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Abstract: Ion-track-etched capillaries containing nanoparticles of precious metals (e.g., Pt, Au, and
Ag) can be applied to plasmonic absorber materials. The precipitation of homogeneous and highly
dispersed precious metal nanoparticles inside capillaries represents a key process. Ion-track-etched
capillaries (diameter: ~500 nm, length: ~25 um) were created in polyimide film by 350 MeV Xe
irradiation (3 x 107 ions/cm?) and chemical etching (using a sodium hypochlorite solution). The films
with capillaries were immersed in an aqueous solution containing 0.1-10 mmol/L H,PtClg and 0.5
vol% C,;Hs0H, and then irradiated with a 2 MeV electron beam up to a fluence of 1.4 X 1016 e/cm?.
The Pt particles inside the capillaries were characterized by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The precipitation of Pt nanoparticles and isolated
aggregates inside the capillaries was confirmed by TEM. The Pt nanoparticles tended to aggregate
under increasing concentrations of HyPtClg in the aqueous solution; meanwhile, no changes in
nanoparticle size were noted under increasing electron beam fluence. The results suggest that the
proposed method can be used to form metal nanoparticles in nanosized capillaries with a high
aspect ratio.
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1. Introduction

Aligned capillaries containing precious metal nanoparticles can be applied to plasmonic absorber
materials. Nanoparticles of precious metals (e.g., Pt, Au, and Ag) have been widely employed as
light absorbers with localized surface plasmon resonance. Plasmonic absorbers, which have the
ability to convert light energy into heat energy, have been developed for solar steam generation [1-3].
By also assigning catalytic qualities to plasmonic absorbers, it would be possible to apply them to
gas-reforming materials and exploit the Sun’s light energy. For example, the use of Pt catalysts would
allow the generation of hydrogen gas from organic chemical hydride.

The ability to form highly dispersed precious metal nanoparticles into a narrow space is essential
for the fabrication of gas-reforming materials (which can convert light energy into heat energy through
their plasmonic absorbers). Aligned capillaries made of flexible film can allow unidirectional gas flows
and act as filters. High-aspect-ratio capillaries (diameter: several hundreds of nm, length: several tens
of pm) containing catalytic and plasmonic nanoparticles have the following property: they remain in
contact with catalytic and plasmonic nanoparticles over a period of time sufficient for the development
of gas-reforming and heating reactions, respectively. Thus, aligned and high-aspect-ratio capillaries
containing highly dispersed precious metal nanoparticles and made of flexible and visible-light
transparent materials can be applied to develop high-performance gas-reforming materials capable
of using the Sun’s light energy. A key process in this context is the precipitation of homogeneous
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and highly dispersed precious metal nanoparticles inside the capillaries. Ion-track-etched capillaries
created in polymer films by ion beam irradiation and chemical etching have various applications.
For example, they can be used as templates for metal nanowires [4,5], for the creation of perfect
blackbody sheets [6,7], and (associated to precious metal nanoparticles) to that of plasmonic absorbers.
Precious metal nanoparticles can be obtained by precipitating them from a solution using ionizing
radiations (e.g., high-energy electron beams, y-rays, and ion beams) [8-10]: the penetration of an
aqueous solution containing metal ions into a narrow space allows the precipitation of homogeneous
and highly dispersed metal nanoparticles, without the need for heating and adding a reducing agent.

In this study, we demonstrated the creation of ion-track-etched capillaries containing Pt
nanoparticles in polyimide film by using swift heavy ion beam irradiation and chemical etching. In
addition, we investigated the influence of different H, PtClg concentrations in the aqueous solution and
of the electron beam fluence on the Pt nanoparticles precipitation inside the ion-track-etched capillaries.
The results indicated the formation of homogeneous Pt nanoparticles and isolated aggregates inside
the capillaries of polyimide film. Thus, it was demonstrated that a combination of swift heavy ion
beam and high energy electron beam irradiations can be used to produce capillaries containing metal
nanoparticles and made of flexible polymer film.

2. Materials and Methods

Ion-track-etched capillaries were produced in polyimide films by ion irradiation and chemical
etching. Polyimide film purchased from DU PONT-TORAY(Kapton, thickness: 25 um, Tokyo, Japan)
was cut into pieces of 10 X 10 cm?; then, the film pieces were irradiated with 350 MeV 129Xe?3*
using an azimuthally varying field (AVF) cyclotron accelerator (Sumitomo Heavy Industries, Tokyo,
Japan) located at the National Institutes for Quantum and Radiological Science and Technology (QST).
A vacuum chamber with a turntable-type film-carrier was pumped down to 1 X 10 Pa during the
ion irradiation. An ion beam of 5 nA, covering an area of 10 x 10 cm?, irradiated the films at a
fluence of 3 x 107 ions/cm?. Uniform ion beam irradiations perpendicular to the film surface were
conducted by using an xy-scanner system with a scanning frequency of 5 Hz (x-scan) and 0.5 Hz
(y-scan). Stopping and range of ions in matter (SRIM) calculations indicated that a 350 MeV xenon
ion beam could reach a substantial penetration depth of 39 um and a linear energy transfer of 12.5
MeV/um in the polyimide films (density: 1.42 g/cm?) [11]. Such data suggested that 350 MeV xenon
ions could completely penetrate 25-um thick polyimide films. The irradiated films, which were cut into
several small pieces, were etched in a sodium hypochlorite (NaClO), (FUJIFILM Wako Pure Chemical,
Osaka, Japan) aqueous solution at 60 °C to create the capillaries. The diameter of such capillaries can
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be controlled by adjusting the etching time. In this particular case, the irradiated films were immersed
into the solution for 10-40 min. After the chemical etching process, the polyimide film samples were
washed with purified water and air-dried.

The electrical conductivity of the samples was enhanced for subsequent scanning electron
microscope (SEM), (JEOL, Tokyo, Japan) and transmission electron microscope (TEM), (JEOL, Tokyo,
Japan) observations by heating (i.e., carbonizing) them in the presence of N; for 3 h at 530 °C.
Additionally, platinum nanoparticles were prepared from a solution by precipitation, using a
high-energy electron beam. The heat-treated polyimide films were immersed in an aqueous solution
containing 0.1-10 mmol/L hexachloroplatinic acid hexahydrate (H,PtClg), (Kojima Chemicals, Saitama,
Japan) and 0.5 vol% ethanol (C,Hs50H), (FUJIFILM Wako Pure Chemical, Osaka, Japan), and then
irradiated with a 2 MeV electron beam using a 2-MV electron accelerator (Nissin Electric, Kyoto, Japan)
at located at the QST. The electron beam irradiation of films in an aqueous solution requires the passage
of a high-energy electron beam through the films. The semiempirical depth-dose code EDMULT,
indicated that a 2 MeV electron beam was sulfficiently energetic to penetrate 6.7 mm of polyimide
and 8.7 mm of water. The film samples were located at the bottom of a glass vessel that was filled
with an aqueous solution up to 5 mm from its bottom, and then irradiated with an electron beam of
4.6 x 10 e/cm?-s. Homogeneous electron beam irradiations were conducted on the samples using a
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scanning electron beam of 120 X 5 cm?, which was irradiated perpendicularly to the samples’ surface.
The morphology of the ion-track-etched capillaries and of the Pt particles inside these capillaries were
characterized by SEM (JSM-6700F, JEOL) and TEM (JEM-2100F, JEOL); in particular, cross-sectional
TEM samples of the Pt particles were prepared with an ion slicer (IB-090600CIS, JEOL).

3. Results and Dissociation

The diameter of the ion-track-etched capillaries was controlled by ion-irradiating the polyimide
films over different chemical etching times (10 min, 20 min, and 40 min). Figure 1 shows the SEM
images of some ion-track-etched capillaries in polyimide films obtained by applying 350 MeV xenon
ion irradiation (3 x 107 ions/cm?) and different chemical etching times. The films were coated with
Au by sputtering to avoid charge-up on the surface. Cylindrical holes were formed on the films and
their diameter was enlarged by increasing the etching time. The SEM images demonstrated that a
chemical etching time of 1040 min enabled the formation of capillaries with diameters of 300-800
nm. Figure 2 shows a cross-sectional SEM image of ion-track-etched capillaries created in one of the
heat-treated polyimide films after an etching time of 20 min: the capillaries presented a diameter of
~500 nm and were aligned perpendicularly to the film surface, suggesting that the capillaries formed
along the trajectory of a single Xe ion incident beam perpendicular to the film. Furthermore, the
SEM observations revealed that the capillaries penetrated the films. To ease the SEM observations
(considering their conventional magnification and the preparation of cross-sectional samples), we let
the Pt nanoparticles precipitate through ion-track-etched capillaries with diameters of ~500 nm.

Figure 1. Top-view SEM images of ion-track-etched capillaries in the polyimide films produced using
different chemical etching times: (a) 10 min, (b) 20 min, and (c) 40 min.

Figure 2. Cross-sectional SEM image of ion-track-etched capillaries created in a heat-treated polyimide
film after an etching time of 20 min.

To investigate the influence of H,PtClg on the precipitation of Pt nanoparticles into the capillaries,
we prepared film samples under different H,PtCls concentrations (0.1, 0.5, 10 mmol/L) and observed
them by SEM. Such observations confirmed the precipitation of Pt nanoparticles on the film surface and
inside the capillaries. Figure 3 shows a few cross-sectional SEM images of capillaries in films prepared
under different H,PtClg concentrations: (a) 0.1 mmol/L, (b) 0.5 mmol/L, and (c) 10 mmol/L. The film
samples were irradiated with an electron beam at a fluence of 1.4 x 10'® e/cm?. In the sample prepared
using 0.1 mmol/L HpPtClg, the Pt nanoparticles (size: <5nm) with isolated aggregates were distributed
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on the wall of the ion-track-etched capillaries. Under increasing H,PtClg concentration, the number
density of the Pt nanoparticles with isolated aggregates increased and the diameter of aggregates
along the major axis direction reached several tens of nm (Figure 3b). The sample prepared using 10
mmol/L (Figure 3c) presented Pt aggregates with inhomogeneous shape and size on the wall of the
capillaries. The size of these Pt aggregates reached ~100 nm, suggesting that their size increased with
the concentration of HyPtClg in the aqueous solution. The influence of different electron beam fluences
(1.4 x 10% e/cm?, 5.6 x 10'° e/cm?, and 1.4 x 10'® e/cm?) on the precipitation of the Pt nanoparticles
into the capillaries using 0.5 mmol/L H,PtClg was also investigated: the SEM observations revealed
that the size of the Pt nanoparticles, the number density and size of the Pt aggregates did not change
under increasing electron beam fluence. Formation of Pt nanoparticles seems to be finished due to
depletion of the precursor below a fluence of 1.4 x 10'° e/cm?. Overall, we verified that it is possible
to induce the formation of homogenous Pt nanoparticles into ion-track-etched capillaries by electron
beam irradiation reduction and controlling the concentration of H,PtClg in the aqueous solution.

Figure 3. Cross-sectional SEM images of capillaries created under different H,PtClg concentrations: (a)
0.1 mmol/L, (b) 0.5 mmol/L, and (c) 10 mmol/L.

Figure 4a shows two cross-sectional TEM images of precipitated Pt nanoparticles located on the
wall of an ion-track-etched capillary, which was formed in a heat-treated polyimide film after an etching
time of 20 min. The Pt nanoparticles with isolated aggregates, prepared under a H,PtClg concentration
of 0.5 mmol/L and an electron beam fluence of 1.4 X 10'® e/cm? were distributed homogeneously inside
the ion-track-etched capillary. The size of the Pt nanoparticles (i.e., their diameter in the major axis
direction) was measured based on high-magnification TEM images. The isolated aggregates were
composed of Pt nanoparticles with sizes < 5 nm (Figure 4b). The high-resolution TEM observations
(i.e., lattice images) revealed that the Pt nanoparticles had a crystalline structure; moreover, those with
sizes between 1.9-5.1 nm were connected to each other. Overall, the TEM observations confirmed the
formation of Pt nanoparticles with isolated aggregates into ion-track-etched capillaries in heat-treated
polyimide films.

Figure 4. (a) Low- and (b) high-magnification cross-sectional TEM images of Pt nanoparticles
precipitated into an ion-track-etched capillary in a heat-treated polyimide film.
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The practical application of Pt nanoparticles in ion-track-etched capillaries requires the
precipitation of Pt nanoparticles in without heat-treated polyimide films by this method. The
precipitation of such nanoparticles was confirmed by using H,PtCly at a concentration of 0.5 mmol/L
and an electron beam fluence of 1.4 X 10'® e/cm?. The cross-sectional TEM image in Figure 5 shows the
presence of Pt nanoparticles on the wall of an ion-track-etched capillary in one of the polyimide films.
Overall, our results indicate that the proposed electron beam irradiation reduction method can be used
to create nanosized capillaries containing Pt nanoparticles in polyimide films.

Figure 5. Cross-sectional TEM image of precipitated Pt nanoparticles into an ion-track-etched capillary
in one of the polyimide films.

4. Conclusions

This study demonstrated a facile approach to the preparation of ion-track-etched capillaries
containing Pt nanoparticles in polyimide films. First, swift heavy ion beam irradiation and chemical
etching were used to prepare nanosized capillaries with a high aspect ratio in polyimide films. Then,
homogeneous and highly dispersed Pt nanoparticles were precipitated inside the ion-track-etched
capillaries by electron beam irradiation reduction. In conclusion, we demonstrated that a combination
of ion and electron beam irradiation techniques can be applied to the production of capillaries containing
metal nanoparticles in flexible polymer films.
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