous phase, multiple nucleation processes occur, producing shorter, more
disordered nanowires?’. The aqueous channels themselves are highly uniform, as shown by the
sharp Bragg peaks in the diffraction patterns of the template (Figure 1). In order to investigate the
possibility that the reduction of hexachloroplatinate ions and the growth of nanowires somehow
affect the template, SAXS patterns for the Hy; phase of phytantriol/ HCPA with incorporated Pt-
nanowires were taken at 55 °C during the deposition process. No difference was observed in the
SAXS patterns taken for the Hy phase of phytantriol/l HCPA before and after deposition
(Supporting Information Figure S2). On removal of the template by dissolution of phytantriol in
ethanol, the nanowires were no longer held in a hexagonal array, so no Bragg peaks were seen, as
shown in Supporting Information Figure S2.

The morphology of the Pt-nanowires after template removal was characterised by low resolution
and high resolution TEM. The micrographs of the well-defined individual Pt-nanowires fabricated

in Hy phases at 55 °C, and at 25 °C in the presence of 4.1% 9-cis-tricosene, are shown in Figure
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3. After removal of the template, the unsupported nanowires were observed to be held together to
form bundles or entangled to form a mesh like structures as shown in Figure 3. The Pt-nanowires

seem to be quite flexible as bending of the nanowires is quite visible from the TEM micrographs.

0 % (w/w) 4.1 % (w/w)
9-cis-tricosene 9-cis-tricosene

Figure 3. TEM micrographs of Pt-nanowires fabricated from the Hj; phase of phytantriol in the
presence of 0 % (left) and 4.1 % (right) (w/w) tricosene at 55 and 25 °C respectively. The

fabrication time was 6 hours.

The TEM micrographs show that the nanowires exhibit a smooth and continuous surface

morphology. Pt-nanowires were found to be at least hundreds of nanometres in length. Average
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diameters of the Pt-nanowires fabricated at different temperatures by the chemical reduction of
HCPA in the aqueous mesochannels of the Hy phase of phytantriol containing 0 and 4.1 % (w/w)
tricosene were estimated to be 2.5 £ 0.4 and 1.7 = 0.1 nm respectively. (These values were obtained
from individual measured values of: 2.2, 2.5, 2.7, 2.8, 2.9, 2.1 and 2.4 nm for 0% tricosene; and
1.7,1.7, 1.6, 1.6, 1.7 and 1.8nm for 4.1 % (w/w) tricosene.)

The dimensions of the aqueous channels in the Hy phase of the binary phytantriol/ HCPA

solution system can be estimated using the following equation:

V3aty

21

T, =

where 7, is the radius of the aqueous channel, a is the lattice parameter of the Hy; phase, and ¢,
is the aqueous water volume fraction. This equation is adapted from the corresponding formula for
the radius of cylindrical surfactant micelles in the type I hexagonal lyotropic phase!’. Detailed
studies by Barauskas et al. on the phytantriol/ water system®* suggested that at 55 °C in excess
water, the Hy phase is approximately 26% w/w H2O, and so ¢, = 0.247 (phytantriol density is
0.932 g/cm?®) . Using a lattice parameter value of @ = 4.7 nm gives an aqueous channel radius of
rw= 1.2 nm, and therefore a diameter of 2.4 nm, in good agreement with the size of the nanowires
grown within it (2.5 + 0.4 nm). (For the room temperature system containing tricosene, we would
expect the nanowires to be slightly bigger rather than smaller following the relative dimensions of
the lipid template, as discussed above, but in this case no data are available for ¢,, in excess water,
so rwis not known.) As the Pt-nanowires were fabricated through a lyotropic liquid crystalline
lipid template, the template could simply be removed by ethanol/acetone and water. Under these
mild conditions, we avoid the structural degradation observed elsewhere by groups using hard
templates for the synthesis of Pt-nanowires’. The agreement of platinum nanostructure dimensions

with those of the lyotropic template is consistent with observations in normal topology hexagonal
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and cubic!” and inverse cubic!® liquid crystal templating through electrodeposition, and suggests
a rational approach for tuneable metal nanostructures by control of the template.

In order to demonstrate that the nanowires are indeed platinum, and to examine their individual
structure, high resolution (HR) TEM studies were carried out. HR TEM micrographs of Pt-

nanowires fabricated at 55 °C from the Hj; phase of pure phytantriol are shown in Figure 4.

Figure 4. (a,b) HR TEM micrographs of Pt-nanowires synthesised at 55 °C in the absence of
tricosene at different magnifications. Insets in (a) show three selected area FFT images (1, 2, and

3), taken from the red boxed areas (1, 2, and 3 respectively) of a single nanowire. (c,d) Selected
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area electron diffraction patterns taken from 230 nm regions of nanowire samples fabricated

chemically in the presence of 0 % (c) and 4.1 % (w/w) tricosene (d) at 55 and 25 °C respectively.

Each Pt-nanowire showed lattice fringes which run parallel throughout the length of the
nanowires, at least within the range of TEM micrograph (50 nm), revealing the crystalline nature
of the nanowires. These crystals show different orientation in different nanowires. Therefore the
selected area electron diffraction pattern (Figure 4) taken from a 230 nm region of parallel
nanowires showed diffuse rings with d-spacings of 0.226, 0.198, 0.141, 0.117 and 0.0191 nm,
which can be indexed as (hkl) = (111), (200), (220), (311), and (331) reflections of the fcc Pt®
respectively. In some cases, the crystallinity was well preserved in the neighbouring nanowires,
showing that the Pt-nanowires were grown from a single metal crystal domain.

The nanowires were characterised electrochemically, to further confirm that they were made of
platinum, and to measure the electrochemically accessible surface area of a sample. The
characterization was carried out by cyclic voltammetry in dilute H>SO4 solution. For this purpose,
the Pt-nanowires were rubbed onto a bare gold wire of diameter 0.2 mm to a length of
approximately 2 mm, and therefore with exposed electrode area 0.0129 cm?. The cyclic
voltammograms (CVs) of the two nanowire samples produced at 55 °C and at 25 °C in the presence
of tricosene are shown in Figure 5, together with the CV of the gold electrode with no Pt-

nanowires.
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Figure 5. Cyclic voltammograms in 0.5 M aqueous H>SO4 at 0.1 V s between the limits +1.2
and -0.3 V vs. Ag/AgCl for Pt-nanowire rubbed gold wire electrodes. The Pt-nanowires were

fabricated chemically in the presence of (a) 0 and (b) 4.1 % (w/w) tricosene at 55 and 25 °C
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respectively. A typical cyclic voltammogram of bare gold wire electrode before rubbing of Pt-
nanowires is shown as (c).

The presence of the nanowires produces a dramatic increase in current; the features at positive
potentials are associated with a platinum oxide layer, while the multiple peaks at slightly negative
potentials show the formation and removal of a hydrogen monolayer; the multiple peaks are
associated with different Pt crystalline facets®' and the total peak area is proportional to the
electrochemically active surface area of platinum, which can be estimated following calculations
outlined in more detail elsewhere*?. The CVs in Figure 5 give platinum surface areas of 3.5714
cm? and 1.522 cm? which means that rubbing the original 0.0129 cm? gold electrode in Pt-
nanowires produced an increase by a factor of 277 and 118 in surface area from nanowires
synthesised respectively at 55 °C, and 25 °C with tricosene. This suggests 3D electrochemically
accessible networks of wires, rather than a tightly packed arrangement where only the top layer is
accessible to the external solution. Differences in surface area between the two samples likely
reflect variations in the amount of Pt-nanowire powder adhering to the gold electrode surface on
rubbing. The specific surface area can be estimated geometrically from the nanowire dimensions.

Given the high aspect ratios of the nanowires, the contribution of the nanowire ends to surface
area can be ignored. Therefore, for a nanowire radius r, for a section of length L, the surface area
is 2 wr L, and the mass is w12 L p, where r is the radius, and p, the density of platinum, is 21.45 x
10® g/m>. For nanowires of radius r = 1.25 x 10” m and r = 0.85 x 10° m (from TEM data), the
specific surface area estimates are 75 and 110 m*/g respectively. For comparison, typical specific
area values for platinum nanoparticles on carbon are around 60-70 m?/g 3*3* while values of 71.34

m?/g and 90 m?*/g were reported for platinum nanowires with comparable dimensions produced
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512 ysing much

using the insulin fibril templating and solvothermal routes described previously
less synthetically attractive routes than that described here.

SUPPORTING INFORMATION

SAXS patterns for phytantriol in excess H>O at 55 °C and phytantriol containing 4.1 % (w/w) 9-
cis-tricosene in excess H20 at 25 °C (Figure S1), SAXS patterns for Hy; phase, Hy/Pt
composited), and Pt-nanowires (Figure S2). Selected area electron diffraction patterns from a
230 nm region of Pt-nanowires fabricated chemically in the presence of 0 and 4.1 %(w/w)

tricosene at 55 and 25 °C respectively and High Resolution TEM images (Figure S3).
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