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One-dimensional (1D) composite nanostructures, or vertically aligned composite nanostructures (VACNs), of polystyrene (PS) and
graphene nanoplatelets (GNPs) (1.0-5.0 wt%) were precisely replicated by thermal nanoimprint with an anodic aluminum oxide
(AAO) template. In this study, we fabricated VACNs of PS-GNPs (1.0-5.0 wt%) with a diameter of 100 nm and length of 10-70 μm,
depending on the imprinting conditions. The obtained PS-GNPs 5.0 wt% VACNs showed enhancement of flat film water contact
angle increasing from 87±3° to 132±2°. The nanostructures of PS-GNPs exhibit improved surface mechanical properties when
compared with the neat PS. The evaluated surface mechanical properties included friction coefficient, surface durability, surface
modulus, and hardness. The glass transition temperature (Tg ) of PS-GNPs nanostructures increased about 1 to 4°C as compared with
their bulk composites because of the immobilization the polymer chain owing to confinement in the AAO template and also due to the
surface interfacial interaction effects between PS and GNPs. Moreover, the maximum thermal conduction of 1D PS-GNPs 5.0 wt%
nanostructures were obtained with a value up to 1.8 W/m.K due to the control of filler orientation. The PS-GNPs nanostructures
showed a higher thermal stability than that the PS nanostructures.
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Nanoengineered surfaces inspired by the nature of gecko feet and
cicada wings have been produced, replicating the architecture of their
nanostructures on various polymer films.1,2 These one-dimensional
(1D) nanostructures often provide multifunctional properties such as
adhesiveness and hydrophobicity, and are used in biomedical applications, nanosensing materials, catalytic scaffolds, and energy storage.3
For fabricating these nanostructures, a templating technique using anodic aluminum oxide (AAO) templates has been used combined with
melt wetting and solvent wetting methods.4–6 In particular, these wetting methods mainly focus on supramolecular chemistry such as phase
separation and polymerization for materials development due to the interfacial interaction effect under nanoconfinement conditions in AAO
templates.3 However, it is still not suited to mass production because
of the long process time, and also has environmental issues because of
the harsh chemicals used in these methods. Therefore, development of
these fabrication methods is focusing on quicker fabrication processes
which are capable of being used on the industrial scale.
Over the last two decades, nanoimprint lithography has been used
as a high performance and high-resolution technology for the replication of micro-/nanostructures on material surfaces.1–7 Nanoimprint
technology is very successful in both academic research and industry
for fabricating ultra-fine polymeric nanostructures using AAO templates. This technique combines nanotexture and engineering design,
reproducibility, high-precision manufacture with material versatility,
is inexpensive, and can rapidly fabricate large areas. The use of a variety of materials with many sacrificial processes have been explored
in this field. Our previous work has proposed that one-dimensional
nanofiber arrays of amorphous polystyrene (PS) and semi-crystalline
polypropylene (PP), with high aspect ratios of 1,000 and 2,600 respectively, can be efficiently produced by a thermal nanoimprint process
using 50 nm hole-diameter AAO templates.7 Y. Wang investigated
the effect of compressed carbon dioxide (CO2 ) on the enhancement
of the nanoscale flowability of poly(methyl methacrylate) (PMMA)
in AAO templates.8 The results revealed that the PMMA flowability
was enhanced using compressed CO2 in the nanoimprint process. In
addition, the thermoset polymer polydimethylsiloxane (PDMS) also
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can be used in the nanoimprinting process using AAO templates.9
However, until now, there has been low potential for practical use of
these nanostructures due to the poor on-surface mechanical stability
and surface durability. To solve these problems, polymer nanocomposites using carbon materials, especially carbon nanotubes (CNTs)
and graphene nanoplatelets (GNPs) have attracted much interest. It
is well known that carbon material-reinforced composites exhibit excellent attributes including improved thermal, electrical, mechanical,
and chemical resistance properties, which have been successfully produced using various commercialized carbon nano-filled materials.10
Interestingly, thermal conduction and electrical conduction can be
improved by control of filler orientation and polymer chain alignment
based on 1D nanostructures.11–16 Using polymer nanocomposite materials in nanoimprint processes, J. J. Hernández explored an imprinting
method to replicate 1D microstructured surfaces (2.0 μm diameter)
having superhydrophobic and self-cleaning properties together with
enhancement in mechanical performance and electrical conductivity.17
The model materials used were PS-CNTs and polyvinylidene fluoride
(PVDF)-reduced graphene oxide (RGO) flakes and were selected to investigate use of PDMS micro replica-molds. The results demonstrated
that the improvement of surface wettability was caused by the roughness of the imprinted structures. The surface mechanical properties
and electrical conductivity of the polymers was enhanced by control
of dispersion and orientation of the fillers in these 1D microstructures.
However, imprinting at the nanoscale still has great challenges. By
using the AAO nano-templating method, I. Blaszczyk-Lezak reported
on how to use the wetting method to fabricate 1D composite nanostructures of PVDF with multiwall carbon nanotubes (MWCNTs).12
The obtained composite nanostructures exhibited enhanced electrical
conductivity. However, the obtained composite nanostructures still did
not have good enough distribution of nanofillers due to the selective
nature of infiltration in the wetting method because of the high aspect ratios and the low flowability of the MWCNTs. M. K. Smith
developed an infiltration method, using AAOs with pores open only
on one side, firstly filled with MWCNTs followed by the infiltration
of poly(3-hexylthiophene-2,5-diyl) (P3HT), resulting in composite
nanofibers being fabricated.18 The result of the confinement induces
the coalignment of MWCNTs and polymer chains. Electrical and thermal transport in the composite nanostructures improved drastically due
to the increasing mass ratios of MWCNTs, where a maximum thermal
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Table I. Anodization conditions.
Anodization

1st

2nd

Electrical Current (A)
Applied Voltage (V)
Oxalic Acid (M)
Time (h)
Temperature (°C)

12.1
60
0.3
17
5

12.1
60
0.3
48
5

conductivity of 4.7±1.1 W/m.K was achieved with 24 wt% MWCNTs
and electrical conductivity was possible once 20 wt% MWCNTs content was surpassed. However, these wetting methods still have a low
replication ratio due to the flow resistance of the fluids at the nanoscale.
In this present work, 1D composite nanostructures, or vertically
aligned composite nanostructures (VACNs), with high aspect ratios
were precisely replicated by the thermal nanoimprint process using
AAO templates. The model composite material PS-GNPs was used.
Several surface properties were experimentally evaluated, consisting
of wettability, friction coefficient, surface durability, surface modulus,
and surface hardness.
Experimental
Materials.—Commercial grade PS (glass transition temperature
(Tg ) = 87°C, melt flow rate (MFR) = 18.0 g/10 min at 200°C, GPPS
679; PS Japan Corp.) and GNPs (6-8 nm-thickness, G0499; Tokyo
Chemical Industry Co., Ltd.) were used in this experiment.
Preparation of AAO.—High-purity aluminum (Al) sheets
(99.99%) were degreased in acetone. They were then polished in a
mixed solution of HClO4 :H2 O:EtOH (10.0:7.0:83.0 wt%). Electropolished aluminum sheets were anodized using two-step anodization, detailed in Table I. The anodization was performed individually at a
constant voltage of 60 V in 0.3 M oxalic acid, at a constant temperature of 5°C. After finishing the first anodization, the porous alumina
was dissolved in a solution containing H3 PO4 and H2 CrO4 at 60°C.
Then, the second anodization was performed. The nanopores were
then opened by immersion in 5.0 wt% of the H3 PO4 solution at 40°C
on the side on which the second anodization was done.
Preparation of polymer nanocomposites.—In this study, the solution mixing method was selected to prepare the composite PS-GNPs.19
First, GNPs were filtered by a polycarbonate (PC) membrane with
100 nm pore diameter (See Figure 1). PS pellets were dissolved in
dimethylformamide (DMF) solvent with stirring at 300 rpm for 2 h.
The desired amount of filtered GNPs were dispersed in a DMF solution (0.1 g of GNPs/100 mL of DMF) using ultrasonication (Branson
1200; Yamato). The GNPs/DMF solution was sonicated for 1.5 h.
The sonicated GNPs/DMF solution was then added to the PS/DMF
solution and then stirred at 300 rpm for 2 h. The PS-GNPs-DMF solution was dropped into a large volume of methanol to coagulate the
PS/GNPs composites. The obtained PS-GNPs composites were filtered and dried in an oven at 70°C for 24 h. In this study, PS-GNPs
1.0-5.0 wt% were prepared.

Figure 2. Fabrication of nanostructures using thermal nanoimprint process.

Preparation of polymer films.—PS or PS-GNPs pellets were
melted to a thickness of 500 μm for 5 min at 200°C, followed by
compression at 10 MPa in a hot press machine with a vacuum system
(IMC-11FA; Imoto Machinery Co. Ltd.). The molten film was inserted
into a cold press machine (IMC-181B; Imoto Machinery Co. Ltd.) for
3 min at 5 MPa.
Fabrication of nanostructures by thermal nanoimprint.—The 1D
polymer nanostructure arrays were fabricated by a thermal nanoimprinting machine (Izumi Tech., Japan) using AAO templates. The experimental procedure is shown in Figure 2. The polymer films were
placed on the AAO template and inserted into the thermal nanoimprint
machine. The imprinting conditions are presented in Table II. After
imprinting, the AAO template was removed by dissolution in 4.0 M
NaOH solution for 24 h, followed by cleaning with water and drying.
Characterization.—The surface morphologies of the AAO templates and polymer nanostructures were evaluated using scanning
electron microscopy (SEM, JSM-6510; JEOL Corp.) and field emission scanning electron microscopy (FE-SEM, SU-8000; Hitachi HighTechnologies Corp.). A commercial contact angle meter (DM 500;
Kyowa Interface Science Co. Ltd.) was used to measure the surface interaction between molten polymers/AAO surfaces and water
droplets/polymer surfaces. The surface chemical property of polymer
and polymer nanocomposite films were analyzed by using attenuated
total reflection (ATR), IR Affinity-1s & Automatic Infrared Microscope (AIM-8800; Shimadzu Corp.). The mass ratios of GNPs in the
imprinted nanostructures and their thermal stability were evaluated
by thermal gravimetric analysis (TGA, TGA Q50; TA Instruments
Inc.). The friction coefficient was evaluated by using a friction and
wear tester (EFM-III-F; Orientec Co., Ltd.). The friction test conditions used was an applied force of 21-40 N with a rotational speed of
10 rpm for 30 s. All of the tests were performed under ambient conditions (25°C, relative humidity 35%). The surface mechanical properties at the nanoscale were also evaluated using an Agilent nanoindenter
(G200; Agilent Technologies Inc.). The change in Tg of polymers and
polymer nanocomposites was analyzed using modulated differential
scanning calorimetry (M-DSC, DSC Q200; TA Instruments Inc.).
Thermal conductivity (κ) was estimated using the following
equation
κ = αρCP

[1]

where α is thermal diffusivity (measured by ai-Phase Mobile 1;
ai-Phase Co., Ltd.), ρ is density (measured by specific gravity

Table II. Imprinting conditions.

Materials

Figure 1. SEM images of GNPs (a) before filtration and (b) after filtration.

PS
PS-GNPs
1.0-5.0 wt%

Temperature (°C) +
Melting (5 min)

Pressure
(MPa)

Press
Time (min)

120−180
120−180

5.0
5.0

30
30
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measurement kit AD-1653 (A&D Co., Ltd.)), and Cp is the specific
heat capacity (from the DSC results).20
Thermal conduction of the 1D nanostructures was estimated using
the Effective Medium Theory (EMT), shown in Equation 2. Thermal diffusivity was measured using the templated composite films
(PS-GNPs-AAO composite films) without the residual polymer layers (See Figure 3). The residual layers of the composite materials
and AAO were removed after imprinting using solvent brushing with
DMF (removal of remaining polymer composites, upper side) and
with NaOH 4.0 M brushing (removal of the residual AAO, bottom
side) followed by drying. Thermal conduction of the 1D composite
nanostructures (κPS−GNPs(NA) ) without the residual layers was estimated
using Equation 2
κPS−GNPs−AAO = xκPS−GNPs(NA) + (1 − x)κAAO

[2]

where κPS−GNPs−AAO , κAAO are the overall thermal conductivity of the
PS-GNPs confined in the AAO and the skeleton of the AAO respectively, and x is the porosity.
From Equation 2, it is necessary to estimate the thermal conductivity of the AAO skeleton. B. Abad and our experimental results revealed
that thermal conductivity of AAO templates is a function of the pore
diameter and porosity.21 The thermal conduction of the AAO skeleton
can be estimated. Therefore, we can estimate the thermal conductivity
of a single 1D nanostructure. In this study, the thermal conduction of
the AAO skeleton is 1.35 W/m.K (See Figure 3).
Results and Discussion
Preparation of AAO.—The appearance of the AAO template is
shown in Figure 4a. As seen in the SEM image of Figure 4b, the AAO
template consists of a dense array of cylindrical nanopores, displaying
abundant, highly-ordered hexagonally-packed porous cavities formed
by the two-step anodization process. A narrow AAO pore size distribution can be obtained using this method. An AAO template with 100 nm
pore diameter, 80 nm inter-pore distance, and 130 μm depth was pre-

Figure 4. AAO template characteristics.

pared. Figure 4c shows a cross-sectional side view of the 100 nm diameter AAO nanocavities. The SEM micrograph in Figure 4c shows
the straight sides of the the AAO pores in the prepared anodized templates. The sides of the pores are almost perfectly smooth and the pore
diameter is unchanged through the depth of the AAO template.
Fabrication of nanostructures by thermal nanoimprint.—To investigate the fabrication of 1D nanostructures using thermal nanoimprinting with AAO templates, the flowability of materials used at the
nanoscale must be clarified. Representative SEM images (side view)
of PS-GNPs 5.0 wt% VACNs obtained by thermal nanoimprinting using AAO templates are shown in Figure 5b. In Figure 5a, PS VANs
and PS-GNPs (1.0-5.0 wt%) VACNs of 10-70 μm length were fabricated under our experimental conditions. The obtained bundle-form
nanostructures exhibit orderly array structures, but with a tendency to
agglomerate. The appearance of agglomerated nanostructures is explained by the surface adhesion induced between individual nanostructures. The results revealed that the flowability of polymer and polymer
composites was enhanced by increasing the imprinting temperature,
due to the reduction of intrinsic viscosity and surface energy of the
polymer in the AAO templates. However, the flowability reduced with
increase in the mass ratios of GNPs. The increase in the mass ratios of
GNPs induced flow resistance for PS in the AAO nanochannel because
of the filler-matrix interaction between GNPs and PS. An additional

Figure 3. Preparation of PS-GNPs-AAO composite films (upper) and measurement of thermal conduction of the AAO templates (lower).
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Figure 5. Nanostructures length; (a) flow displacement of polymers in AAO
template and (b) SEM image of PS-GNPs nanostructures.
Figure 7. IR spectra of the polymer surfaces.

factor in the flow resistance is caused by the shape and dispersion of the
nanoplatelets. It was found that Tg of PS was increased with increasing
mass ratio of GNPs as will be discussed in next topic. The molecular orientation of PS changed because of the confinement effect and
surface attraction, so restricting PS chain mobility.22–25 It was found
that the alignment of nanostructures obtained from PS-GNPs 5.0 wt%
showed vertically aligned nanopillars at low imprinting temperatures
(120 and 140°C). However, the vertical nanopillars became curled at
high imprinting temperatures (160 and 180°C) owing to gravity becoming the dominant effect.
Our previous work has demonstrated that the flowability of molten
polymers is related to the surface interaction between the polymer
melt droplet and the AAO film, and can be inferred by contact angle measurement.7 A lower contact angle indicates the interfacial resistance between the molten polymers and AAO is low. Hence, the
polymers in the AAO templates can flow with lower initial imprinting
conditions, such as lower imprinting temperature and pressure, and
shorter imprinting time. In this present work, we measured the dynamic contact angles of the molten PS and PS-GNPs 5.0 wt% droplets
on AAO surfaces at temperatures between 120-180°C. It was found
that the addition of GNPs resulted in the polymer melt droplet angles
increasing (See Figure 6). The contact angles of PS-GNPs 5.0 wt%
droplets showed higher values than the neat PS for all melting temperatures (See Figure 6). The addition of GNPs might not only affect the
flowability but also the surface energy of the materials. Moreover, the
contact angle of polymer melt droplets at 180°C displayed oxophilicity, having AAO contact angles lower than 90°.
The flowability at the nanoscale of the molten polymers in the
AAO imprinting process is in agreement with the Hagen-Poiseuille

expression, as shown below.13,26


θ
P + 2γ cos
t
r
H = 2r
32η

[3]

This equation reveals that the parameters of flowability at the
nanoscale are closely related to the imprinting pressure (P), radius
of the nanochannel (r), surface tension of the molten polymer (γ),
contact angle of the polymer and AAO pore wall (θ), viscosity of the
molten polymer (η), and infiltration time (t).The reduced viscosity of
the polymer is the result of shear rate, wall slip, and the pressure used
in the imprinting process. The length scale (H ) was referred in the
microscale-length (μm) herein.
Surface chemical analysis.—In this study, the surface chemical
properties of the nanotextured material were analyzed using the FTIR
method to confirm the presence of GNPs on the obtained nanostructure
surfaces. The presence of GNPs confirmed the composite 1D nanostructures could be produced.17 Figure 7 shows the IR spectrum of PS
and PS-GNPs 5.0 wt% films and their obtained nanostructures. The
presence of GNPs was shown by the reduction of 3 peak point intensities (753, 1451-1493 and 2991-3023 cm−1 ) at the grayscale line in IR
spectrum, so indicating the GNPs appeared on the PS nanostructure
surfaces. These three spectral points are associated with the characteristic peaks of benzene rings in the PS skeleton.27–29 Additionally,
TGA was used to measure the GNPs mass ratios in the imprinted
nanostructures. The TGA results will be discussed in the next later
(See Figure 13).
Surface wetting properties.—The surface wettability of materials
was characterized using water contact angle measurements as seen in
Figure 8. A water droplet of 4 μL was dropped on the surface and
the static contact angle was measured on the material surface. Imprinted nanostructures with approximately equal length between the
neat PS and PS-GNPs 5.0 wt% (20±5 μm, imprinting temperature

Figure 6. Polymer melt droplet angles on AAO surface (PS: hollow symbols,
PS-GNPs 5.0 wt%: solid symbols).

Figure 8. Polymer surface water droplet angles.
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Figure 10. Nanostructure surface durability.

Figure 9. Friction coefficient.

140°C) were used to measure the water droplet angle. Figure 8 shows
the water droplets on the flat films and imprinted nanostructures for
both neat PS and PS-GNPs 5.0 wt%. For the flat films, droplet angles
of 87.7° and 87.9° on PS and PS-GNPs materials were observed, respectively. The nanostructure surfaces showed an increase in the water
droplet angles with values of 132.4° and 133.1° for the neat PS and
PS-GNPs, respectively. These results suggest that the physical roughness (r) of the materials is the dominant effect in the improvement of
the hydrophobic property. The results also indicated the presence of
a low GNP content of 5.0 wt% or less has no significant effect on the
interfacial surface tension between the water and composite materials
also the similar surface roughness (rPS = 1.77, rPS−GNPs = 1.73).30
The relationship between the characteristics of the nanostructures on
the physical roughness (r) can be explained by Equation 4 as follows
r =1+

2πbh
p2

[4]

where b, h and p are pillar radius, height, and pitch of the nanostructures, respectively.17
Surface mechanical properties.—Surface mechanical properties
evaluated were friction coefficient, surface durability, hardness, and
modulus. A friction and wear tester was used to measure the friction
coefficient and durability of the imprinted surfaces. The hardness and
modulus of the nanostructures could be obtained using a nanoindentation test. The nanoindentation technique has been shown to be suitable
characterization method of nanotextured surfaces.17, 31
Figure 9 shows the friction coefficient of the material surfaces. The
flat surfaces display relatively low friction coefficients between 0.240.27 for neat PS and 0.38-0.47 for PS-GNPs 5.0 wt%, while the nanotextured surfaces show higher values than those flat films with 0.280.35 for neat PS and 0.48-0.61 for PS-GNPs 5.0 wt%, respectively.
These results reveal that the nanostructures on the material surfaces can
enhance the physical roughness, resulting in an increase in the friction
coefficient of the surfaces.32–34 The replicated nanostructures enable
enhanced energy dissipation through molecular plowing, causing an
increase in the friction coefficient.35 Additionally, the increase in the
friction coefficient is strongly dependent on the addition of the GNPs.
The reinforcement by the GNPs enhances the material stiffness, resulting in an increase in the surface mechanical resistance (drag force
between the composite materials and friction test material).36,37 Moreover, the adhesion between the surfaces might be enhanced with the
increase in the nanoscale roughness due to the addition of GNPs on
the PS surfaces.38,39

The surface durability after the friction test (40 N) was evaluated
using the SEM. Figure 10 shows SEM images (top view) of the nanostructure surfaces of neat PS and PS-GNPs 5.0 wt% both before and
after the friction test. In Figure 10 (right), the destruction of the nanostructure of the neat PS after friction test is seen. The vertically aligned
nanostructures of the neat PS was randomized in the horizontal direction owing to the applied force during the friction test. In contrast,
the nanostructure of PS-GNPs still has vertical alignment because of
the improvement of the polymer mechanical resistance from the reinforcement material.40,41 However, a few broken nanostructures were
found (less than 5%) due to brittle fracture of the composite material.
The modulus and hardness of the nanostructures were evaluated using a nanoindentation test. Figure 11 shows the relationship between
the mass ratios of the GNPs and the surface mechanical properties.
The modulus and hardness of the nanostructures were increased respectively up to 11 and 4 folds due to the addition of the 5.0 wt% GNPs.
These results agree well with the surface durability results mentioned
above.40,41
Glass transition temperature.—The change in the glass transition
temperature of the polymers is a result of confinement and surface interfacial interaction at the nanoscale. In this study, the effects of confinement and surface interfacial interaction are not only affected by
the interaction between polymer and AAO but is also influenced by
GNPs. Moreover, the confinement of polymers in nanopores of inorganic materials can provide an anchoring effect that leads to mechanical bonding, which plays a role in novel nanofabrication technologies
such as the nanoimprinting process.42 Many studies have reported on
an increase in the polymer glass transition temperatures because of
the surface interfacial interaction between the nanofilled composites
and polymers. Figure 12 shows the effect of adding GNPs on the glass
transition temperature of PS. In the case of polymer films, the glass
transition temperature increased from ∼87.1°C (neat PS) to ∼97.5°C
(PS-GNPs 5.0 wt%). This implies the motion of polymer chains is
greatly restricted by the addition of GNPs.43,44
To clarify the confinement effect in AAO templates, we investigated the different glass transition temperature between their imprinted
nanostructures (VACNs and VANs) and their films [Tg (VACNs, VANs) Tg (film)] . In the case of neat PS, there is no difference between Tg (VANs)
and Tg(film) . However, a gap between Tg(VACNs) - Tg(film) of up to +4°C
was found with increase in GNP mass ratios to 5.0 wt%. The increases
in Tg(VACNs) - Tg(film) due to the confinement and surface interfacial interaction effects were caused by the increasing mass ratios of GNPs and
became a dominant effect. The polymer chain mobility was not only
restricted by the GNPs, but also caused by the imprinting pressure and
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Figure 11. Nanoindentation test results.

the high mass ratio of GNPs. Moreover, the polymer chains were not
stretched in the flow direction, but were squeezed in a direction orthogonal to the flow due to confinement under imprinting pressure.45
Another report on the increase in Tg (VACNs) - Tg (film) attributes it to
the rapid cooling process that promotes the restriction of the polymer
chains at the AAO pore walls.46
Thermal conductivity and its stability.—In the field of polymer
nanocomposites, GNPs are widely used to improve electrical conduction, thermal conduction, and mechanical properties. In this section,
we investigate the thermal conduction of the polymer nanostructures.
Figure 13 shows the thermal conductivity of the neat PS and PSGNPs 5.0 wt% for 2D films and 1D nanostructures. Thermal conduction results in the 2D and 1D nanostructures show enhancement of
thermal conductivity due to the increase in the mass ratio of GNPs.47–49
In the case of neat PS, 1D nanostructures show higher thermal conductivity than the 2D film. The reduction in dimensionality close to a
single chain can limit the number of phonon scatterings, resulting in
longer phonon mean free paths and higher thermal conductivity. For

the 2D materials, the heat transfer is ineffective in the perpendicular
direction (out-plane), causing a reduction in thermal conductivity. In
general, heat is transferred more easily along the chains than in the
transverse direction. Hence, the thermal conductivity can be significantly higher in the direction in which polymer chains are preferentially oriented.20 The confinement behavior caused by the imprinting
pressure may also affect the molecular orientation, polymer chain distances, and thermal capacity of the polymers, which promotes thermal
conductivity in the 1D nanostructures. With the PS-GNPs material, the
increase in thermal conduction of the 1D nanostructures is related to
the increase in mass ratios of the GNPs. The enhancement of thermal
conductivity in the composite 1D nanostructures was enhanced by the
filler orientation being controlled to be parallel with the heat flux (inplane), resulting in the thermal conductivity becoming higher.20 The
dispersion and orientation of GNPs in 1D structures was induced by
a shearing effect during the imprinting process.20 The results suggest
that the thermal conduction of PS can be enhanced from 0.14 W/m.K
(2D) to 1.8 W/m.K (1D, PS-GNPs 5.0 wt%).
Thermal stability and mass ratios of GNPs in the VACNs were evaluated using TGA under N2 atmosphere (See Figure 14). It was found
that the thermal stability of PS improved with addition of the 5.0 wt%
GNPs.25 The mass ratio of GNPs remained in the 1D nanostructures
(3.1 wt%) was smaller than that in the composite film (5.0 wt%, before
imprinting) due to dispersion and geometry of the GNPs that leads to
imperfect flow through the AAO templates.
Furthermore, we investigated the effects of the replication methods
on the thermal conduction and thermal stability of the 1D nanostructures. The replication methods employed in this study were the thermal nanoimprint and thermal melt wetting methods. The results show
the VACNs fabricated by the imprinting method have higher thermal
conduction than those fabricated using the melt wetting method (See
Figure 13). The superior thermal conduction is due to the GNPs being
effectively driven by the imprinting pressure, resulting in a higher final mass ratio. The TGA result confirms that the mass ratio of GNPs
in the nanostructures fabricated by the imprinting method is higher
than in the melt wetting method (See Figure 14). Moreover, the TGA
result also shows the thermal stability of the composite nanostructures
fabricated by the imprinting method is higher than by the melt wetting
method.
Conclusions

Figure 12. Glass transition temperature.

VACNs of PS-GNPs were fabricated using thermal nanoimprinting and AAO templates. 1D nanostructures with 100 nm diameter and
10-70 μm length can be produced depending upon imprinting conditions and the mass ratio of GNPs. The replicated nanostructures can
enhance water droplet angles on the surfaces of the polymer and polymer nanocomposites owing to the increase of the physical roughness.

Downloaded on 2019-06-05 to IP 133.24.105.232 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

B3288

Journal of The Electrochemical Society, 166 (9) B3282-B3289 (2019)

Figure 13. Polymer thermal conductivities.

Figure 14. TGA curves of polymer films and polymer nanostructures.

The water droplet angles on the flat film surfaces of PS and PS-GNPs
5.0 wt% were 87.7° and 87.9o, respectively. In the case of 1D nanostructure surfaces, the water droplet angles were 132.4° and 133.1°
for PS and PS-GNPs, respectively. Mechanical properties of the 1D
nanostructures, comprising the friction coefficient, surface durability,
surface modulus, and surface hardness, can be significantly enhanced
by the addition of GNPs. The effects of confinement at the nanoscale
and the surface interfacial interaction between PS-GNPs-AAOs result
in an increase in the glass transition temperature of the composite
nanostructures. The control of filler orientation in the 1D nanostructures enhances thermal conduction and thermal stability.
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