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ABSTRACT: Polymer composites have attracted increasing interest as thermal management
materials for use in devices owing to their ease of processing and potential lower costs.
However, most polymer composites have only modest thermal conductivities, even at high
concentrations of additives, resulting in high costs and reduced mechanical properties, which
limit their applications. To achieve high thermally conductive polymer materials with a low
concentration of additives, anisotropic, solid-state drawn composite films were prepared using
water-soluble polyvinyl alcohol (PVA) and dispersible graphene oxide (GO). A co-additive
(sodium dodecyl benzenesulfonate) was used to improve both the dispersion of GO and
consequently the thermal conductivity. The hydrogen bonding between GO and PVA and the
simultaneous alignment of GO and PVA in drawn composite films contribute to an improved
thermal conductivity (∼25 W m−1 K−1), which is higher than most reported polymer
composites and an approximately 50-fold enhancement over isotropic PVA (0.3−0.5 W m−1 K−1). This work provides a new method
for preparing water-processable, drawn polymer composite films with high thermal conductivity, which may be useful for thermal
management applications.
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■ INTRODUCTION

Due to their ease of processing, high corrosion and electrical
resistances, and relatively low costs and weight, polymers are
widely used in daily life.1−3 However, bulk polymers generally
have relatively low thermal conductivities (usually <1 W m−1

K−1), which limit their application as thermal management
materials for heat exchangers, electronic devices, and solar
cells, for example.3−7

The thermal conductivity of polymers can be enhanced by
adding fillers with high thermal conductivity.3−10 Typically,
thermally conductive nanocarbon materials including graphite
nanoplatelets, carbon nanotubes, graphene, and their deriva-
tives are blended as additives into the polymer matrix to
achieve an increased thermal conductivity.4,6,8 Still, the thermal
conductivity of isotropic polymer composites with a high
concentration of additives is <10 W m−1 K−1 due to the poor
compatibility and interaction between the polymer matrix and
additives, resulting in poor dispersion of the additives and
serious phonon scattering3−6 as well as the deterioration of the
mechanical properties of the composites.
Recently, high thermal conductivities in anisotropic

polymers, including polyethylene (PE) microfilms and
micro/nanofibers,10−14 polyvinyl alcohol (PVA) micro-
films,15−17 polyamide nanofibers,18 and their composite films,
have been demonstrated via high degrees of chain orientation,
chain extension, and crystallinity. For instance, stretched
polyethylene containing graphene nanoplatelets (draw ratio
of ∼5) showed a thermal conductivity of ∼6 W m−1 K−1 with a

weak van der Waals interaction at the interfaces between the
polyethylene and graphene nanoplatelets.7 Combined high
thermal conductivity (∼75 W m−1 K−1) and visible trans-
parency were obtained using polyethylene with 0.1 wt %
graphene and a low melting point compatibilizer (2-(2H-
benzotriazol-2-yl)-4,6-ditertpentylphenol, BZT) at a draw ratio
of 100.9

As previously reported, enhanced intermolecular interactions
between the polymer chains and the additives are an advantage
for obtaining high thermal conductivity in drawn composite
films.9,19−21 While anisotropic polymer composites with high
thermal conductivities have been reported for stretched
polyethylene, to date studies of more polar anisotropic
polymer composites, like PVA films employing green processes
(that is, avoiding organic solvents), have been less prevalent.
PVA is an atactic, water-soluble polymer with an orthorhombic
unit cell and planar zigzag configuration similar to poly-
ethylene, resulting in dense packing in the crystal lattice with a
high theoretical modulus, strength, and thermal conductiv-
ity.16,22,23
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Here, we report high thermal conductivities in anisotropic
PVA/graphene oxide (GO) composite films containing a
second additive (SDBS) produced via casting and solid-state
drawing. We demonstrate that the combination of hydrogen
bonding between GO and aligned PVA contributes to an
improved thermal conductivity (∼25 W m−1 K−1) in PVA/GO
composite films, greater than that of most polymer composites.

■ EXPERIMENTAL SECTION
Materials. PVA flakes (Mw = 146,000−186,000 Da, 99+%

hydrolyzed, CAS number: 9002-89-5, product number: 363065),
GO nanoplatelets (brown/black powder, layers: 15−20, edge
oxidization: 4−10%, product number: 796034), and sodium dodecyl
benzenesulfonate (SDBS, CAS number: 25155-30-0, product number:
289957) were purchased from Sigma-Aldrich and used without
further purification.
Fabrication. GO and SDBS were dispersed in deionized water (50

mL) using ultrasonication (Branson 1510 ultrasonic cleaner, 80 W)
for 1 h. The composition of the films after casting and drying is shown
in Table 1. PVA flakes (5 g) were added to the mixture with vigorous

stirring at 98 °C and then dissolved with reflux for 4 h. The mixture
was cast into polystyrene Petri dishes with an area of ∼300 cm2. After
drying at 60 °C for 2 days, the composite films were drawn at 130 °C
to a draw ratio of ∼5.
Analytical Techniques. The thermal conductivity of drawn

composite films along the drawing direction was measured based on
the Angstrom method, as reported earlier.9,10 2D wide-angle X-ray

scattering (WAXS) was performed on a Ganesha lab instrument
equipped with a Genix-Cu ultralow divergence source producing
0.154 nm X-rays. Diffraction patterns were collected for 15 min on a
Pilatus 300 K silicon pixel detector. The plane of measured films is
perpendicular or parallel to the incident X-ray. Herman’s orientation
function of the composite films was calculated from the full width at
half-maximum (FWHM) of the azimuthally scanned peak.24,25

Polarized and non-polarized Fourier transform infrared (FTIR)
spectra were measured on a Varian 670-IR spectrometer equipped
with a golden gate setup with and without a polarizer. Raman
scattering spectroscopy was performed on a Raman microscope
(Witec Alpha 300 R) using a 532 nm laser. Photographs of composite
films were taken using a Canon camera. Optical microscopy (OM)
images of samples were performed on a Leica DM 2700 M
microscope without polarizers. The temperatures of composite films
were recorded using an infrared (IR) camera (Fluke). One end of the
drawn films was affixed to one side of a copper plate with a high
thermal conductivity with double-sided carbon tape (NEM tape,
Nisshin EM. Co. Ltd), and the distal edge of the copper plate was
placed on a hot plate set to 194 F (80 °C). The temperatures of the
films at similar positions were recorded at 0 and 2 min after placement
on the hot plate. For measurement of the cooling cycle, composite
films were attached to the top of stainless-steel pillars with double-
sided carbon tape. The pillars were fixed to the surface of an
aluminum plate, which was heated on a hot plate to 194 F (80 °C) for
10 min until thermal equilibrium was attained. Then, the entire
assembly was removed from the hot plate and left to cool to room
temperature. Stainless steel was used rather than copper to retard the
cooling process (due to the lower thermal conductivity of stainless
steel compared to copper) so that the difference in temperature
between the drawn films could be more easily measured. The cooling
measurements were repeated several times to accurately record the
temperature of the films drawn with and without additives. Scanning
electron microscopy (SEM; JSM-IT100, JEOL, secondary electron
detector) images of samples were recorded with a beam current of 10
kV (magnification from 700 to 3000×) after breaking the samples in
liquid nitrogen and sputtering with platinum (Pt). Characterization of
GO was accomplished by dispersing as powder in alcohol and then
dropping on a silicon wafer. After drying, the dispersed GO on the
wafer was sputtered for 30 s with Pt at a current of 30 mA.
Measurement of electrical conductivity of drawn PVA-5 films was

Table 1. Contents of Elements in Drawn Composite Films

samples PVA (g) GO (mg) SDBS (mg)

PVA-0 5 0 0
PVA-1 5 50 50
PVA-2 5 100 50
PVA-5 5 250 50
PVA-0(2) 5 0 50
PVA-5(2) 5 250 0
PVA-5(3) 5 250 250

Figure 1. (a) Fabrication process for drawn PVA composite films. (b−d) Chemical structures of graphene oxide (GO, simplified chemical
structure), sodium dodecyl benzenesulfonate (SDBS), and PVA.
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performed on a SourceMeter (KEITHLEY, 2400) with a voltage of 10
volts. The mechanical properties of PVA-5 films were performed using
dynamic mechanical analysis (DMA) from 25 to 90 °C with a
frequency of 1 Hz and a strain of 0.5%, while Young’s modulus of
drawn PVA composite films was measured at ∼25.5 °C using DMA.

■ RESULTS AND DISCUSSION

To obtain homogeneous PVA/GO composite films, PVA, GO,
and SDBS were employed (Figure 1). SDBS, which has a high
melting point (∼200 °C), was included as a compatibilizer,
while GO was used instead of graphene to enhance the
dispersion in PVA. The resulting solution/dispersion was
poured into polystyrene molds and dried at 60 °C for 2 days.
The composite films were then stretched at 130 °C to a draw
ratio of ∼5. The effects of GO (0−5 wt %) and SDBS (0−5 wt
%) concentrations and draw ratios were systematically studied
in the drawn polymer films (see Table 1: for this paper, the
nomenclature PVA-n generally represents a drawn PVA
composite film containing n wt % GO, variable amounts of
SDBS, and is drawn to a ratio of 5). Higher concentrations of
GO (>5 wt %) were not studied due to the generally poor
dispersion and stretchability of the composite films.
The thermal conductivities of the drawn PVA/GO

composite films were measured as a function of the
concentration of GO (Figure 2a), revealing that the thermal
conductivity increases with increasing concentration of GO.
The highest thermal conductivity, ∼25 W m−1 K−1, was
obtained with drawn PVA-5, exhibiting approximately 3 times
the thermal conductivity of drawn neat PVA-0 films and an
approximately 50-fold enhancement in thermal conductivity in

comparison to pure, isotropic PVA-0 (Figure 2d and Table
S1).
The role of the SDBS surfactant was also studied (Figure

2a,b). The thermal conductivity of drawn PVA-0(2) decreases
with the addition of SDBS compared to PVA-0 (Figure 2a),
which may be expected since the addition of low molecular
weight additives commonly reduces thermal conductivity.9 In
contrast, adding SDBS (up to 1 wt %) increases the thermal
conductivity of drawn PVA-5 (compared to PVA-5(2)):
further increasing the SDBS content to 5 wt % (sample
PVA-5(3)) results in the thermal conductivity decreasing again
(Figure 2b). Apparently, adding up to 1 wt % of the surfactant
likely enhances the dispersion of GO (Figure S1), but the poor
thermal conductivity of SDBS dominates at higher contents,
resulting in an overall lower conductivity. The experimental
data in Figure 2 also show that adding GO without SDBS
increases the thermal conductivity from ∼8 to ∼16 W m−1

K−1, which illustrates that the increase in thermal conductivity
(from ∼8 to ∼25 W m−1 K−1; Figure 2a) originates partly from
both additives. The mechanical effects of adding SDBS were
examined using DMA (Figure S2 and Table S2). The results
indicate that a high content of SDBS decreases the storage
modulus and increases tan δ. In other words, SDBS behaves as
a mechanical plasticizer, especially at high SDBS contents.
Please note that a very high SDBS content was used here (5 wt
%), which is far greater than the optimum SDBS content (1 wt
%). In addition, Young’s modulus decreases with the addition
of SDBS, while the maximum draw ratio increases (Table S2),
probably further resulting from the addition of SDBS as a
plasticizer.
Photographs of undrawn and drawn PVA-5 films are shown

in Figure 2c, i and ii. The OM image of the drawn PVA-5 film
indicates that the addition of both additives (GO and SDBS)
improves the dispersion (compare Figure S3 and Figure 2c,
iii), although there is aggregation due to the excessive content
of GO in PVA films. In Figure 2d, the thermal conductivity of a
wide variety of undrawn and drawn films described in the
literature is shown as a function of the content of thermally
conductive additives, including graphene, carbon nanotubes,
graphene oxide, and mixtures (Table S1),9,10,13,15,16,23−33

revealing the impressive thermal conductivity in drawn PVA-
5 films with low additive contents. Drawn PE and PE/GN
films showed greater thermal conductivity than drawn PVA/
GO films in this work, probably due to the high orientation
and crystallinity induced by ultrahigh draw ratios in drawn PE
and PE/GN films, which could not be obtained in PVA/GO
films.10,11

WAXS was performed to further analyze the drawn PVA/
GO films (Figure 3a,b and Figure S4a,d). Undrawn PVA-0
films without additives show two scattering rings of lattice
planes of (101) at 2⊖ ≈ 19.5° and (100) at 2⊖ ≈ 11.6°,
corresponding to the PVA crystalline domains (Figure S4a),
while these scattering rings coalesce into scattering dots in
drawn PVA films (Figure 3a), indicating some alignment of
PVA crystalline domains. A significant amorphous halo is also
observed in both films, indicating little orientation, to be
expected at these low draw ratios.
In the case of the polymer composite films, the scattering

rings of PVA (at 11.6 and 19.5°) (Figure S4c) also transform
into scattering dots upon stretching (Figure 3b), revealing the
alignment of PVA and suggesting a low through-plane
alignment of GO, although the scattering rings of GO (lattice
plane: (002), 2⊖: ∼25.5°) transform into weak scattering arcs

Figure 2. (a) Thermal conductivity of drawn pure PVA-0 without
SDBS (red block) and thermal conductivities of PVA-0(2), PVA-1,
PVA-2, and PVA-5 films, each containing 1 wt % SDBS with an
increasing GO content. (b) Thermal conductivities of drawn PVA-
5(2), PVA-5, and PVA-5(3) films containing variable concentrations
of SDBS with 5 wt % of GO. (c) Photographs of undrawn (i) and
drawn (ii) PVA-5 films and the OM image (iii) of drawn PVA-5 films.
(d) Thermal conductivities reported for different films in the
literature.9,10,13,15,16,23−30 The x axis represents the wt % contents
of the thermally conductive additives. The red symbols represent
drawn polymers or composites. Here, GN, RGO, GT, CNT, and
PVDF represent graphene, reduced graphene oxide, graphite, carbon
nanotube, and polyvinylidene fluoride, respectively.
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(Figure 3b). Herman’s orientation function calculated by the
full width at half-maximum (FWHM)24,25 reveals that both the
drawn PVA films with and without graphene (PVA-0 and PVA-
5) have a high degree of orientation (∼0.9) of the crystalline
domains of PVA, indicating that there is no obvious effect of
adding GO and SDBS. Anisotropy of SDBS in drawn PVA-5
films was also observed in the WAXS patterns due to the fact
that the scattering rings of SBDS in undrawn films (Figure
S5c) transfer into dots in drawn films (Figure S5d). Figure S5c
reveals anisotropic GO in the plane of drawn PVA-5 films.
These results suggest drawing-induced, simultaneous align-
ment of PVA and GO, similar to drawn PE and graphene films
in the literature.8,16 In the cross section of SEM (Figure 3c,d),
the drawn PVA-0 and PVA-5 films show more aligned and
fibrillar structures than undrawn PVA-0 and PVA-5 films
(Figure S4e,g). Homogeneous dispersion of GO in PVA-5
films is observed in Figure S6a,b; the morphology of GO is
characterized in Figure S6c,d, indicating that the size of GO is
smaller than 2 μm, which is smaller than that in Figure 2,

probably due to aggregation or the interlayer splitting induced
by stretching.16

The interaction between PVA and the additives was
investigated using infrared spectroscopy. FTIR spectra of
drawn PVA-0 films with and without 1 wt % SDBS (Figure 3e
and Figure S7a) show vibration peaks at ∼3274 and 3297
cm−1, respectively, attributed to the −OH group of PVA. In
contrast, the drawn PVA films with 5 wt % GO and 1 wt %
SDBS show a red-shifted (to lower energies/wavenumbers)
peak at ∼3260 cm−1, indicating the hydrogen bonding
interaction between GO and PVA (Figure S7a).16,34,35

Although WAXS results indicate the orientation of the PVA
chains, there is no obvious orientation of hydrogen bonding in
the polarized FTIR spectra (Figure S7b,c), consistent with a
previous literature report.17 There is a drawing-induced shift to
higher energies/wavenumbers of the absorption peak of −OH
in both PVA-0 and PVA-5 films in comparison with the
undrawn PVA-0 and PVA-5 films, respectively (Figure S7a), as
reported as undrawn and drawn polyacrylonitrile and PVA in
the literature.36,37 FTIR spectra of pure SDBS powder and the
undrawn PVA-0(2) film are shown in Figure S8 as control
experiments, and the Raman spectrum confirms the oxidization
group-induced defects in the GO powder (Figure S7d).
Simple setups were created to do a basic thermal analysis of

representative composite films and to explore their potential
application as heat transport and heat release elements (Figure
4). First, the ends of three films are fixed to the right end of a
copper plate, and the left end of the copper plate was exposed
to 194 F (80 °C) at time = 0 min (Figure 4b). After 2 min, the
drawn PVA-5 film shows the highest temperature, while the
undrawn PVA-5 film exhibits the lowest temperature at the
same position (Figure 4c), indicating a higher thermal
transport and thermal conductivity in the drawn PVA-5 film
than both drawn PVA-0 and undrawn PVA-5 films. After
heating, a cooling experiment was conducted to help clarify the
heat release process of the composite films (Figure 4d,f). For
the cooling measurement, the ends of two drawn films, one
PVA-0 and the other PVA-5, were fixed atop stainless steel
pillars, as shown in Figure 4d, and exposed to 194 F (80 °C)
for 10 min, before removing the entire setup to ambient
conditions, and the decrease in sample temperature was
recorded (Figure 4e). The drawn PVA-5 film exhibited a
greater temperature decrease and a lower final temperature
after 2 min than the drawn PVA-0 film (Figure 4f),
demonstrating that the drawn PVA-5 films more effectively

Figure 3. WAXS patterns of drawn PVA-0 (a) and drawn PVA-5 (b)
composite films. The insets are the 1D curves of X-ray scattering.
Here, the plane of measured films is perpendicular to the incident X-
ray (Figure S5). SEM images of the cross section of drawn PVA-0 (c)
and drawn PVA-5 (d) composite films. (e) Non-polarized FTIR
spectra of drawn PVA-0, PVA-0(2), and PVA-5.

Figure 4. Schematic pictures of the thermal analysis module in the heating (a) and cooling (d) processes. (b, c) Thermal analysis of undrawn PVA-
5, drawn PVA-0, and drawn PVA-5 films of similar sizes (highlighted by the dotted red boxes) during the heating process. (e, f) Thermal analysis of
the drawn PVA-0 and PVA-5 films (highlighted by the dotted white boxes) during the cooling process. F is Fahrenheit.
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release heat, which makes them potentially useful in devices as
thermal management materials.

■ CONCLUSIONS AND OUTLOOK
This work provides a new method for producing water-based
polymer drawn films with high thermal conductivity, which are
potentially useful for thermal management in electrical devices,
like foldable video screens and flexible solar cells.
Oriented PVA/GO composite films were fabricated through

water evaporation and solid-state stretching. SEM images and
WAXS results reveal the improved dispersion of GO and the
high orientation in drawn PVA/GO films when the co-additive
(SDBS) is used. FTIR spectra of composite films demonstrated
the presence of hydrogen bonding between PVA and GO.
These results contributed to the high thermal conductivity of
drawn PVA-5 composite films in the drawing direction, which
is higher than most composite films and approximately a 50-
fold enhancement in comparison with isotropic PVA.
It is tempting to speculate further on the applications of

these films in, for instance, flexible solar cells and foldable
video screens. For instance, solar cells usually have an
efficiency below 25% and the residual absorbed energy is
transferred into heat. The heating-up of the devices can be
quite significant (100 °C), which actually reduces their
efficiency and lifetime enormously. To satisfy the need in the
foldable and flexible devices, the light density and flexible
thermally conductive polymer composites were presented in
this work.
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