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Molecular-Level Dispersion of Graphene into
Poly(vinyl alcohol) and Effective Reinforcement of

their Nanocomposites

By Jiajie Liang, Yi Huang,* Long Zhang, Yan Wang, Yanfeng Ma,

Tianyin Guo, and Yongsheng Chen*

Despite great recent progress with carbon nanotubes and other nanoscale
fillers, the development of strong, durable, and cost-efficient multifunctional
nanocomposite materials has yet to be achieved. The challenges are to
achieve molecule-level dispersion and maximum interfacial interaction
between the nanofiller and the matrix at low loading. Here, the preparation of
poly(vinyl alcohol) (PVA) nanocomposites with graphene oxide (GO) using a
simple water solution processing method is reported. Efficient load transfer is
found between the nanofiller graphene and matrix PVA and the mechanical
properties of the graphene-based nanocomposite with molecule-level
dispersion are significantly improved. A 76% increase in tensile strength and
a 62% improvement of Young’s modulus are achieved by addition of only
0.7 wt% of GO. The experimentally determined Young’s modulus is in

excellent agreement with theoretical simulation.

1. Introduction

Nanocomposites, used as nanoscale fillers at low loading, have the
potential to match or exceed the performance of significant
quantities of conventional composite filler. However, maximal
mechanical enhancement can only be achieved when the
“nanofiller” is dispersed homogeneously, or best at the molecular
level, in the matrix and the external load is efficiently transferred
via a strong interaction at the interface between the filler and the
matrix. At present, although nanocomposites employing carbon-
based reinforcement materials are dominated by carbon nano-
tubes, the intrinsic bundling of carbon nanotubes, their intrinsic
impurities from catalysts, and their high costhave been hampering
their application. Theoreticall’l and experimental® results show
that single-layered two-dimensional (2D) graphene sheets are the
strongest materials developed thus far. Due to their extraordinary
electronic and thermal properties, nanoscale materials based on
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individual graphene sheets have recently
attracted tremendous attention.*>™ Great
strides have been made in the use of
solution-processable graphene materials
for highly conducting composite,”! trans-
parent electrode,"” and photovoltaic
device**¥ applications.

Perfect graphene does not exist naturally,
but bulk and solution-processable functio-
nalized graphene materials including gra-
phene oxide (GO) can now be pre-
pared."®1>71% For GO, oxygen-containing
functional groups including hydroxyls,
epoxides, diols, ketones and carboxyls
significantly alter the van der Waals inter-
actions between the layers of graphene and
impart the desired characteristic of water
solubility."#1%'”) These chemical functio-
nalizations have been found to be a feasible and effective means for
improving the dispersion of graphene. Additionally, functional
side groups bound to the surface of graphene sheets may improve
interfacial bonding between the graphene and the matrix similarly
to that observed for functionalized carbon nanotube-based
nanocomposites.'®*** Thus, by combining remarkable mechan-
ical properties and low costs, 2D graphene sheets are expected to
offer a promising nanoscale filler for the next generation of
nanocomposite materials. In particular, some prominent reports
have explored the intriguing applications (such as organic
conductive films and lithium-ion batteries) of GO/polymer
nanocomposites fabricated through layer-by-layer self-assem-
bly.**?l However, GO is not quite ready for application as
a reinforcement material. Before implementation of high-
performance graphene-based nanocomposites can be achieved,
a number of practical challenges must be addressed. Firstly, truly
homogeneous dispersion of graphene sheets in their host polymer
matrix must be achieved; currently, intrinsic van der Waals
interactions between layers of graphene sheets easily leads to
agglomeration, which results in insolubility as in the case of
bundled carbon nanotubes."” Individual carbon nanotube
dispersion can barely be achieved even for functionalized carbon
nanotubes!"® or by using surfactants.”?! Such agglomerations
lower the effectiveness of nanofillers for reinforcement, as
maximal load transfer and lowest filling load can only be achieved
when the nanofiller is dispersed at the molecular level in the
polymer matrix. In the case of graphene, since GO can be dispersed
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at the individual sheet level in water, it is possible to achieve a truly
molecular-level dispersion of graphene if water is used as the
common solvent for both graphene and the polymer matrix.
Additionally, implementation of high-performance graphene-
based nanocomposites requires maximal interfacial adhesion
between graphene and the surrounding polymer matrix, as well as
effective load transfer. We believe that the most effective approach
is probably to use the force of hydrogen bonding (H-bonding),
which is arguably the strongest van der Waals interaction, in the
absence of direct chemical bonding between the filler and matrix
via surface molecular engineering. Thus, selection of the matrix is
equally important for achieving efficient load transfer. The ease of
processing and environmental issues must also be considered for
practical use.

Taking these considerations into account, we show here a
simple and environmentally friendly preparation of graphene/
poly(vinyl alcohol) (PVA) nanocomposites by incorporating GO
into a PVA matrix using water as the processing solvent. Efficient
load transfer was found between the graphene nanofiller and the
PVA matrix, and significant reinforcement was observed for these
nanocomposites. A 76% increase in tensile strength and a 62%
improvement of Young’s modulus were achieved by addition of
only 0.7wt% GO. Furthermore, excellent agreement was found
between the experimental nanocomposite modulus data and a
Halpin-Tsai theoretical prediction.”*2”) These results demon-
strate that effective load transfer across the graphene-PVA
interface occurred due to molecule-level dispersion and strong
H-bonding."**>?® Finally, this simple solution-mixing method is
environmentally friendly as it uses only water as the processing
solvent.

2. Results and Discussion
2.1. Dispersion of Individual GO Sheets into PVA

GO used in this work was prepared from graphite by the modified
Hummers method®**% as described elsewhere.*”) Well-dispersed
graphene/PVA nanocomposites were fabricated through a simple
solution-mixing method as described in the experimental section.
GO, which contains many oxygen-containing functional groups,
can be dispersed very well in water at the level of individual
sheets.®®! Figure 1a displays a typical tapping-mode atomic-force
microscopy (AFM) image of GO sheets deposited onto a mica
substrate from an aqueous dispersion. Analysis of a large number
of AFM images revealed most GO sheets had heights of about
0.8nm, which is characteristic of a fully exfoliated graphene
sheet,”=2133% and lengths in the range of 2-3 pm. Transmission
electron microscopy (TEM) was also employed to determine the
existence of individual graphene sheets in water. The TEM images
shown in Figure 1b show that graphene was fully exfoliated into
individual sheets by ultrasonic treatment. PVA, which is also water-
soluble due to its many hydroxyl groups, was expected to have truly
homogenous co-dispersion with graphene at the molecular level.
Furthermore, potential H-bonding between GO and PVA could
lead to enhanced interfacial adhesion and mechanical perfor-
mance of the nanocomposite.'” The dispersion state of GO sheets
in the PVA matrix was detected by scanning electron microscopy
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Figure 1. Characterization of individual graphene sheets and dispersion
state of GO in the polymer matrix. a) Typical tapping-mode AFM image of
graphene sheets deposited on mica substrate from an aqueous dispersion;
the height difference between the arrows is ~0.8 nm, indicating the typical
height of an individual GO sheet. b) Typical TEM image of an individual
graphene sheet in water solution. c¢) SEM cross-sectional image of gra-
phene/PVA nanocomposites with GO concentration of 0.7 wt%. The black
arrows indicate GO sheets, and the white arrow points to a fracture.

(SEM), and Figure 1c shows a typical SEM image of the cross
section of the graphene/PVA nanocomposite with 0.7 wt%
loading. The GO sheets are clearly well-dispersed in the PVA
matrix.

X-ray diffraction (XRD) is an important tool for determining
whether graphene-based sheets are indeed present as individual
graphene sheets in the nanocomposites. Figure 2 shows the XRD
patterns of GO (curve a), graphene/PVA nanocomposite with
0.5 wt% loading of GO (curve b) and pure PVA (curve c). The typical
diffraction peak of GO was observed at about 20 =10.9° (Fig. 2a)
and the diffraction peak of pure PVA appeared at 260=19.6°
(Fig. 2c). However, after GO was dispersed into the PVA matrix, the
XRD pattern of the graphene/PVA nanocomposite (Fig. 2b) only
showed the PVA diffraction peak from PVA; the diffraction peak of
GO disappeared. The XRD results clearly demonstrate that GO was
fully exfoliated into individual graphene sheets in the polymer
matrix and that the regular and periodic structure of graphene
disappeared.**~** Nanocomposites with other GO loadings gave
similar XRD results.
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Figure 2. XRD patterns. a) GO, b) graphene/PVA nanocomposite with
0.5wt% loading of GO, and c) pure PVA.
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2.2. Mechanical Properties of Graphene/PVA Nanocomposites

It was expected that the mechanical performance of the
nanocomposite would be significantly enhanced by the large
aspect ratio of the graphene sheets, the molecular-level dispersion
of the graphene sheets in PVA matrix, and strong interfacial
adhesion due to H-bonding between graphene and the PVA
matrix. The representative stress-strain relationship for graphene/
PVA nanocomposites within the tested range of GO weight
fractions is given in Figure 3a. The mechanical performance of the
graphene/PVA nanocomposite was significantly increased as
compared to that of the pure PVA matrix. For example, with only
0.7 wt% (0.41vol%) GO, the tensile strength increased by 76%
from 49.9 to 87.6MPa (Fig. 3a), and the Young's modulus
increased by 62% from 2.13 to 3.45 GPa (Fig. 3b). The breaking
elongation of the nanocomposites was decreased as compared to
pure PVA (Fig. 3a). Because the aspect ratio and dispersion state of
graphene were similar in nanocomposites with different GO
loading, the enhanced mechanical properties are believed to arise
from the strong interaction between graphene and the PVA
matrix.[**

The Halpin—Tsai model, which is widely used
predicting the modulus of unidirectional or randomly distributed
filler-reinforced nanocomposites, was used in our work to simulate
the modulus of the graphene/PVA nanocomposites. For randomly
oriented or unidirectional graphene sheets in the polymer matrix,
the nanocomposite modulus E. and Ej| are given by

(24,26,27,34] 0
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where E. and E| represent the Young's modulus of the
nanocomposite with randomly distributed GO and the Young’s
modulus of the nanocomposite with GO aligned parallel to the
surface of the sample film, respectively. E, and E,, are Young’s
modulus of the GO and the polymer matrix. g, Iy, and t, refer to
the aspect ratio, length and thickness of the graphene oxide sheet,
and V. is the volume fraction of GO in the nanocomposites. The
Young’s modulus of the chemically reduced graphene oxide sheet
was previously measured as around 0.25TPa,® which may
approach to that of the graphene and is used here. The Young’s
modulus of pure PVA was 2.13 GPa from the experimental data.
The density of the PVA matrix is 1.3 g cm >, and the density of
GO is 2.2g cm ™. The statistical average I, and t, of graphene
oxide sheet were about 2.5pum and 0.8nm, respectively, as
determined by AFM analysis. Substituting these parameters into
Equations 1 to 5, the Young’s modulus of the nanocomposite was
calculated under two hypotheses: i) GO aligned parallel to the
surface of the sample film and ii) GO randomly dispersed as 3D
network throughout the polymer matrix. As shown in Figure 3b,
good agreement was found between the experimental data
obtained for graphene/PVA nanocomposites and the theoretical
simulation results under the hypothesis that GO is aligned
parallel to the surface of the nanocomposite film. This
consistency indicates that external tensile loads
were successfully transmitted to the GO filler
across the graphene-PVA interface via strong
interfacial interactions,”>*®*! and presumably
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the graphene oxide sheets prefer to align
parallel to the surface of the sample film
within the nanocomposites,*®! which requires
further investigation.

We believe that the effective load transfer was
due to strong H-bonding interactions between
oxygen-containing groups (e.g., hydroxyls, car-
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Figure 3. a) Representative stress-strain behavior for graphene/PVA nanocomposites with
different GO weight loadings. With only 0.7 wt% GO, the tensile strength of the nanocomposite
increased by 76% from 49.9 to 87.6 MPa. b) experimental Young's modulus of the nanocompo-
site films, calculated data derived from the Halpin-Tsai model under the hypothesis that GO

0.0 0.1 0.2
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boxyls and epoxides) of the graphene sheets and
the hydroxyl groups of the PVA chains. These H-
bonding interactions were expected to affect the
mobility of PVA polymer chains. To confirm
this, differential scanning calorimetry (DSC)
was used to compare the glass-transition
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sheets randomly dispersed as 3D network throughout the polymer matrix, and calculated data ~temperature (Tg) of pure PVA with that of the

derived from the Halpin-Tsai model under the hypothesis that GO sheets aligned parallel to the

surface of the composite film.

Adv. Funct. Mater. 2009, 19, 1-6

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

graphene/PVA nanocomposite as shown in
Figure 4a. The T, of graphene/PVA nanocom-
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Figure 4. a) Glass-transition temperature measurement of pure PVA and graphene/PVA nano-
composite with 0.7 wt% GO loading. The T, of graphene/PVA nanocomposite with 0.7 wt% GO
loading was 3.3 °C higher than that of the pure PVA matrix. T, was obtained by DSC measure-
ment. b) Melting peaks of pure PVA and graphene/PVA nanocomposites with GO loadings of 0.3,
0.5, and 0.7 wt%. DSC was used to measure the melting enthalpy of the samples and the melt

In general, load transfer depends strongly on
the interfacial interaction between the filler and
the wrapped polymer matrix.**! As discussed
above, the oxygen-containing groups attached to
the surface of graphene can generate strong
interactions with the PVA matrix through H-
bonding. Furthermore, the molecular-level
dispersion of graphene sheets in the PVA
matrix and the large aspect ratio of graphene are
also favorable for stress transfer across the
graphene-PVA interface. As a result, significant
enhancement of the tensile stress and modulus
of the nanocomposites was achieved.

peaks were in the range of 160-220°C.

Table 1. Crystallinity and melting enthalpy of pure PVA and graphene/PVA
nanocomposites with GO loadings of 0.3 wt%, 0.5 wt%, and 0.7 wt%. There
was no obvious change of PVA crystallinity.

Samples AH, (g ") xc
pure PVA 236+ 1.4 17.0+1
PVA/GO/0.3 wt % 254+0.9 18.3+£0.6
PVA/GO/0.5wt % 241+1.1 174408
PVA/GO/0.7 wt % 23.9+2.0 17.2+1.4

posite with 0.7 wt% GO loading increased from 37.5 to 40.8 °C.
This T, increase indicates that the polymer chains were indeed
constrained by the H-bonding interaction, an effect also
demonstrated in other reports.[*?2*3¢!

Since PVA is a semicrystalline polymer, its mechanical
properties strongly depend on the degree of its crystallinity. To
demonstrate that the mechanical enhancement of graphene/PVA
nanocomposites was not due to a change in crystallinity, DSC was
used to measure the melting enthalpy of pure PVA and graphene/
PVA nanocomposites. For pure PVA and three nanocomposite
samples, the melt curves are shown in Figure 4b. The melting
peaks had similar patterns and all were in the same range of 160—
220 °C. This indicates that PVA had similar crystallinity (x.) in all
samples, calculated as follows:

2.3. Thermal Properties of Graphene/PVA
Nanocomposites

It is interesting to note that the mechanical performance of
graphene/PVA nanocomposites was not the only aspect of the
composites enhanced; the thermal stability of these materials was
also mildly increased even with the low loadings of GO used.
Thermogravimetric analysis (TGA) and corresponding differential
thermogravimetric analysis (DTG) results for pure PVA and
graphene/PVA nanocomposite with 0.7wt% GO loading are
shown in Figure 5. Both pure PVA and its nanocomposite
decompose in a two-step process, and the TGA curve of the
nanocomposite was shifted toward a higher temperature when
compared to that of pure PVA. The onset temperature of
degradation for the nanocomposite was about 3 °C higher at
0.7 wt% GO loading. The peak temperature (T},) of the DTG curve
represents the temperature at which the maximum weight loss
rate was reached, as shown in Figure 5b. The T, of the
nanocomposite appeared at about 316.5°C and 428.6°C and
was increased by about 5.5 °C and 2 °C, respectively, as compared
to pure PVA. Though the values are low than that of the
functionalized graphene sheets or expanded graphite based
polymer nanocomposites,®® these results still indicate that
addition of GO at low concentrations somewhat improved the
thermal stability of the nanocomposite.

_ AHy, a) b)
X = AH, (6) ™7 1007 o
801 2
where AH,, is the measured melting enthalpy ; 601 é 2
(from DSC) and AH, is the enthalpy of pure S 204 il
PVA crystal (138.6] g )57 As shown in = g 4
Table 1, no obvious change of PVA crystallinity 201 % 51
was observed in graphene/PVA nanocompo- oA ,_,_s_l;rfvtanAl ______ T g T PurePVAIV 3440 ¢
sites containing 0.3-0.7 wt% GO. Therefore, - - - - e + ~
the significantly increased strength and mod- 200 300 : 00 500 200 32.0 o 500
Temp./ °C emp./ C

ulus of the graphene/PVA nanocomposites
cannot be attributed to changes in crystallinity.
Similar results have been demonstrated for

carbon-nanotube-based nanocomposites.'>?*  loading.
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Figure 5. a) TGA curves of pure PVA and graphene/PVA composite with 0.7 wt% GO loading and
b) corresponding DTG curves of pure PVA and graphene/PVA nanocomposite with 0.7 wt% GO
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3. Conclusions

In conclusion, we have prepared the first PVA nanocomposite to
use graphene as a mechanical reinforcement material. The
graphene/PVA nanocomposites can be fabricated using a simple
and environmentally friendly method with water as the processing
solvent. Significant enhancement of the mechanical properties of
graphene/PVA nanocomposites was obtained at fairly low
concentrations of graphene oxide. A 76% increase in tensile
strength and a 62% improvement of Young’s modulus were
achieved by the addition of only 0.7wt% graphene oxide.
Furthermore, the agreement between the experimental tensile
modulus data and the values predicted by the Halpin—Tsai model
indicates that the external tensile loads were successfully
transferred to the graphene sheets across the graphene-PVA
interface via strong hydrogen bonding. It should be emphasized
that this hydrogen-bonding approach may have wide-reaching
implications for the preparation of other multifunctional
nanocomposite materials. Additionally, the achievement of
significant mechanical enhancement with such low loading
indicates that matrix properties could be maintained for multi-
functional graphene nanocomposite materials. Collectively, we
have shown that a water solution-based method can be used to
generate graphene/PVA nanocomposites with excellent mechan-
ical properties; the abundant supply of graphite and the
processability of functionalized graphene sheets with high purity
may allow the ready implementation of graphene-based materials
as effective nanofillers for many practical nanocomposite
applications.

4. Experimental

Raw Materials: Graphite was obtained from Qingdao Huarun graphite
Co., LTD with a particle size of 20 wm. Poly(vinyl alcohol) (PVA) was
purchased from Alfa Aesar (86-89% hydrolyzed, low molecular weight).

Fabrication of Nanocomposites: Graphene oxide (GO) used as the
reinforcement filler was prepared from graphite by the modified Hummers
method [29,30]. The synthesis procedure for a typical well-dispersed
graphene/PVA nanocomposite (0.7 wt%) was as follows: GO (7 mg) was
dispersed in distilled water (3 mL) in an ultrasonic bath (Gongyi Yuhua
Instrument Co., LTD, Model: KQ400B, 400W) for 30min at room
temperature to yield a clear solution. In this process, GO was completely
exfoliated down to individual sheets to form a stably dispersed GO/H,0O
solution [8]. Meanwhile, PVA (1 g) was dissolved in distilled water (7 mL) at
90 °C and the solution was subsequently cooled to room temperature. After
the PVA/H,O solution had cooled to around 40°C, the GO aqueous
dispersion was gradually added to the PVA solution and sonicated for an
additional 30min at room temperature. Finally, this homogeneous
graphene/PVA solution was poured into a Teflon Petri dish and kept at
60 °C for film formation until its weight equilibrated. This film was peeled
off of the substrate for mechanical testing. A series of PVA/graphene
nanocomposite films with different GO loadings were similarly prepared.

Characterization: Typical tapping-mode atomic-force microscopy
(AFM) measurements were performed using Multimode SPM from
Digital Instruments with a Nanoscope llla Controller. Samples for AFM
images were prepared by depositing a dispersed GO/H,O solution
(0.2 mg mL™") onto a freshly cleaved mica surface and allowing them to dry
in air. Transmission electron microscopy (TEM) was performed using a
Philips T20ST electron microscope at an acceleration voltage of 200 kV. The
GO/H,0 solution was dropped onto carbon-coated copper grids (mesh
size 300) and allowed to dry under ambient conditions. Scanning electron
microscopy (SEM) was performed on a Hitachi S-3500N scanning electron

Adv. Funct. Mater. 2009, 19, 1-6
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microscope with acceleration voltage of 20 kV. Samples were prepared by
immersing the films in liquid nitrogen for 10 min before fracture. The
fracture surfaces were coated with gold before analysis. X-ray diffraction
(XRD) measurements were carried out using a Rigaku D/Max-2500
diffractometer with Cu-Ka radiation. The glass-transition temperature (Tg)
and degree of crystallinity of the samples were investigated by differential
scanning calorimetry (DSC) using a NETZSCH STA-409PC instrument.
Thermogravimetric analysis (TGA) and differential thermogravimetric
analysis (DTG) were also carried out using the same apparatus. The
heating rate was 5 °Cmin ™', and approximately 15 mg of each sample were
measured in an aluminum crucible under N,.

Mechanical Measurement: The mechanical properties of PVA/graphene
nanocomposites were measured by a universal tensile testing
machine (KNM 500-10 test metric, U.K) at 22°C with 50% relative
humidity. The extension rate was 5 mm min ™" and the load cell was 250N
with a gauge length of ~20mm. All samples were cut into strips of
~40mm x 6 mm x 0.04 mm using a razor blade. The width and thickness
of each strip were measured utilizing a low torque digital micrometer. In all
cases, more than five samples were tested from which the mean and
standard deviation were calculated.
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