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a  b  s  t  r  a  c  t

A  novel  method  to  prepare  BC nanocomposites  reinforced  with  reduced  graphene  oxide  (RGO)  is reported.
A simple  hydrazine  treatment  is shown  to in-situ  reduce  the graphene  oxide  (GO)  incorporated  to BC  films
while  increasing  their  conductivity.  Raman  spectroscopy  was  used  to confirm  the  presence  of  graphene
and  assess  the  effect  of  the hydrazine  treatment  on  its  structure.  XRD  tests  revealed  no  changes  on
vailable online 2 May  2017
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BC  structure.  We  hypothesize  that this  treatment  removes  the  hydroxyl  and  epoxy  groups  present  on
the reduced  graphene  and  increases  the content  of  nonoxygenated  carbon.  These  changes  account  for
the increase  in  conductivity  of  the  BC-based  films,  which  behaved  as  an  insulating  material  before  the
hydrazine  treatment  and reach  an  average  conductivity  value  of 12  S/m  after  such  a  treatment.

© 2017  Elsevier  Ltd.  All  rights  reserved.

lectric conductivity

. Introduction

Electrically conductive polymers exhibit a range of properties
hat influence their value to high performance engineering. Their
se in devices such as solar cells, fashioned from dyes and capac-

tors, may  exhibit varying degrees of manipulability, toxicity and
ecyclability. Recently, researchers have shown an increased inter-
st in using carbon based materials such as carbon nanotube and
raphene in the development of electrically conducting compos-
tes. Graphene has been used to provide biopolymers such as starch,
ellulose, bacterial cellulose, cotton, and carrageenan with good
lectrical conductivity (Bella, Mobarak, Jumaah, & Ahmad, 2015;
uraidah et al., 2010; Gan, Shang, Yuen, & Jiang, 2015; Lee, Han,
ee, & Jeong, 2016; Rudhziah, Ahmad, Ahmad, & Mohamed, 2015;
hi, Li, Chen, Han, & Yang, 2014; Tian et al., 2014; Zhang, Liu, Zheng,

 Zhu, 2012) among others.
According to Zimmermann, Bordeanu, and Strub (2010), cel-

ulose is the most abundant natural polymer, with a quantity of

011 tons per year. Due to its availability and renewability, cel-

ulose has been used to prepare graphene-reinforced composites
ith improved conductivity (Tian et al., 2014; Zhang et al., 2012).

∗ Corresponding author.
E-mail address: fgtorres@pucp.pe (F.G. Torres).

ttp://dx.doi.org/10.1016/j.carbpol.2017.05.005
144-8617/© 2017 Elsevier Ltd. All rights reserved.
However, natural cellulosic fibers are composed of only 55–65% cel-
lulose and further isolation and purification process are needed. By
contrast, the bacteria from the Gloconacetobacter family produce a
protective mat  made from pure cellulose nanofibers.

Bacterial Cellulose (BC) has the same chemical structure as
cellulose. Compared with plant-based cellulosic fibers, BC has an
ultrafine nanosized three-dimensional fibrous network structure.
BC fibrils are 10–100 nm in diameter. They have high crystallinity
(∼90%), and a highly hydrophilic characteristic due to the many
hydroxyl groups on the surface (Gelin et al., 2007). In addition, the
mechanical properties of BC nanofibers are higher than those of
conventional natural cellulosic fibers (Lay et al., 2017).

Grande, Torres, Gomez, Troncoso et al. (2009) have reported
the mechanical properties of bacterial cellulose (BC) films. They
have found a mean traction resistance value of 241.42 ± 21.86 MPa,
a maximum elongation of 8.21 ± 3.01% and a Young’s modulus
of 6.86 ± 0.32 GPa. Potential applications envisaged for BC include
its use as reinforcing phase in membranes, acoustic diaphragms,
strong paper, and biomaterials for biomedical applications (Hu,
Chen, Yang, Liu, & Wang, 2011; Mormino & Bungay, 2003; Svensson
et al., 2005; Yamanaka et al., 1989).
BC nanocomposites have also been used for the preparation of
electrically conducting polymeric films. Feng, Zhang, Shen, Yoshino,
and Feng, (2012) obtained BC/GO composites by blending sonicated
suspensions of BC and GO with a conductivity of 1.1 × 10−4 S/m.

dx.doi.org/10.1016/j.carbpol.2017.05.005
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2017.05.005&domain=pdf
mailto:fgtorres@pucp.pe
dx.doi.org/10.1016/j.carbpol.2017.05.005
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Fig. 1. AFM micrography of a dried GO suspension showing GO platelets (a). A
representative cross-section shows the thickness of such platelets (b).

Table 1
GO content of the samples used in this study.

Code BC dry weight (mg) GO volume (mL) GO content (%)

BC 14 – 0
BC/GO 10 14 0.75 9.7
R. Ccorahua et al. / Carbohy

andgaonkar et al. (2014), Si et al. (2014), Luo et al. (2014) and Zhu,
i, He, and Duan (2015) prepared BC/RGO. They used an agitated
ulture medium that allows the fibers to be synthetized while being
ombined with RGO. Liu et al. (2015) ultrasonicated BC and GO in
nhydrous N, N’-dimethyl formamide. After vigorous stirring with
icyclohexylcarbodiimide they obtained covalent cross-linked net-
orks of BC/GO with a conductivity of 171 S/m.

Several processing routes have been reported for the prepara-
ion of BC nanocomposites. Some processing routes include the
isintegration of the BC gel in order to blend it as a standard
anofiller (Iguchi, Yamanaka, & Budhiono, 2000; Yano, 2005). Feng
t al. (2012) disintegrated a rehydrated BC gel using an ultra-
onication technique. They blended the BC suspension with a
O suspension to prepare BC/GO. However, the disintegration
f the native BC nanofibers can alter the properties of BC films
s the coherent 3D network is destroyed and the aspect ratio
length/diameter) of individual cellulose nanofibers is reduced.

A different processing route investigated in our laboratory con-
ists of introducing a second phase to the BC culture medium
uring the development of the BC nanofibers (Grande, Torres,
omez, & Carmen Bañó, 2009). Using this processing route, starch,
ydroxyapatite, collagen and poly-ly-sine have been successfully

ncorporated into BC networks that would be prime candidates
or biomedical applications (Culebras et al., 2015; Grande, Torres,
omez, Carmen Bañó, 2009; Grande, Torres, Gomez, Troncoso et al.,
009). In this paper, we report a novel processing route in which
he natural BC structure, instead of being disintegrated, is dried in
he presence of graphene oxide (GO) platelets to incorporate them
nto the films.

This paper aims to report a novel processing route that takes
dvantage of the natural network structure of BC to incorporate
raphene oxide (GO) platelets into a pristine cellulose network.
s far as the authors are concerned, there is no previous report
n a methodology for the preparation of electrically conductive
C/GO composites that avoids the disintegration of the native BC
etwork. In order to provide these BC/GO composites with elec-
rical conductivity, a simple hydrazine treatment to in-situ reduce
he incorporated graphene oxide sheets was developed. The resul-
ant BC nanocomposite films which incorporate reduced graphene
xide (RGO) platelets were characterized by Fourier transform
nfrared spectroscopy (FTIR), X-ray diffraction (XRD), Raman spec-
roscopy, scanning electron microscopy (SEM), thermogravimetric
nalysis (TGA), differential scanning calorimetry (DSC), electrical
onductivity tests and mechanical measurements. The effect of var-
ous hydrazine treatment times and the content of GO and RGO on
he properties of the BC nanocomposites was investigated.

. Materials and methods

.1. Bacterial cellulose production

All chemicals were analytical grade and used without purifi-
ation. Gluconacetobacter xylinus was obtained from the Spanish
ype culture collection (CECT 473) and used to produce bacterial
ellulose (BC) gels. The bacterium was cultured in broth media
omposed of 2% D-glucose, 0.5% yeast extract, 0.5% peptone, 0.27%
aHPO4 and 0.115% citric acid. The cells were initially cultivated in

 test tube until reaching a density of 3–5 × 108 cells/ml, which was
etermined by counting in a Neubauer chamber. At this point an

noculum was harvested, transferred to Erlenmeyer flasks contain-
ng 100 ml  of the medium. The flasks were incubated statically for

4 days. The resulting BC gels were disks of approximately 40 mm  in
adius and 2 mm in thickness. At this point 20 ml of a 0.5 M NaOH
olution was introduced in order to eliminate the cells and com-
onents of the culture liquid. The pH was then lowered to 7.0 by
BC/GO 20 14 2.00 22.2
BC/GO 30 14 3.00 30.0

repeated washing with distilled water. The purified BC gels were
stored in distilled water at 4 ◦C to prevent drying

2.2. Synthesis of BC/RGO

Graphene oxide dispersion (0.2 wt%) was purchased from
Cheeptubes (USA). Dimensions of GO were 300–800 nm in width
(Fig. 1a) and 0.7–1.5 nm in thickness (Fig. 1b). The dry weight of a
pure BC film (∼14 mg)  was used as reference in order to calculate
the volume of the GO dispersion needed to prepare the BC/GO films
with a GO content of 10, 20 and 30% (Table 1).

Fig. 2 shows the processing route used to produce the BC
nanocomposite films. A purified BC gel was carefully placed on a

nitrocellulose membrane. The BC sample together with the nitro-
cellulose membrane was  put on the Büchner funnel of a vacuum
filtration kit (Fig. 2a). Then, the GO dispersion was poured over the
BC gel and the vacuum pump was  turned on. Vacuum filtration was
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Fig. 2. Schematic illustration of the BC nanocomposite film preparation method (a)
and the hydrazine treatment (b). The BC gel and GO dispersion are dried by vacuum
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ltration. The resulting dried BC/GO film is brown (c) and is and exposed to hydrazine
apors (3% v/v). The reduced films (BC/RGO) are black (d).

arried on for 30 min  in order to extract water from the BC gel and to
ncorporate GO platelets into the BC network. The resulting BC/GO
lm was removed from the filtration set-up and oven-dried at 80 ◦C

or 15 min. In order to in-situ reduce the incorporated GO, the dried
C/GO films were place on the top of a boiling hydrazine solution
3% v/v) for 5 and 15 min  (Fig. 2b). Finally, the BC/RGO films were
ashed with distilled water three times and air-dried for 1 h. The

hickness of the BC nanocomposites, measured with an Elcometer
hickness gauge was around 5 �m.

.3. Characterization techniques

Atomic force microscopy (AFM) was used to assess the dimen-
ions of the GO platelets used in this study. A Nanosurf Easyscan 2
tomic Force Microscope (AFM) in the dynamic mode was used. A

antilever with a nominal spring constant of 42 Nm-1, resonance
requency of 179 kHz and a tip radius lower than 10 nm was  used.

Scanning electron micrography (SEM) was used to assess the
orphology of the samples. SEM tests were carried out using a FEI
olymers 171 (2017) 68–76

Quanta 600 at 30 kV. Specimens were gold-sputter coating using a
Polaron SC7640 Sputter Coater kit.

X-ray diffraction spectra were recorded using a Brucker D8
diffractometer with a copper laser and a Vantec-1 detector. Ni-
filtered CuK� radiation (wavelength of 0.1542 nm)  was  produced
at 40 kV and 40 mA.  Scattered radiation was detected in the angu-
lar range of 0–70◦ (2�)  at a rate of 5◦/min. The data were analyzed
using specialized software (ANALYZE and DRXWin).

Tensile tests were performed in a tensile testing machine (Mark-
10). Rectangular strips (4 mm x 5 �m)  of dried samples were cut
from the films and tested (across 5 samples per composition) with a
load cell of 10 N. A crosshead speed of 10 mm/min  was  used. Tensile
strength and Young’s modulus values were recorded.

Thermogravimetry (TGA) experiments were carried in a Perkin
Elmer Pyris TGA 4000. Scan rates of 10 ◦C/min in the temperature
range 20–800 ◦C were used. The specimens were tested under a
nitrogen atmosphere. BC, BC/GO and BC/RGO films were cut into
small pieces and placed into ceramic pans. For pure GO tests, the
GO dispersion was air-dried on a Petry dish in order to remove
water. A mass of 10 mg  was  used in each TGA test.

DSC experiments were carried out in a Perkin Elmer DSC
4000 calorimeter. Aluminium pans were used. About 10 mg of the
nanocomposite films were cut into small pieces and put inside
the pans. Temperature scans from 0 to 450 ◦C were performed
at 5 ◦C/min. All measurements were carried out under a nitrogen
atmosphere (20 ml/min). Peak temperatures were recordered with
the aid of Pyris

®
Thermal Analysis Software.

A Renishaw InVia Reflex Raman system coupled to an optical
microscope was  used to record spectra from the samples. A 512 nm
IR-diode laser was  focused on the sample with a x100 microscope
objective. The Raman spectra from 600 to 3000 cm−1 were recorded
using an exposure time of 10 s and three accumulations.

Attenuated total reflection Fourier transformed infrared spec-
troscopy tests were performed in a PERKIN ELMER SpectrumOne
spectrophotometer equipped with a universal ATR sampling acces-
sory, averaging 8 scans at a resolution of 4 cm−1 in the range from
4000 to 650 cm−1. The data were analyzed by means of the IR Expert
software.

The electrical conductivity of the BC films prepared was mea-
sured using a four-probe arrangement with a Fluke 175 multimeter
and a 532C Metronix voltage source. The thickness of membranes
(t) was  precisely measured for calculating the electrical conductiv-
ity (�) following Eq. (1):

� = 1(
�

ln 2

)  (
V
I

)
t

(1)

Where V and I stand for the voltage and current measured, respec-
tively. For each measurement, three samples were tested three
times at different positions along the surface, and then the average
was reported.

3. Results and discussion

The processing route reported here is a simple method to incor-
porate graphene oxide (GO) platelets into BC gels to produce
conductive BC based films. The morphology of samples is shown
in Fig. 3. The typical coherent network made from the bacterial
cellulose fibers can be observed in both, pure BC and reinforced
samples (Fig. 3a–c). Agglomerations associated with the presence
of GO platelets (Zhu et al., 2015) are observed in the cross-section of
the BC/RGO sample (Fig. 3d). This shows that GO  was successfully

incorporated into the BC network.

Thermogravimetric tests were performed to confirm the incor-
poration of GO. Fig. 4a shows representative TGA  thermograms of
pure BC, GO and BC/GO films. Pure BC shows a weight loss that starts
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Fig. 3. SEM images of a representative pure BC film (a). The typical cellulose fibers
are depicted. The upper (b) and lower surface (c) of a representative sample of a
BC/RGO film is shown. A cross-sectional view of the BC/RGO sample is shown in (d).
White arrows show agglomerations associated with the presence of RGO platelets.

Fig. 4. Representative weight loss curves (a) and derivative of weight loss (b) of

pure BC, GO and BC/GO films. Inset on (b) shows a detailed view of the peaks that
take place at ∼100 ◦C.

at ∼320 ◦C. GO is thermally unstable and starts losing mass upon
heating at 100 ◦C. A major mass loss associated with the pyrolysis of
the labile oxygen-containing functional groups (Lerf, He, Forster, &
Klinowski, 1998; Stankovich et al., 2007; Wang, Yang, Li, & Li, 2005)
takes place at ∼200 ◦C. The derivative TGA curves (Fig. 4b) show the
presence of GO and BC peaks in the BC/GO curves.

The hydrazine treatment performed was aimed at in-situ reduc-
ing the incorporated GO. The effect of such treatment was first
revealed by the change of color of the films. Before the hydrazine
treatment, BC/GO films were brown. After the hydrazine treatment
the color of the films changed to black, which is the color of RGO
platelets (Fig. 2c and d). The hydrazine treatment also changed the
thermal properties of the samples. Fig. 5 shows representative DSC
curves of the samples. The BC thermogram shows an exothermic
peak at ∼204 ◦C associated with the degradation of proteinaceous
matter and other debris, present in the native bacterial cellulose
(George et al., 2005). BC/GO samples also show an exothermic peak
at ∼189 ◦C (Fig. 5a). This exothermic peak has been attributed to
the reduction of GO (Qiu et al., 2014; Park et al., 2011) and was  not
found in the thermograms of the samples after the hydrazine treat-
ment (Fig. 5b). The enthalpy of these exothermic peaks, calculated
as the area below the peaks, was  found to be dependent on the
GO content of the sample. The enthalpy calculated was 138.46 J/g,
203.28 J/g and 233.8 J/g for the films with a GO content of 10%, 20%
and 30%, respectively.

Tensile tests were carried out to assess the mechanical prop-
erties of the samples. Table 2 shows the elastic modulus and
maximum strength of pure BC, BC/GO and BC/RGO films. It was

found that the average value of the elastic modulus of pure BC
films and films with a GO content of 10% and 20% is similar. A
slightly improvement is achieved when the GO content is 30%. The
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Fig. 5. DSC thermograms of BC nanocomposite films before (a) and after (b)
hydrazine treatment.

Table 2
Maximum tensile strength and elastic modulus of BC, BC/GO and BC/RGO samples.

Code Elastic modulus (GPa) Maximum tensile strength (MPa)

BC 9.8 ± 1.7 151.81 ± 14
BC/GO 10 11.4 ± 0.4 140.3 ± 11.5
BC/GO 20 10.7 ± 2.2 77.7 ± 6.4
BC/GO 30 14.4 ± 1.7 184.85 ± 7.9
BC/RGO 10 11.3 ± 1.4 85.0 ± 11.4
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evaluate the quality of carbon materials (Kudin et al., 2008). A low
BC/RGO 20 11.0 ± 0.4 70.92 ± 15.6
BC/RGO 30 13.2 ± 2.1 121.7 ± 19.0

act that BC/GO and BC/RGO samples have similar elastic modulus
hows that the hydrazine treatment has no effect on the mechani-
al properties of the samples. No correlation between the value of
he maximum tensile strength and the GO content was found.

XRD tests were carried out in order to reveal changes on BC
tructure. Typical BC XRD patterns show peaks that correspond
o the crystal planes of type I cellulose (11̄0), (110) and (200)
VanderHart & Atalla, 1984). The diffractograms of the samples pre-
ared here show the same characteristic peaks at 14.8◦, 17◦, and
2.8◦ (Fig. 6). An additional peak at 34.5◦ (004) was observed for
he BC/GO samples that were not exposed to hydrazine, but absent
rom those that had undergone exposure. The appearance of this
eak at 34.5◦ may  indicate a recover of crystallinity after hydrazine
reatment. Following hydrazine treatment, molecular strains may
elax due to the resulting generation of functional groups and

hemical-physical bonds.

FTIR tests also showed changes with regard to pure BC films
Fig. 7). The spectrum of pure BC shows characteristic peaks
Fig. 6. Diffractograms of representative 30% BC/RGO films with varying durations
of  exposure to hydrazine vapor.

between 985 and 1106 cm−1 corresponding to the C O bond
stretching mainly attributed to primary alcohols. Previous stud-
ies on BC-based films carried out in this laboratory showed the
same peaks (Grande, Torres, Gomez, & Carmen Bañó, 2009). The
band at 1160 cm−1 is associated to the C O C asymmetric stretch-
ing and the peaks at 1315 and 1426 cm−1 are attributed to CH2
wagging symmetric bending and CH2 symmetric bending, respec-
tively (Kačuráková, Smith, Gidley, & Wilson, 2002). The spectra of
the BC/RGO composites are mainly dominated by the cellulose con-
tent. However, the hydrazine treatment seems to change the IR
absorption of BC-based films. The intensity of the peak at 984 cm−1

(C O bond stretching) that appears in pure BC weakens until it
completely disappears from the spectrum of the samples with a
hydrazine treatment of 15 min.

The presence of graphene in the films prepared here was
confirmed with the Raman spectra. The Raman spectrum of carbon-
based materials may  present three characteristic peaks: the G band,
the D band and the 2D (or G’) band. The G band is common to all
the graphitic samples, is due to in-plane vibration of sp2 carbon
atoms, and is a doubly degenerate phonon mode (E2g symmetry) at
the Brillouin zone center (Pimenta et al., 2007; Tuinstra & Koenig,
1970). The D band is due to a one-phonon second order Raman
scattering process associated with the finite size of crystals and
carbonaceous defects (Ferrari, 2007). The 2D band is indicative of a
two-phonon second order Raman scattering process associated to
zone-boundary phonons (DiLeo, Landi, & Raffaelle, 2007).

Fig. 8 shows the Raman spectrum of representative BC/RGO
films after the hydrazine treatment at different times. The typical
G-, D- and 2D band can be observed. The BC/RGO samples show a
broad 2D band. This 2D-band has been widely used to identify the
number of graphene layers (Ferrari et al., 2006; Ferrari, 2007; Graf
et al., 2007; Gupta, Chen, Joshi, Tadigadapa, & Eklund, 2006). A sharp
symmetric peak corresponds to single layer graphene whereas
broad peaks are associated with multi-layer graphene.

Raman spectroscopy is also used to study defects in graphitic
materials such as vacancy-type and sp3-defects (Eckmann et al.,
2012; Koppens, Chang, & de Abajo, 2011; Lucchese et al., 2010;
Martins Ferreira et al., 2010). The D-band is activated by a single-
phonon inter-valley scattering process where the defect provides
the missing momentum in order to satisfy momentum conserva-
tion in the Raman scattering process (Basko, 2008; Saito et al., 2001;
Thomsen & Reich, 2000; Venezuela, Lazzeri, & Mauri, 2011). Thus,
the intensity ratio of the D and G band (ID/IG) is commonly used to
ID/IG ratio corresponds to a low defect structure.
We have used the empirical Eq. (2) proposed by the Tuinstra-

Koenig relation (Tuinstra & Koenig, 1970), which relates the ID/IG
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Fig. 7. FTIR spectra of 30% BC/RGO films with varying durations of exposure to

Fig. 8. Raman spectra of representative 30% BC/RGO compounds with varying dura-
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RGO content. Fig. 10 shows that the conductivity of the samples
ions of exposure to hydrazine vapor. The D, G and 2D bands associated to graphene
re  shown.

ntensity ratio to the crystallite size (La) of graphitic samples as
ollows:

D/IG = C(�)/La (2)

here C(�)  is an empirical constant that depends on the excitation
avelength. In this case �= 514 nm and C = 4.4 nm.  Our calculations

how that the GO/RGO platelets used here are comprised of ordered
raphitic regions with a size of ∼4.8–4.6 nm.

Fig. 8 shows that the ID/IG ratio increases with the hydrazine
reatment time from 0.79 (no hydrazine treatment) to 0.92 (15 min
f hydrazine treatment). This suggests that the number of defects
ncreases with increasing hydrazine treatment times. The process-
ng technique reported here allows for incorporation of graphene

xide into the BC network. The hydrazine treatment reduces the
reviously incorporated graphene oxide and forms the BC/RGO
anocomposites.
 hydrazine vapor. Arrows show the typical bands associated to cellulose.

We have used graphene oxide as a starting material for the
preparation of BC/RGO films. As opposed to micromechanical
cleaved pristine graphene, the basal plane of graphene oxide
platelets are decorated with epoxy and hydroxyl groups and
the edge carbon atoms bear carbonyl and carboxyl groups (He,
Klinowski, Forster, & Lerf, 1998; Lerf et al., 1998; Schniepp et al.,
2006). During the oxidation process used to manufacture graphene
oxide the aromaticity of the graphene sheets is lost as epoxy and
hydroxyl groups are formed. Schniepp et al. (Schniepp et al., 2006)
reports that the interlayer spacing (d-spacing) of graphene sheets
is 0.34 nm whereas the spacing of graphene oxide sheets is 0.7 nm.
Epoxy and hydroxyl functional groups are randomly distributed
on the starting graphene oxide sheets. The hydrazine treatment
performed here removes some of the epoxy and hydroxyl groups
(Fig. 9).

Park et al. (2012) have reported the use of hydrazine to
reduce graphene oxide. They carried out NMR  tests and found
that hydroxyl groups on the basal plane of graphene were mostly
removed and 1,2-epoxide groups on the basal planes were com-
pletely removed by the hydrazine treatment. They proposed that
the reduction of graphene oxide restores the sp2 networks on the
basal planes while reducing the concentration of hydroxyl and 1,2-
epoxide groups. Hydrazine-based treatments have been shown to
effectively remove a large fraction of the oxygen-based functional
groups and increase the content of non-oxygenated carbon. The
carbon/oxygen ratio of graphene oxide has been shown to increase
from ∼1 to ∼10 after hydrazine reduction (Liang et al., 2009; Si &
Samulski, 2008; Wang et al., 2008).

The hydrazine treatment is necessary to produce conductive
BC-based films. Graphene oxide (without hydrazine treatment)
is highly oxidized with disrupted � conjugation and therefore
exhibits low electrical conductivity (Acik et al., 2010; Li, Muller,
Gilje, Kaner, & Wallace, 2008; Wassei & Kaner, 2010). Pure BC and
untreated samples behaved close-to insulating materials with con-
ductivity values too low to be measured by the 4-probe setup used
here.

Pure BC is not a conductive material. As expected, the conduc-
tivity of samples treated with hydrazine was  dependent on the
increases sharply at a RGO concentration of 30%. This suggests that
a percolation mechanism may  be behind this behavior.
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Fig. 9. Schematic representation of graphene oxide (GO). Different studies sug-
gest that the oxygen-containing groups (red beads) are clustered into rows
and  islands. This scheme shows graphitic regions intermixed with islands of
oxygen-functionalized atoms. The hydrazine treatment removes some of the
oxygen-containing forming a reduced graphene oxide (RGO). The resulting RGO
p
t
o

o
i
R
f
d
i
(

resents defects as hydroxyl and epoxy groups are removed. (For interpretation of
he  references to color in this figure legend, the reader is referred to the web  version
f  this article.)

For the samples with 10% and 20% of RGO content, the increase
f the hydrazine treatment time (from 5 min  to 15 min) had a lim-
ted effect on their conductivity. However, for the samples with a
GO content of 30%, the conductivity value of the samples treated
or 15 min  reached 12 S/m and it was more than 3 times the con-
uctivity of the samples treated for only 5 min. This conductivity

s higher than the one reported by Feng et al. (Feng et al., 2012)
5 × 10−3 S/m) for BC based composites reinforced with 10% of RGO.

Fig. 10. Variation of conductivity with the RGO content befo
olymers 171 (2017) 68–76

Liu et al. (Liu et al., 2015) prepared BC films reinforced with 15.6% of
RGO with a conductivity of 171 S/m. However, the processing tech-
nique used by Liu et al. (Liu et al., 2015) required the disintegration
of the native BC structure and, thus, a decrease on the mechanical
properties. The elastic modulus of the BC/RGO films prepared by Liu
et al. (Liu et al., 2015) was 0.077 GPa. In contrast, the elastic modulus
of the BC/RGO prepared in this study ranged 11.0–13.2 GPa.

The hydrazine treatment used here is very efficient for increas-
ing the conductivity of the BC/RGO nanocomposites. It has been
suggested that the reestablishment of carbon rings and the �-
� bonding in graphene via hydrazine is quite efficient (Lin &
Grossman, 2015; Park et al., 2012). Here we implemented a simple
method to reduce BC/GO using a low concentration of hydrazine
(3%) and a brief period of exposure. This treatment increases the
content of non-oxygenated carbon and causes a significant boost
in electrical performance of the BC/RGO films.

4. Conclusions

We  have reported a novel processing technique to obtain
BC/GO films with enhanced conductivity. We  have shown that the
graphene oxide platelets incorporated into the BC network can
be in-situ reduced by means of a hydrazine treatment to form
reduced graphene oxide. This treatment removes the hydroxyl and
epoxy groups present on the reduced graphene, increases the con-
tent of nonoxygenated carbon and increases the conductivity of
the BC-based films more than 3 times. The BC/RGO films prepared
through this fast in-situ technique might found several potential
applications as substrates for engineered scaffolds with electrical
stimulation, biosensors, electrical biointerfaces for transmitting or
collecting physiological signals and materials for energy devices.
Further studies are needed in order to determine if this process
could be used with other types of cellulosic materials such as plant
cellulose.
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