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ABSTRACT

The excellent water solubility of graphene oxide (GO) imparts it feasibility as a new filler for reinforc-
ing hydrophilic biopolymers. In this work, we present a simple and green approach to fabrication of
GO/chitosan nanocomposite films. Mechanical properties of the nanocomposite have been significantly
enhanced without sacrificing the optical transparency. GO sheets are unidirectionally aligned in the
chitosan matrix and parallel to the surface of nanaocomposite film, which has been manifested by the
morphological observation and explained by the theoretical prediction of tensile modulus. With incor-
poration of 1 wt% GO, the fracture strength and tensile modulus of the nanocomopsites are significantly
enhanced by 93% and 51%, respectively. The simultaneous improvement of strength and toughness could
be attributed to the homogeneous dispersion and alignment of GO sheets in the chitosan matrix, the
strong interfacial adhesion between GO and chitosan, as well as the high specific surface area and the
two-dimensional geometry of GO.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene, a single layer of carbon atoms in a closely packed
honeycomb two-dimensional lattice, has attracted considerable
attention from both experimental and theoretical scientific com-
munities in recent years (Geim & Novoselov, 2007; Rao et al.,
2009; Stankovich et al., 2006). Due to its extraordinary mechanical,
electronic and thermal properties, graphene has opened new path-
ways for developing a wide range of novel functional materials.
Perfect graphene does not exist naturally, but bulk and solution-
processable functionalized graphene materials including graphene
oxide (GO) can now be prepared (Hao, Qian, Zhang, & Hou, 2008;
Li, Muller, Gilje, Kaner, & Wallace, 2008; Park et al., 2008; Park
& Ruoff, 2009; Stankovich et al., 2007). Oxygen functional groups
(e.g. hydroxyl, epoxide, and carbonyl groups) attached on the basal
planes and edges of GO sheets significantly alter the van der Waals
interactions between the layers of graphene and impart the desired
solubility in water and some organic solvents (Paredes, Villar-Rodil,
Martinez-Alonso, & Tascon, 2008), which provides a convenient
access to fabrication of graphene-based materials by solution cast-
ing. Meanwhile, these polar functional groups modify surface of
graphene to improve interfacial interaction between GO and a
hydrophilic polymer. Recent studies have shown that GO can be
dispersed throughout a selected polymer matrix to make GO-based
nanocomposites with excellent mechanical and thermal properties
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(Fang, Wang, Lu, Yang, & Nutt, 2009; Liang et al., 2009; Prasad, Das,
Maitra, Ramamurty, & Rao, 2009; Villar-Rodil, Paredes, Martinez-
Alonso, & Tascon, 2009; Xu, Hong, Bai, Li, & Shi, 2009). Meanwhile,
GO sheets have also been attempted to make functional bioma-
terials (Chen, Miiller, Gilmore, Wallace, & Li, 2008; Park et al.,
2010; Xu, Bai, Lu, Li, & Shi, 2008). Chen et al. reported that the GO
paper was nonhemolytic and noncytotoxic to some mammalian
cell lines (Chen et al., 2008). Thus, GO sheets have a great potential
in application as reinforcing fillers with effective cost to fabricate
biocompatible nanocomposite materials.

Chitosan is one of the second abundant natural biopolymers on
the earth. It has been extensively investigated for several decades
for biosensors, separation membrane, artificial skin, bone substi-
tutes, water treatment, and so on, because of its biocompatibility,
biodegradability, multiple functional groups, as well as its solubil-
ity in aqueous medium (Fernandes et al., 2010; Kurita, 2001; Liu,
Qin, He, & Song, 2009a). However, despite numerous advantages
and unique properties of chitosan, its mechanical properties are not
good enough to satisfy a wide range of applications. The formation
of organic-inorganic hybrids through incorporation of fillers is an
effective approach for improving physical and mechanical prop-
erties of chitosan. For example, hydroxyapatite (Cai et al., 2009),
cellulose whiskers (Li, Zhou, & Zhang, 2009; Shih, Shieh, & Twu,
2009), clay (Darder, Colilla, & Ruiz-Hitzky, 2003; Wang, Chen, &
Tong, 2006; Wang et al., 2005a; Wang, Shen, Zhang, & Tong, 2005b)
and carbon nanotubes (Liu, Chen, & Chang, 2009b; Tang et al., 2008;
Wang et al,, 2005b) have been used to reinforce chitosan. Yang
etal.recently studied the nanocomposites of chitosan and graphene
oxide (GO) in aqueous media (Yang, Tu, Li, Shang, & Tao, 2010). In
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their work, with incorporation of 1 wt% graphene oxide, the ten-
sile strength and Young's modulus of GO/chitosan nanocomposites
were improved by 122% and 64%, respectively. They considered
that the GO sheets might be dispersed well with an orientation
in the chitosan matrix, but no strong experimental evidence for the
alignment of GO sheets has been shown in the paper.

In the present study, we report the preparation and character-
ization of novel transparent GO/chitosan nanocompsoite films by
means of a simple and fully green method, that is, casting a suspen-
sion of GO in an aqueous solution of chitosan. Because GO sheets
contain abundant oxygen groups and chitosan contains amino and
hydroxyl groups, a homogeneous dispersion of GO into chitosan
and strong interfacial adhesions between them can be achieved.
A significant reinforcement by GO has been observed for these
GO/chitosan nanocomposites from the increases in tensile strength,
tensile modulus and elongation at break. Furthermore, the anal-
ysis of mechanical properties by utilizing the Halpin-Tsai model
and the directly observed morphological structures by field emis-
sion scanning electron microscopy (FESEM) have nicely supported
the reinforcing mechanism that the GO sheets were parallel to the
surface of nanaocomposite films.

2. Experimental
2.1. Materials

Chitosan powder from crab shell, with a deacetylation degree
of 87.0% and viscosity-average molecular weight of 186,000 g/mol,
was bought from Zhejiang Golden-Shell Biochemical Co. Ltd.
(Yuhuan, China). Graphite with an average particle size of 100 wm
was obtained from Fluka. All other reagents and chemicals were of
analytic grade and used as received.

2.2. Preparation of graphene oxide (GO)

Graphene oxide was synthesized using a modified Hummer's
method from natural graphite powder (Hummers & Offeman, 1958;
Kovtyukhova et al., 1999). Graphite powder (3 g) was put into an
80°C solution of concentrated H,SO4 (12 mL), K,S,0g (2.5g), and
P,05 (2.5¢g). The mixture was kept at 80°C for 6h using a hot-
plate. Successively, the mixture was cooled to room temperature
and diluted with 0.5L of de-ionized water and left to overnight.
Then the mixture was filtered and washed with de-ionized water
using a 0.2 wm Nylon filter to remove the residual acid. The prod-
uct was dried under ambient condition overnight. This pre-oxidized
graphite was then subjected to oxidation by the Hummers’ method
(Hummers & Offeman, 1958). Briefly, 1 g of pretreated graphite and
0.5g of NaNO3 were placed in a flask. Then, 25 mL of H,SO4 was
added with stirring in an ice-water bath, and 3 g of KMnO4 were
slowly added over about 1 h. Stirring was continued for 2 h in the
ice-water bath. After the mixture was stirred vigorously for 2 days
at room temperature, 100 mL of 5 wt% H,SO4 aqueous solution was
added over about 1 h with stirring, and the temperature was kept at
98 °C. The resultant mixture was further stirred for 2 h at 98 °C. The
temperature was reduced to 60°C, 3 mL of H,0, (30 wt% aqueous
solution) was added, and the mixture was stirred for 2 h at room
temperature. The oxidation product was purified by rinsing with
a 10% HCI solution, repeatedly washing with copious amounts of
de-ionized water, and filtering through a 0.2 wm Nylon filter.

2.3. Preparation of GO/chitosan nanocomposites

The 1 wt% chitosan solution was prepared by dissolving chitosan
in 2% (v/v) aqueous acetic acid solution using a magnetic stirrer
at 200rpm for 1h and filtered with a filter paper to remove the
impurity under vacuum. Subsequently, a desired amount of GO

suspension (0.1 mg/mL) was added into the chitosan solution. The
solution was then stirred at 200 rpm for 1 h, followed by sonica-
tion for 10 min to remove the bubbles. After that, the GO/chitosan
suspension was poured into a plastic dish and placed in fume hood
at room temperature to allow water to evaporate to form a film,
followed by drying in a vacuum oven at 50°C for 24 h. The films
containing 0, 0.25, 0.5, 0.75, 1 wt% GO were prepared and cut into
test samples using a razor blade and kept in an oven at 50°C for 2 h
before mechanical testing.

2.4. Characterization

The atomic force microscopic (AFM) measurements with the
typical tapping-mode were performed using Digital Instrument
S3000 AFM. The samples for AFM were prepared by dropping an
aqueous GO solution (~0.01 mg/mL) onto a fresh silicon wafer, fol-
lowed by drying in air.

The transmission electron microscopic (TEM) imaging of GO
sheets was done on a JEOL 2010 TEM. The samples were prepared
as follows. After being sonicated for 5 min with an ultrasonic bath
cleaner, a droplet of aqueous GO dispersion was cast onto a TEM
copper grid and the solvent was evaporated overnight at room
temperature.

The Fourier transform infrared (FTIR) spectra for a thin film of GO
were recorded on a Nicolet 5700 FTIR instrument with attenuated
total reflectance (ATR) accessory.

For the surface chemistry analysis, a Kratos Ultra X-ray
photoelectron spectroscopy (XPS) system was used with a
monochromatic Al Ka X-ray source operating at 15kV and 10 mA.
The corelevel spectra were obtained at a photoelectron take-off
angle of 90°, measured with respect to the sample surface.

Ultraviolet-visible spectrometry (UV-vis, Varian Cary 50 Bio
Spectrophotometer) was used to examine the effect of GO sheets
on the light transmittance of GO/chitosan films. For each sample
three different places were randomly chosen for wavelength scan-
ning, to examine the dispersion state of GO sheets in the polymer.
The wavelength range was from 200 nm to 800 nm.

The wide-angle X-ray diffraction (XRD) patterns of GO and
GO/chitosan films were recorded using a Bruker GADDS diffrac-
tometer with an area detector operating under a voltage of 40 kV
and a current of 40 mA using Cu Ko radiation (A =0.15418 nm).

The tensile properties of cast samples (dimension
20mm x 5mm with varying thickness) were measured using
an Instron Model 5543 mechanical tester at room temperature. A
100N load cell was used and the strain rate was 5.0 mm/min. To
ensure data accuracy and repeatability, at least 5 measurements
were carried out for each nanocomposite.

The morphology of nanocomposite films was observed using
field emission scanning electron microscopy (FESEM, JEOL JSM-
6700F). Samples were fractured in liquid nitrogen, and sputtered
with gold before observation.

Rheological tests were conducted for the aqueous solutions of
neat chitosan, 0.5wt% GO/chitosan, and 1wt% GO/chitosan using
a fluid rheometer (ARES 100FRTN1, Rheometric Scientific) with a
parallel plate of 50 mm diameter. The concentrations of chitosan in
all samples were fixed at 40 mg/mL. The storage modulus (G’) and
loss modulus (G”) were measured as a function of angular frequency
at 25°C.

3. Results and discussion
3.1. Exfoliation and dispersion of graphene oxide

The size and thickness information for the as-prepared GO
sheets were fully obtained by AFM and TEM (Fig. 1). A GO sheet is
supposed to be thicker than an ideal atomically flat graphene sheet
which has a well-known thickness of 0.34 nm, due to the presence
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Fig. 1. (a) Tapping mode AFM image of GO sheet and (b) TEM image of GO sheet.

of functionalized groups on both sides of GO sheets and their defects
introduced by the oxidation process. In some cases, the thickness
of a GO sheet is even larger than 0.8 nm as predicted by the theory
(Schniepp et al., 2006). As shown in Fig. 1(a), the measured thick-
ness of the GO sheets was very uniform (~0.6-0.8 nm), suggesting
the complete exfoliation of GO sheets down to individual ones. The

TEM results also verified the existence of individual GO sheets in
water. Fig. 1(b) shows a typical TEM picture indicating that GO was
fully exfoliated into individual sheets by ultrasonic treatment.
The information on the functionalized groups on GO surface due
to the oxidation process can be obtained from FTIR (Fig. 2(I)). The
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Fig. 2. (I) FTIR spectrum of GO. (II) (a) XPS survey scan spectrum and (b) deconvoluted XPS C 1s spectra of GO.
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can be attributed to C-0 (v (epoxy or alkoxy)), O-H (v (carboxyl)
), C=C assigning to skeletal vibrations of unoxidized graphite
domains, C=0 in carboxylic acid and carbonyl moieties, and O-H
(broad coupling v (hydroxyl)) (Guo, Wang, Qian, Wang, & Xia,
2009), respectively. The abundant oxygen functional groups make
GO sheets strongly hydrophilic, which improves their solubility
in water. The high degree of functionalization on GO was also
confirmed by XPS: the survey spectra for pristine graphite (not
shown) and GO yielded C/O atomic ratios of 99 and 2.5, respec-
tively. The XPS survey spectra and C 1s spectra of GO are presented
in Fig. 2(II) (a) and (b), respectively. From the C 1s XPS spectra of
GO, the two maximum peaks in the C 1s band of Fig. 2(II) (b) are
separated by ~2 eV (Schniepp et al., 2006), which is in agreement
with the results in the literature for similar C 1s band shapes. The C
1s band can be fitted to three components, which clearly indicated
a considerable degree of oxidation, corresponding to carbon atoms
in different functional groups: C-C (284.6eV), C-0 (287.0eV) and
C=0 (288.5eV), respectively (Paredes et al., 2008; Stankovich et al.,
2007).

The GO/chitosan nanocomposites were prepared by a solution-
casting method. The distribution of GO sheets in the chitosan matrix
is largely influenced by their dispersion state in the water. A good
and stable dispersion of the GO in water and in an aqueous chitosan
solution is clearly evident from the photographs shown in Fig. 3(I)
(a) and (b) which were taken two weeks later after the ultrasonic
dispersion. The dispersion stability of the GO sheets in water and
in the chitosan solution may be attributed to the hydrophilicity
and compatibility of GO sheets with chitosan due to the oxy-
gen functional groups on GO sheets. This homogeneous aqueous
suspension of GO provides us with a promising way for making uni-
form and high-performance nanocomposite films. The photographs
of GO/chitosan composite films with different GO contents are
shown in Fig. 3(I) (c)-(g). All the GO/chitosan composite films are
smooth, uniform and transparent. With increasing GO content, the
color of composite films gradually changes from colorless to brown.

The dispersion uniformity of GO in the chitosan matrix was
further examined by UV-vis transmittance measurement over a
wavelength range of 280 to 800nm and XRD characterization.
Fig. 3(II) displays the variation in UV-vis transmittance of chitosan
films with increasing GO content. Clearly, the light transmittance of
the films continuously decreases with increasing GO content, but
these nanocomposite films still maintain favorable optical trans-
parency. For the neat chitosan film, the light transmittance at
800 nm is 91% and decreases to 70% as the GO content of compos-
ites isincreased to 1 wt%. The linear decrease in light transmittance
with the GO content is indicative of the uniform dispersion of
GO in the matrix, especially when the measurements at different
locations of a nanocomposite film reveal the similar light trans-
mittances at a given wavelength. Fig. 3(III) shows the XRD spectra
for neat GO, neat chitosan, and 1 wt% GO/chitosan nanocomposite.
The characteristic XRD peak of neat GO sheets appears at 20 = 8.6°.
The neat chitosan does not show any clear peaks in XRD, indicat-
ing its amorphous structure. The XRD pattern of 1 wt% GO/chitosan
nanocomposite is nearly the same as the neat chitosan, implying
that GO sheets were well exfoliated in the chitosan matrix and the
amorphous structure of chitosan was not affected by the incorpora-
tion of GO. Apparently, the results of UV-vis and XRD spectrum both
suggest that GO sheets have been dispersed in the chitosan matrix
homogeneously, which should lead to significant improvement in
mechanical properties of filled polymer nanocomposites.

3.2. Mechanical properties and reinforcement mechanism of
GO/chitosan nanocomposites

Given the excellent elastic modulus (~1TPa) and intrinsic
strength (125 GPa) of graphene (Lee, Wei, Kysar, & Hone, 2008), we
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Fig. 3. (I) Photographs of (a) GO aqueous solution, (b) GO/chitosan aqueous solution,
(c)neatchitosan film, (d) 0.25 wt%, (e) 0.5 wt%, (f) 0.75 wt% and (g) 1 wt% GO/chitosan
composite films. (II) UV-vis spectra of neat chitosan and GO/chitosan composite
films. (III) XRD patterns of (a) neat GO, (b) 1 wt% GO/chitosan nanocomposite, and
(c) neat chitosan.

examine the effect of GO sheets on mechanical properties of chi-
tosan films. Fig. 4(a) shows the representative stress-strain curves
for neat chitosan and GO/chitosan nanocomposite films. The ten-
sile strength, elongation at break and tensile modulus as a function
of GO content are plotted in Fig. 4(b) and (c). The mechanical prop-
erties of all samples tested are summarized in Table 1. All the neat
chitosan film and GO/chitosan nanocomposite films show a typ-
ical yield behavior in the vicinity of 2% strain. The neat chitosan
possesses tensile modulus (E) of 2.92 GPa, fracture strength (o) of
69.1 MPa, and elongation at break of 22.9%. The addition of GO into
chitosan films significantly enhanced their E and os. For example,
the incorporation of 1 wt% GO increased the Ey and o to 4.42 GPa
and 133.1 MPa, corresponding to the increases by 51% and 93%,
respectively (relative to neat chitosan). The elongation at break was
also increased to 31.6%, corresponding to an increase by 41%. The
toughness, calculated from the area under the stress—strain curve,
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Table 1
Mechanical properties of neat chitosan and GO/chitosan nanocomposites.

Tensile strength (MPa) Elongation at break (%)

69.1 + 4.1 225+ 15
875+ 25 229+ 1.7
889 + 33 240 + 1.6
1122 £ 4.5 29.1+£23
133.1 £ 6.8 31.6 £3.1

Samples Tensile modulus (GPa)
Neat chitosan 2.92 +0.13
0.25 wt% GO/chitosan 3.45 + 0.07
0.5 wt% GO/chitosan 3.89 £ 0.12
0.75 wt% GO/chitosan 4.11 £ 0.08
1 wt% GO/chitosan 442 £+ 0.15
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Fig. 4. (a) Tensile stress versus strain curves; (b) tensile strength and elongation
at break for GO/chitosan nanocomposites as a function of GO content; (c) experi-
mental tensile modulus and theoretical modulus calculated using the Halpin-Tsai
model under the hypothesis that GO sheets are randomly dispersed and aligned in
a polymer matrix.

of 1 wt% GO/chitosan films is around 1.6 times higher than that of
the neat chitosan film.

The well-established Halpin-Tsai model, which was widely
utilized to predict the modulus of unidirectional or randomly
distributed filler-reinforced nanocomposites (Gao et al., 2005;
Schaefer & Justice,2007; Zhao, Zhang, Chen, & Lu, 2010), was used in
our work to simulate the modulus of the GO/chitosan nanocompos-
ites. For randomly oriented or unidirectional GO sheets in a polymer
matrix, the nanocomposites modulus Ec and E; are given by

Ec = Em B 11t737LLE\‘//CC letznzrv‘f] 1
Ec = Em [ll“;f“//c‘] )
"= G (4)
- (5)

where E. and E, represent the Young’s modulus of a nanocompos-
ite with randomly distributed GO and the Young’s modulus of the
nanocomposite with GO aligned parallel to the surface of a sam-
ple film, respectively. E; and E are the Young’s modulus of the
GO and the polymer matrix respectively. ag, lg, and tg refer to the
aspect ratio, length and thickness of a GO sheet respectively, and
V. is the volume fraction of GO in the nanocomposite. The Young’s
modulus of the GO sheet was previously measured to be around
1TPa, which is close to that of the graphene used in this work. The
Young’ modulus of neat chitosan was 2.92 GPa from the experimen-
tal result. The density of the chitosan is around 0.7 g/cm?3, and the
density of GO is 2.25 g/cm?>. The statistical average Iz and tz of GO
sheets were about 1 wm and 0.8 nm, respectively, as determined
by AFM and TEM analysis. Fig. 4(c) shows that the experimentally
measured tensile modulus of the nanocompoistes is very close to
the theoretically calculated values under the assumption that the
GO sheets are unidirectionally aligned and parallel to the surface of
the nanocomposite films with a GO content <0.5 wt%. The experi-
mental results begin to deviate from the calculated curve (aligned)
and shift toward the curve (random) as the GO content increases.
This indicates that the GO sheets are aligned parallel to the surface
of the nanocomposites, especially at low GO contents. However, the
degree of alignment decrease as the GO content increases, presum-
ably because the higher viscosity of the nanocomposites constrains
the motion of GO sheets in the matrix.

The incorporation of GO sheets simultaneously improve the
strength and toughness of chitosan films, which was extraordi-
nary as compared with those carbon nanotubes (CNT)/chitosan
or nanoclay/chitosan composites reported in the literatures (Li
et al., 2009; Wang et al., 2006; Wang et al., 2005b). With incor-
poration of CNT or nanaclay, elongation at break of composite
films decreased, while tensile modulus and strength increased.
For example, incorporation of 0.8 wt% multiwalled carbon nan-
otubes (MWCNTSs) resulted in the improvement of tensile modulus
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Fig. 5. SEM images of the fractured surface of 1wt% GO/chitosan nanocomposite
film (a) x10,000 (the black arrow represents the direction of the surface of sample
film) and (b) x30,000 (the red arrows point at the GO sheets).

and tensile strength of the nanocomposites by about 93% and
99%, respectively. However, the elongation at break decreased to
13.4%, much lower than that of neat chitosan film (49.5%) (Wang
et al., 2005b). Similarly, with addition of 15 wt% cellulose whisker,
the tensile strength of the composites films increased from 85
to 120 MPa, while the elongation at break decreased from 20%
to only 3% (Li et al., 2009). For our GO/chitosan nanocompos-
ites, the significant reinforcement of chitosan by GO is attributed
to the homogeneously dispersed GO sheets throughout the chi-
tosan matrix and the strong interfacial adhesion between GO
and chitosan. Chitosan is a hydrophilic biopolymer, which pos-
sesses amino, primary, and secondary hydroxyl groups in its
glucosamine unit. GO sheets also own superior hydrophilicity
because of abundant oxygen functional groups on the surface.
Strong hydrogen-bonds may be formed between chitosan and GO
sheets. As a result, mechanical properties of chitosan are enhanced
significantly by addition of GO.

In particular, as compared with other fillers, GO sheets have
higher specific surface area (calculated value, 2630 m2/g) (Stoller,
Park, Zhu, An, & Ruoff, 2008), nanoscale surface roughness and
unique two-dimensional (2D) structure. Nanoparticles with high
surface area could impose strong geometric constraints to the
mobility of polymer molecules, which has been verified by the
recent molecular dynamics studies (Ramanathan et al., 2008; Starr,
Schroder, & Glotzer, 2002). Likewise, the nanoscale surface rough-
ness may result in an enhanced mechanical interlocking with
polymer chains, consequently, leading to better adhesion at the
interface. Rafiee et al. have compared the mechanical properties
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Fig. 6. Frequency response of (a) storage modulus (G') and (b) loss modulus (G”) for
chitosan nanocomposites. The measurement was carried out at 25°C.

of epoxy nanocomposites filled with graphene platelets, single-
walled carbon nanotubes, and multi-walled carbon nanotubes
(Rafiee et al., 2009). Their results indicated that graphene platelets
significantly outperform carbon nanotubes, which was attributed
to the enhanced nanofiller-matrix adhesion/interlocking arising
from their wrinkled (rough) surface and two-dimensional geom-
etry of grphene platelets.

To observe the dispersion of GO sheets microscopically for more
information concerning the interfacial interaction between the
chitosan matrix and GO sheets, the fractured surfaces of composite
films were further investigated by FESEM. As shown in Fig. 5(a), GO
sheets were uniformly dispersed and embedded into the chitosan
matrix, while there a few GO sheets stacked together which might
have a negative effect on mechanical reinforcement. Fig. 5(b), an
image at a high magnification, shows that no obvious GO sheets
were pulled out and the protruding GO sheets were thickly coated
with adsorbed polymer, indicating that GO sheets had strong
interfacial adhesion with the chitosan matrix. A homogeneous dis-
persion of GO and efficient interfacial load transfer should resultina
uniform stress distribution and be able to minimize the occurrence
of stress concentration, leading to a significant increase in mechani-
cal properties of nanocomposites. Apparently, it is observed that GO
sheets were unidirectionally distributed in the chitosan matrix and
parallel to the surface of sample film, which is exactly in agreement
with the result predicted by the Halpin-Tsai model. The alignment
of GO sheets probably resulted from the method (i.e. solution
casting) used to prepare the nancomposites. GO sheets tended
to lie down inside the chitosan solution due to their unique 2D
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Fig. 7. (a) Scheme for possible microstructure present in GO/chitosan nanocompos-
ites; (b) formation of hydrogen bonds between GO sheets and chitosan chains.

structure and the gravitational attraction. This phenomenon
was also found in the preparation of graphite nanoplates/poly-
(vinylidene fluoride) (He, Lau, Chan, & Fan, 2009) and GO/poly(vinyl
alcohol) nanocomposite films (Liang et al., 2009; Xu et al., 2009).

Moreover, the reinforcement of chitosan by GO also possibly
arises from an associated GO network. In order to understand the
effect of this network on the reinforcementof chitosan, rheological
measurements on the concentrated neat chitosan and nanocom-
posite solutions were carried out. Fig. 6(a) and (b) show the storage
modulus G’ and loss modulus G”, respectively, as a function of
angular frequency for neat chitosan, 0.5 wt% GO/chitosan and 1 wt%
GO/chitosan nanocomposite solutions, where the concentration of
chitosan was fixed at 40 mg/mL. In the region of low frequencies
(terminal zone), G’ and G” of the neat chitosan solution typically
follow the scaling laws: G'~w! and G’~w? (Ferry, 1980). With
incorporation of GO, the magnitudes of both storage and loss modu-
lus increase and deviate from the terminal behavior. A plateau-like
regime appears, which is indicative of a pseudo-solid-like behavior
and the formation of a GO network. Within such a network con-
stituted by the GO sheets, the free movement of polymer chains
is restricted and the relaxation of the polymer chains upon the
application of low-frequency and low-amplitude strain becomes
difficult. The formation of a filler network and strong interaction
between GO and chitosan could be important factors for the signif-
icant effect of GO on reinforcement of chitosan.

On the basis of mechanical properties and morphologies
of the nanocomposites, we schematically propose the possible
microstructure of GO/chitosan nanocomposites and the interac-
tion between GO and chitosan, as shown in Fig. 7. In Fig. 7(a), GO
sheets are aligned parallel to the surface of nanocomposites film

and homogeneously distributed in the chitosan matrix. Fig. 7(b)
depicts the possible formation of hydrogen bonds between GO
sheets and chitosan chains, representing the circled area in Fig. 7(a).
Hydrophilic features of both GO sheets and chitosan impart them
favorable compatibility. The homogeneous dispersion and a certain
degree of alignment of GO sheets in the chitosan matrix, together
with the strong interfacial adhesion between GO and chitosan,
significantly enhance the mechanical properties of GO/chitosan
nanocomposites.

4. Conclusion

In summary, the high-performance GO/chitosan nanocompos-
ites have been successfully prepared using a simple solution-
casting method. GO sheets containing abundant carboxylic and
hydroxyl groups can form strong interactions with the chitosan
matrix. Homogeneous dispersion of GO sheets in the chitosan
matrix and strong interfacial adhesion between them signifi-
cantly enhanced the mechanical properties of nanocomposites. The
nanocomposite films containing 1 wt% GO sheets are strong and
ductile. The Young’s modulus, tensile strength, and elongation at
break are found to increase by 51% and 93% and 41%, respectively,
which are much higher than those of neat chitosan films. To the
best of our knowledge, this is the first study reporting that chi-
tosan nanocomposites could simultaneously have high strength
(>100MPa) and large elongation at break (30%). By comparing
the experimental tensile modulus and the value predicted by the
Halpin-Tsai model, we know that GO sheets are aligned parallel to
the surface of the sample film within the nanocomposites and this
fact has been further verified by FESEM. Meanwhile, it is interest-
ing to note that the optical transparency of all the nanocomposites
was still maintained. It is expected that the GO/chitosan nanocom-
posites may find more important applications such as biomaterials
that require largely improved tensile properties.
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