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A highly flexible nanocomposite film of bacterial cellulose (BC) and graphene oxide (GO) with a lay-
ered structure was presented using the vacuum-assisted self-assembly technique. Microscopic and X-ray
diffraction measurements demonstrated that the GO nanosheets were uniformly dispersed in the BC
matrix. The interactions between BC and GO were studied by Fourier transformation infrared spec-
troscopy. Compared with pristine BC, the integration of 5wt% GO resulted in 10% and 20% increase in
Young’'s modulus and tensile strength of the composite film. The electrical conductivity of the composite
film containing 1 wt% GO after in situ reduction showed a remarkable increase by 6 orders of magnitude
compared with the insulated BC.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Functional nanocomposites or nanohybrids based on biopoly-
mers and nanometer-scale fillers are of scientific and industrial
interest for their biofunctionality and notable performance
improvement (Sellinger et al., 1998). As a natural polymer, bacterial
cellulose (BC) has garnered considerable attention on account of its
high tensile strength and crystallinity, good water-holding capac-
ity, and biocompatibility (Czaja, Young, Kawecki, & Brown, 2007;
Klemm, Schumann, Udhardt, & Marsch, 2001; Klemm, Heublein,
Fink, & Bohn, 2005). It has found a multitude of applications in the
paper and food industries, sewage purification, and composite rein-
forcement (EI-Saied, Basta, & Gobran, 2004; Nakagaito, Iwamoto,
& Yano, 2005; Vandamme, De Baets, Vanbaelen, Joris, & De Wulf,
1998). For the last application, various efforts have been made to
maximize the benefits of nanocomposites based on BC through the
combination of other materials (Yang et al., 2009; Yano et al., 2005)
or the modified cellulose biosynthesis (Park, Kim, Kwon, Hong, &
Jin, 2009; Yan et al., 2008). Among several methods, the integration
of unique carbon nanomaterials into the BC matrix is regarded as
one of ideal building blocks for the improvement of the mechanical
and electrical properties. As a one-dimensional nanomaterial with
high aspect ratio, carbon nanotube (CNT) has been incorporated
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into the BC matrix, showing enhanced mechanical strength and
electrical conductivity (Chen, Kim, Kwon, Yun, &]Jin, 2009; Yoon, Jin,
Kook, & Pyun, 2006). Yoon et al. (2006) prepared BC/CNT nanocom-
posite by dipping the cellulose pellicles into a multi-walled carbon
nanotube (MWCNT) solution. The conductivity of the BC pellicle
with 9.6 wt% of MWCNTSs reached 1.4 x 10~ S/cm.

Graphene, a two-dimensional sheet of sp?-hybridized car-
bon arranged in a hexagonal lattice, has revealed a variety of
mechanical and electrical properties that qualify it for the rein-
forcement of polymer matrixes. Recently, much work has been
targeted on mechanically or electrically enhanced polymers using
the nanosheets of graphene oxide (GO) or reduced graphene
oxide (RGO) as nanofillers (Salavagione, Gomez, & Martinez, 2009;
Steurer, Wissert, Thomann, & Mulhaupt, 2009; Wu & Liu, 2010; Xu,
Wang, Zu, Han, & Wei, 2010). Results showed that uniform disper-
sion of graphene in the polymer matrix was necessary in order to
obtain the best characteristics. Specifically, GO shows the strong
functionalities and processibilities due to the oxygen-containing
functional groups on its basal planes and edges (Kovtyukhova
et al,, 1999; Stankovich, Piner, Nguyen, & Ruoff, 2006). Moreover,
BC is water soluble in NaOH solution at a relative low tempera-
ture (Isogai & Atalla, 1998). Thus, BC/GO nanocomposite films can
be easily obtained by filtering a colloidal solution of GO that has
been pre-dispersed in the BC aqueous solution through a simple
vacuum-assistant self-assembly method. It is noteworthy that the
functionality of the nanocomposite not only depends on the natural
property of each component, but also is closely related to the syn-
ergistic effect between them. Because of the many hydroxyl groups
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Fig. 1. GO sheets shown by (a) AFM with a 2 um scale and the corresponding height profile and (b) TEM showing inclusions of GO sheets, scale bar=0.2 pm.

in the BC units, effective interactions between BC and GO such
as electrostatic interaction and hydrogen bonding are potentially
achievable, which are important for the mechanical enhancements
of the composite film.

Herein we presented a mechanically strong, flexible and con-
ductive film based on BC/GO nanocomposite with the assistance of
a vacuum. The dispersion of GO in the BC matrix was investigated
by scanning electron microscopy (SEM). Fourier transformation
infrared (FT-IR) spectra indicated the hydrogen bonding interaction
between BC and GO. The integration of GO disrupted the aggre-
gation and crystallinity of the BC matrix. Enhanced mechanical
strength of the BC/GO nanocomposite films were observed com-
pared with that of pristine BC. After in situ reduction, the BC/RGO
films showed a notable improvement in electrical conductivity.

2. Experimental
2.1. Materials

GO was produced by the modified Hummers method through
the acid oxidation of flake graphite (Becerril, Mao, Liu, Stoltenberg,
Bao, & Chen, 2008; Hummers & Offeman, 1958). BC was supported
by Space Environmental Technology Company, Limited, Japan. It
was first washed with distilled water, followed by immersion in
a 5wt% NaOH solution for 15h, and was finally re-washed with
distilled water for 10 times.

2.2. Preparation and in situ reduction of the BC/GO
nanocomposite films

The stable aqueous dispersion of GO with a concentration of
0.1 mg/mL was prepared by ultrasonication of powdery GO for 1h
(200W). 1.0 g dry BC was first swollen in 45 mL of water for 24 h,
and then 4.2 g NaOH was added by the assistant of ultrasonication
at 0-5°C. The suspension was cooled to —20°C and held at that
temperature for 6 h. The frozen solid was then allowed to thaw
at 5°C, and 55 mL water was added to the gel-like BC suspension.
After stirring for 10 min, a clear BC suspension was obtained. The
insoluble part was eliminated by the centrifugation at 1000 rpm for
3 min.

For the preparation of the BC/GO nanocomposite, GO and
BC aqueous suspensions were mixed together in several fixed
proportions, followed by stirring for 24h at room temperature.
The weight contents of GO in the composites were controlled
to be ~1% and 5%. Before filtration, the BC/GO composite was

ultrasonicated for 30 min with a power of 100 W. The homogeneous
dispersions were filtered through porous poly(tetrafluoroethylene)
membranes (47 mm in diameter and 0.2 um in pore size) to yield
free-standing disc-like films. Finally, the films were dried for 24 h at
50°Cunder vacuum. The reduction of GO was carried out by adding
5 pL hydrazine into the BC/GO suspension. The BC/RGO complex
was well-dispersed after stirring for 10 h at 80 °C. The preparation
of the BC/RGO film was the same to that of BC/GO.

2.3. Characterization

The GO nanosheets were characterized by transmission elec-
tron microscope (TEM, Philips Tecnai G2 F20 operating at 200 kV)
and atomic force microscope (AFM, Nanoscope MultiMode IIIA).
The AFM samples were prepared by depositing a dilute aqueous
GO dispersion on a freshly cleaved mica surface. SEM analysis was
performed on a Hitachi S-4800 electron microscope (operating at
5kV). FT-IR spectra were recorded on a Bruker Tensor 27 spectrom-
eter with a disc of KBr. The X-ray diffraction (XRD) patterns were
taken by a Rigaku D/max 2500 V/pc X-ray diffractometer using Cu
Ka radiation (A=0.15nm) at a scanning rate of 8.0°/min, using
a voltage of 40kV and a current of 200 mA. Tensile tests of the
BC/GO films were performed on a universal tensile testing machine
(M350-20KN CX) at a cross-head speed of 0.5 mm/min. Rectangu-
lar specimens of 5 mm x 30 mm were used for tensile tests under
ambient conditions (with humidity of ~30%). The film thickness
was read from its cross-section SEM image. Five parallel measure-
ments were carried out for each sample and the average value
was recorded. The conductivity of the nanocomposite films was
measured using a Keithley 2635 system sourcemeter.

3. Results and discussion
3.1. Microscopic analysis of GO

The as-prepared GO is presented almost entirely as individual
sheets in the aqueous suspension confirmed by the AFM and TEM
measurements. Fig. 1(a) shows the tapping mode AFM image of GO
and its corresponding height profiles on a mica substrate. As shown,
individual GO sheets with thickness of 0.9-1 nm are observed with
lateral dimensions of several hundred nanometers for a fully exfo-
liated GO sheet. A TEM sample was prepared by dipping a carbon
grid into the GO aqueous solution. Wrinkled individual GO sheets in
low-magnification image are observed. The individual suspended
GO sheets are important for the well dispersion in the BC matrix.
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Fig. 2. Solutions of (a) BC, (b) GO, and (c) BC/5 wt% GO in aqueous NaOH.

3.2. Optical observation

The solutions of pure BC, GO and BC/5 wt% GO nanocomposite
in aqueous NaOH are shown in Fig. 2. The photograph was taken
after 30 min sonication (100 W) and standing for 5 h. As shown in
Fig. 2(a), BC forms a homogeneous suspension in aqueous NaOH
solution. GO nanosheets tend to aggregate because the inclusion
of NaOH destroys the electrostatic repulsion balance of the GO
lattices. After 5h standing, the stable BC/GO suspension indicates
that BC can effectively prevent the aggregation of GO at high NaOH
concentration. This homogeneous BC/GO suspension is essential to
prepare uniform BC/GO composite films.

3.3. SEM observation

The BC/GO flexible paper-like films are obtained by a vacuum-
assisted method. Fig. 3 shows the surface and cross-section SEM
images of BC, GO, and the BC/GO nanocomposite films with differ-
ent GO loadings (1 wt% and 5wt%). The BC sample shows highly
fibrous network-like structure consisting of ultrafine cellulose
microfibrils (Fig. 3a). The typical lateral dimension of the BC fib-
rils is 30-40 nm. Its cross-section shows a random arrangement
of ribbon-shaped microfibrils without any preferential orientation.
Fig. 3c shows the rough surface of the GO film, from which wrinkled
GO sheets can be identified. The fracture edge of the film exhibits
a compact layer-by-layer stacking structure. After the integration
of GO nanosheets, the surfaces of the nanocomposite films form a
more compacted morphology and the cross-sections exhibit a lay-
ered structure because of the vacuum application and self-ordering
of high-aspect ratio GO sheets. Both the surface and cross-section
images indicate that the vacuum-assistant method can be used to
prepare compacted BC/GO nanocomposite films.

3.4. FT-IR analysis

FT-IR measurements were carried out to investigate the inter-
actions between BC and GO. In the spectrum of GO (Fig. 4a), the
broad and intense peak centered at 3361 cm! is assigned to the
0-H stretching vibrations, the strong peak at 1726cm~! corre-
sponds to the stretching vibrations of C=0 carboxylic moieties. The
peak at 1616cm~! is attributed to the skeletal vibrations of aro-
matic C=C bond or the deformation vibrations of the O-H band
of intercalated water molecules (Park, Lee, Bozoklu, Cai, Nguyen,
& Ruoff, 2008; Si & Samulski, 2008). In the case of BC, the domi-
nating signal is at 3348 cm~!, corresponding to the intramolecular

hydrogen bond for 30..-H-05 (Oh, Yoo, Shin, & Kim, 2005). In the
C-0 stretching vibration region, the band at 1163, 1111, 1061 and
1035cm~! are assigned to the vibrations of C1-0-C4, C2-02H,
C3-03H and C6H,-06H, respectively (Kacurakova, Smith, Gidley,
& Wilson, 2002; Maréchal & Chanzy, 2000). The peak at 1651 cm™!
is attributed to the carbonyl amide group, which may come from
proteins and bacterial cells that are not completely wiped off after
the NaOH treatment (Shezad, Khan, Khan, & Park, 2010). The char-
acteristic vibrations in the spectra of BC/GO nanocomposites are
approximately similar with the spectrum of pure BC as shown in
Fig. 4(c) and (d) except for some differences. Compared with pure
BC, the C=0 stretching vibration peak at 1726 cm~! belonging to
GO becomes more evident with the increase of GO loadings in the
spectra of the BC/GO composite films, which indicates the existence
of GO. The broadened peak at 3348 cm~! and the relative intensity
changes of the C-0 stretching vibrations in the BC/GO nanocom-
posites imply the hydrogen bonds in BC are disturbed. Moreover,
the peak corresponding to the -CO-NH- stretching vibration shifts
to a lower wavenumber (from 1651 to 1643 cm~1). These changes
could be ascribed to the strong interaction between BC and GO. It
has been proved that the chemical treatment gives rise to a series of
oxygen-containing groups on GO sheets such as hydroxyl, epoxy],
and carboxyl groups. Effective interaction such as hydrogen bond-
ing between the oxygen groups on GO and the hydroxyl groups in
the BC unit is potentially achievable.

3.5. XRD study

The XRD patterns of the BC/GO films with different GO load-
ings are shown in Fig. 5. In the case of pure BC, three characteristic
peaks centered at 14.8°, 16.7° and 22.7° are observed, correspond-
ing to the typical profile of cellulose I allomorph (Oh et al., 2005;
Uhlin, Atalla, & Thompson, 1995). The characteristic 26 peak of GO
appearing at 12.1° corresponds to the (001) inter-planar spac-
ing of 0.73nm caused by the oxygen-rich groups on both sides
of the sheets and water molecules trapped between the sheets
(Bourlinos, Gournis, Petridis, Szabd, Szeri, & Dékany, 2003; Wu et
al., 2009). For BC with different GO contents, the peaks of BC become
weak but are still observed, while the (00 1) peak corresponding
to GO is not observed, indicating the GO nanosheets are exfoli-
ated and uniformly dispersed in the BC matrix (Han, Yan, Chen,
Li, & Bangal, 2011). The relative crystallinity index is estimated by
Segal’s method (Segal, Creely, Martin, & Conrad, 1959), using the
following equation:

~100[1(002) — Iym]
= 1(002)

where [(002) is the peak intensity of the (002) lattice diffraction
at 20=22.7° for cellulose I, and I, is the intensity diffraction of
amorphous fraction at 26 = 18°. The relative crystallinity index C; of
BC equals 78.7%. After the incorporation of GO nanosheets, the C; is
calculated to be 75.8% for BC with 5wt% GO loading, which means
the GO nanosheets disturbed the aggregation and crystallinity of
the BC matrix.

3.6. Tensile test

Mechanical properties of the BC/GO nanocomposite films
depend not only on fibril modulus but also on orientation and
degree of interaction between BC and GO within the film obtained
with the assistance of a vacuum. Fig. 6 illuminates the typical
stress—strain curves of pristine BC and its composites with GO,
and the mechanical properties of the films are summarized in
Table 1.1tis clear that both the BC/GO nanocomposites and BC show
typical brittle properties and no yielding point can be observed.
The Young’s modulus and tensile strength of the composite films
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Fig. 3. The surface and cross-section SEM images of BC (a and b), GO (c and d), BC/1 wt% GO (e and f), and BC/5wt% GO (g and h).
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Table 1
The mechanical properties of BC/GO nanocomposite films with different GO
loadings.

Samples Young’s Tensile Elongation at
modulus (GPa) strength (MPa) break (%)

BC 1.5+0.2 198 + 10 6.4 + 0.6

BC/1wt% GO 1.8 +0.2 230+ 8 5.9 + 0.6

BC/5wt% GO 1.7 £02 242 £7 54+ 04
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Fig. 7. The conductivity of the BC/RGO nanocomposite films with different RGO
weight contents.

enhanced obviously compared with the pristine BC film. For exam-
ple, the modulus and tensile strength of the BC/GO film with 5 wt%
GO are measured to be 1.7 + 0.2 GPa and 242 + 7 MPa, respectively.
The values are 10% and 20% higher than do BC film, indicating that
the interaction between BC and GO makes a great contribution
to the mechanical enhancement. As discussed above, the oxygen-
containing groups on GO can interact with BC through hydrogen
bonding. The high aspect ratio of the GO sheets is also favorable to
stress transfer. The unidirectional dispersion of GO nanosheets on
the molecular scale in BC matrix and the hydrogen bonding interac-
tion between GO and BC greatly enhance the mechanical properties
of the composite films. But the elongation at break decreases from
6.4% (BC) to 5.4% (BC/5 wt% GO) due to the brittle nature of the GO
sheets.

3.7. Conductivity measurement

The conductivity of the nanocomposite films with different RGO
contents is shown in Fig. 7. After the reduction using hydrazine,
the sp? structure of GO was partly restored, and the conductivity
of the composite films enhanced with the increase of RGO con-
tents. When the RGO content increased from 0.1 wt% to 1wt¥%,
the conductivity of the film increased by 6 orders of magnitude
to 1.1 x 10~4S/m. The uniformly dispersed RGO improved the
conductivity of the BC matrix, probably due to the formation of con-
ductive networks throughout the insulating matrix. With higher
RGO contents (>1wt%), the enhancement of the conductivity is
mainly due to its high RGO content. The conductive property of
the BC-based nanocomposite films makes it a promising candidate
for biosensor and tissue engineering applications.

4. Conclusions

BC/GO nanocomposite films were prepared using a simple
vacuum-assisted self-assembly technique. The well-dispersed GO
nanosheets in the BC matrix were demonstrated by the SEM and
XRD studies. The integration of 5wt% GO resulted in 10% and 20%
increase in Young’s modulus and tensile strength of the BC/GO
film compared with pristine BC. The interactions between BC
and GO such as hydrogen bonding and the unidirectional uni-
form dispersion of GO nanosheets in BC matrix play important
roles in the mechanical improvements. After in situ reduction, the
well dispersed RGO sheets form a continuous conductive network
throughout the BC matrix, resulting in a remarkable increase by 6
orders of magnitude in the electrical conductivity compared with
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the insulated BC. The flexible and electrically conductive BC/GO
composite film with desirable mechanical properties is one of
promising candidates for advanced biochemical and electrochem-
ical devices.
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