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Bionanocomposites of chitosan and chitosan/carboxymethyl cellulose (CMC) polyelectrolyte complexed mate-
rials with graphene oxide (GO) or reduced graphene oxide (rGO) were prepared by thermomechanical process-
ing with excellent levels of dispersion. While GO has a greater affinity with the chitosan polycation, rGO had a
more pronounced effect on properties resulting in increased tensile strength, Shore D hardness, and thermal sta-
bility of bothmatrices. Although GO ismore hydrophilic than rGO, the former increasedmore effectively the sur-
face hydrophobicity of the biocomposites regardless of matrix type. GO and rGO changed the α-transition of the
biocomposites in a similarmanner. The electrochemical properties of the biocompositeswere influenced by both
nanofiller type andmatrix. This research revealed that inclusion of 2D carbon nanomaterials can alter biopolymer
interactions and that the phase structure of the biopolymer blend may play a more important role than
nanofiller–matrix interactions in determining the overall properties of these bionanocomposites.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Compared to traditional synthetic polymers, natural biopolymers
such as cellulose, chitin, starch and protein have many advantages
such as renewability, wide availability, biodegradability, nontoxicity,
and biocompatibility. Moreover, biopolymers present natural function-
ality (e.g. antimicrobial activity of chitosan) and have multiple reactive
sites (e.g. hydroxyl and amine groups) for chemical derivatisation and
the introduction of additional novel functional groups. Hence, there
has been tremendous interest in biopolymers for advanced materials
for diverse applications including, biomedical (e.g. drug delivery, tissue
engineering, implants, patches, and 3D printed organs) [1–6], antimi-
crobial packaging and coating [7,8], fuel cells [9], oil/water separation
[10,11], solar water purification [12], ionic conductive membranes
[13], smart textiles and soft robotics [14], and for tribological power
generation [15].
anocomposites Manufacturing
United Kingdom.
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Furthermore, various synthetic nanomaterials (e.g., graphene, car-
bon nanotubes, mineral nanoparticles and metallic nanoparticles) can
be efficiently integrated into biopolymers to achieve novel properties
such as superior electrical and thermal conductivity, controlled gas bar-
rier properties, complex actuation, and unique optical properties [16].
Among different nanomaterials, graphene in the form of 2D nanosheets
has attracted the most attention because of its high thermal conductiv-
ity, superior mechanical properties and excellent electronic transport
properties [17]. Interestingly, the antimicrobial activity of graphenic
nanomaterials has also been demonstrated [18–21]. There have been
many studies on composites of biopolymers and graphene, which
have shown advantageous properties and appealing functionality. For
example, conductive hydrogels based on chitosan and graphene were
developed with excellent tuneable swelling properties and biocompat-
ibility [22]. A robust and soft antimicrobial hydrogel biofilm was fabri-
cated based on chitosan and iron oxide-coated graphene oxide (GO)
[23]. Composites of chitosan and graphene showed improved hydro-
thermal and chemical stability [24]. The addition of GO to chitosan
could enhancemechanical properties and tailor the drug-release behav-
iour and biodegradation [25]. Similarly, chitosan/carboxymethyl cellu-
lose (CMC)/GO aerogels were developed for pH-controlled drug
delivery [26].

On the other hand, polyelectrolyte complexation (PEC) has been an
interesting topic as it opens the possibility of creating responsive and
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smart materials with tailored strength or texture based on the dissocia-
tion/reassociation of oppositely charged polymer chains [27,28]. The
concept of PEC has been applied to create biopolymer materials for var-
ious applications. For example, chitosan/alginate scaffolds showed both
satisfactory mechanical properties [29] and cell adhesiveness [30]. Chi-
tosan/CMC coatings displayed outstanding barrier properties [31]. Ap-
plying PEC, lignin was used as an underwater adhesive with excellent
strength [32]. Our recent research has led to the creation of chitosan/
carboxymethyl cellulose (CMC) films by PEC, with unexpectedly higher
water-resistance than either biological component alone [33].

In this work, different chitosan and chitosan/CMC polyelectrolyte
complexed materials containing either GO or rGO were prepared by
thermomechanical processing. This “dry” method has been shown to
be cost-effective for processing biopolymers [33–36] but has scarcely
been reported for the preparation of composites of biopolymers and
graphene. The strong shear effect during the thermomechanical pro-
cessing of high-viscosity materials is expected to facilitate the disrup-
tion of the original hydrogen-bonding network, the dispersion of the
nanomaterials in the matrices, and the interactions between biopoly-
mer chains and between different components. This makes
thermomechanical processingmore advantageous thanwidely used so-
lution methods for preparing biopolymer nanocomposites. We propose
that the structure and properties of thermomechanically processed
dual-biopolymer-based nanocomposites are not predominantly deter-
mined by the chemistry of the 2D carbon nanomaterial. In this study,
we discuss multiple factors in such nanocomposite systems that are
key in determining the composite material structure and properties
providing insights into the design of novel bionanocomposites.
2. Experimental

2.1. Materials

Chitosan (poly(β-(1,4)-D-glucosamine), derived from crustaceous
shells, was purchased from Shanghai Ryon Biological Technology Co.,
Ltd. (China). This chitosan has a molecular weight of about
150,000 g·mol−1, a degree of deacetylation of N90%, and a viscosity of
about 100 mPa·s (i.e. 1% solution in 1% acetic acid at 25 °C). This chito-
san was characterised previously [37]. Carboxymethyl cellulose (CMC)
sodium, with a molecular mass of 90,000 g·mol−1, a degree of substitu-
tion (DS) of 0.7, and a viscosity of 50–100 mPa·s (Brookfield, 2% solu-
tion, at 25 °C), was purchased from Shanghai Macklin Biochemical Co.,
Ltd. (China). The characteristics of this CMC are shown in our previous
study [33]. Graphene oxide, in the form of an aqueous acid paste (25%
GO, 74% water, and 1–1.5% HCl), was purchased from Abalonyx AS
(Oslo, Norway). Hydrazine hydrate solution (78–82% iodometric,
Honeywell Fluka) and ammonia solution (35%, AR, d= 0.88) were sup-
plied by Fisher Scientific UK Ltd. (Loughborough, UK); formic acid (98%
w/w AR) and NaBr (pure) by Scientific Laboratory Supplies Ltd. (Not-
tingham, UK). Deionised water was used.
Table 1
Sample codes and material compositions (represented as portions by weight).

Sample Chitosan CMC GO rGO 2 M formic acid

A-Fa 100 – – – 260.67
A/GO-F 100 – 0.75 – 260.67
A/rGO-F 100 – – 0.75 260.67
B-Fa 50 50 – – 260.67
B/GO-F 50 50 0.75 – 260.67
B/rGO-F 50 50 – 0.75 260.67

a Partly reported in our previous work [33].
2.2. Synthesis of reduced graphene oxide (rGO)

Reduced graphene oxide (rGO) was prepared from graphene oxide
(GO) following the procedure of Abbas, Rees, Kelly, Dancer, Hanna and
McNally [38]. Briefly, 40 g of the GO paste (25 wt% concentration)
with 150 mL distilled water was added to a round-bottom flask,
which was further added with a mixture of 25 mL of the hydrazine hy-
drate solution and 25 mL of the ammonia solution (both used as re-
ceived). The mixture was heated at 90 °C for 4 h with magnetic
stirring under reflux. This mixture was filtered and washed with
water to reach neutral pH, followed by drying in a vacuum oven. For
the powder product obtained, the same procedure was undertaken
once again to ensure adequate reaction.
2.3. Sample preparation

Table 1 shows the formulations and codes of different samples pre-
pared. In the codes, “A” means the matrix with only chitosan while
“B” indicates chitosan/CMCmix. The sample preparation was described
previously [33] including pre-blending with 2 M formic acid solution,
thermomechanical kneading at 80 °C for 15 min, hot-pressing at
110 °C and 160 bar for 10 min, and conditioning at 57% relative humid-
ity (RH) for 3 weeks; The GO and rGO suspensions (dispersed in 2 M
formic acid and sonicated at 200 W and, 24 kHz for 10 min) were
added during the pre-blending stage. The controls A-F and B-F were
characterised previously [33] with the exception of their electrochemi-
cal properties.

2.4. Sample characterisation

X-ray photoelectron Spectroscopy (XPS) was carried out using a
Kratos Axis Ultra DLD Spectrometer at room temperature and with a
base pressure of 2 × 10−10 mbar, using a monochromated Al Kα X-ray
source. To prevent surface charging the data was collected while the
sample was, exposed to a flux of low energy electrons from the charge
neutraliser built in to the hemispherical analyser entrance, with the
binding energy scale retrospectively calibrated to the sp3 C\\C peak at
284.6 eV. The data was analysed with the CasaXPS software package,
using Shirley backgrounds and mixed Gaussian–Lorentzian (Voigt)
line shapes and asymmetry parameters where appropriate. For compo-
sitional analysis, the analyser transmission function was determined
using clean metallic foils to determine the detection efficiency across
the full binding energy range.

Scanning electron microscopy (SEM) imaging was performed using
a Zeiss Sigma field-emission gun microscope (Carl Zeiss AG,
Oberkochen, Germany) with an acceleration voltage of 6 kV. The films
were cryo-fractured using liquid nitrogen and sputter-coated with
gold/palladium.

Transmission electron microscopy (TEM) was conducted using a
Talos F200X microscope (Thermo Fisher Scientific, Waltham, MA,
USA) at 200 kV. Both high-angle annular dark-field (HAADF) and bright
field (BF) images were acquired simultaneously in the scanning TEM
(STEM) mode, while electron diffraction analysis was performed in
the conventional TEM mode. For STEM imaging of pure GO and rGO,
the carbon nanomaterials were dispersed in water at 0.01 wt% concen-
tration and sonicated for 10min, before being deposited onto holey car-
bon films on 200-mesh copper grids and dried at 40 °C. For the STEM
imaging of the bionanocomposites, ribbons about 60 nm thickwere sec-
tioned from epoxy-embedded sample blocks and subsequently trans-
ferred onto the same type of grids, during which no liquid was
involved to avoid damage to the samples.

X-ray diffraction (XRD) patterns were acquired using a PANalytical
Empyrean X-ray diffractometer (Malvern Panalytical Ltd., Malvern,
UK)with a Co target (Kα=1.790307 Å), a PIXcel1D (RTMS type) detec-
tor, and a beam slit of 10 mm at 40 kV and 40 mA. The samples were
scanned over an angular range (2θ) of 6–40° with a step size of
0.0263° and a step rate of 2.16 s/step.

Attenuated total reflection Fourier-transform infrared (ATR-FTIR)
spectra were recorded at room temperature (RT) using a Bruker
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TENSOR 27 FTIR spectrometer (Bruker Corporation, Billerica, MA, USA)
with 32 scans for each sample over the range of 4000–500 cm−1.

Dynamic mechanical thermal analysis (DMTA) was undertaken
using a Tritec 2000 DMA facility (Triton Technology Ltd., Nottingham-
shire, UK) in the dual cantilever mode with a sample length of 5 mm
at 0.01 mm displacement. Temperature scans were performed from
−100 °C to 180 °C at 2 K/min and a frequency of 1 Hz.

Tensile tests were conducted using an Instron 3367 universal testing
machine (Norwood, MA, USA) with a 1kN load cell at a crosshead speed
of 3 mm/min. As the specimens were in the form of thin sheets, speci-
men extension was measured by grip separation as suggested by
ASTM Standard D882. At least seven replicates were tested for each
composite sample.

Share D Hardness was measured using a hardness tester (HT 3000
Auto, MonTech Rubber Testing Solutions, Buchen, Germany) according
to ASTM D2240 Standard.

Thermo-gravimetric analysis (TGA) was performed using a Mettler
Toledo TGA (Mettler Toledo, Columbus, OH, USA) over a temperature
range of 30–700 °C at 10 K/min under nitrogen.

Contact angle (θc) data were collected from sessile tests at RT based
on Young–Laplace using an Attension Theta Lite instrument (Biolin Sci-
entific, Manchester, UK).

Electrochemical impedance spectroscopy (EIS)was performed using
a Princeton Applied Research PARSTAT MC (PMC) multi-channel
potentiostat (Ametek Scientific Instruments, Berwyn, PA, USA) with a
PMC-2000 card and a two-point probe. The two surfaces of samples
were painted with carbon conductive grease (No.8481, MG Chemicals,
Surrey, B.C., Canada) in designated areas (24 × 24 mm). The measure-
ments were made in at least triplicate for each sample. The real (Z′)
and imaginary (Z″) parts of impedance and phase angle (θ) between
current and voltage were evaluated with a frequency (f) range between
1 Hz and 1 M Hz. The AC conductivity (admittance) (σ), the real (ε′r)
and imaginary (ε″r) parts of relative permittivity, the real (M′) and
imaginary (M″) parts of electric modulus, and dielectric loss tangent
(tan δ) were calculated using the following equations, [39–41]:

σ ¼ Z0
Z02 þ Z″2

� t
A

ð1Þ

ε0r ¼ −Z″
Z02 þ Z″2

� t
ωAε0

ð2Þ

ε″r ¼ Z0
Z02 þ Z″2

� t
ωAε0

ð3Þ

M0 ¼ ε0
ε02 þ ε″2

ð4Þ

M″ ¼ ε″
ε02 þ ε″2

ð5Þ

tanδ ¼ Z0
−Z″

ð6Þ

Here,ω is the angular frequency (=2πf), ε0 is the permittivity of free
space (≈8.854 × 10−12 F·m−1), A is the tested area of the sample (m2),
and t is the sample thickness (m).

The bulk resistance (Rb) was determined from the Nyquist plots of
impedance (Z″ vs. Z′) either from the intercept of the semicircle of the
real (Z′) axis, if only semicircular parts are seen or from the points
where the semicircle and the straight linemeet. Then, theDC conductiv-
ity (σdc) can be calculated using Eq. (7) [39,42]:

σdc ¼
t

Rb � A
ð7Þ
3. Results and discussion

3.1. Characterisation of GO and rGO

Fig. S1 shows the FTIR spectra for GO and rGO.While pure graphene
is IR-inactive, GO displayed a wide band in the range of
2872–3692 cm−1, associatedwith O\\H stretching and hydrogen bond-
ing. Besides, GO also showed FTIR peaks at 1724 cm−1 and 1042 cm−1,
corresponding to carbonyl (C_O stretching) and epoxy (C\\O\\C)
groups, respectively. The peak at 1618 cm−1 could be due to an overlap
of the signals for O\\H deformation and C_C aromatic vibration. For
rGO, these characteristic bands disappeared, indicating successful
chemical reduction of GO.

Further evidence for reduction of GO was obtained from X-ray pho-
toelectron spectroscopy (XPS). Table S1 shows the total element per-
centages for GO and rGO, corresponding to the intensity changes in
the survey spectra (Fig. S2a and b). Compared with those of GO, rGO
showed a significantly reduced oxygen ratio (from 34.3% to 9.0%) ac-
companied by a higher carbon content (from 63.3% to 88.3%), suggest-
ing successful reduction, i.e. an increase in sp2 hybridisation and a
reduction in sp3 hybridisation. Fig. S1c–f shows the deconvoluted C1s
and O1s spectra for GO and rGO and related data are listed in Table S2.
Comparedwith GO, rGO showed significantly increased peak intensities
for sp3 C\\C bond (284.8 eV) and graphene (284.5 eV) and largely sup-
pressed peaks for C\\O (286.2 eV), C_O (287.5 eV), O_C\\O
(288.7 eV), and organic oxygen (533.5 eV), further confirmation of the
effective chemical reduction of GO to rGO.

Fig. S3a shows STEM images of GO and rGO. GO was ultrasonically
exfoliated into some individual nanosheets. For rGO under the same
ultrasonication treatment, the stacking of exfoliatednanosheetswas ap-
parent [43]. rGO showed a clear diffraction pattern, from which a d-
spacing of rGOwas calculated to be 0.41 nm in agreementwith previous
work [44].

3.2. Morphology

Fig. S4 shows the SEM images of cryo-fractured surfaces of different
biocomposite films. All the samples displayed a cohesive surface mor-
phology without the original clumpy features of chitosan [37] and
CMC [33], indicating successful processing of the biopolymers. The sam-
ples with GO and rGO did not show any significant difference in mor-
phology at the magnification shown. Compared with A-F, A/GO-F and
A/rGO-F seemed to have a more cohesive structure, which might be
contributed by the addition of the 2D carbon nanomaterials.

The extent of GO or rGO dispersion in the biopolymers was exam-
ined by STEM, see Fig. 1. While A/GO-F and A/rGO-F reveal structural
features of chitosan, the darker colour in the BF images (or the brighter
colour in HAADF images), also exhibited by A-F [33], additional floccu-
lent or cloudy substances (indicated by the arrows) could be seen,
which can be ascribed to GO or rGO. Clearly, the GO/rGO were partially
exfoliated and adequately dispersed in the chitosan matrix such that
they appeared at low light contrast under STEM imaging, (see arrows
in Fig. 1. Excellent dispersion of GO in chitosanmaterials has been dem-
onstrated before [45–47]. It has been suggested that the oxygen-
containing groups (e.g.\\COOHand\\OH) and negative charges as a re-
sult of ionisation of carboxylic acid and phenolic hydroxyl groups on the
GO nanosheets can interact effectively with the polycationic chitosan
through hydrogen bonding and electrostatic attraction [45]. Although
rGO is less hydrophilic and less negatively charged thanGO, notable dis-
persion of rGO was still observed, which may be a consequence of the
thermomechanical treatment of the high-viscosity chitosan system.

Similarly, the shear stress applied during mechanical mixing plays a
major role in the dispersion of rGO in the chitosan/CMCmatrix, as in B/
rGO-F where the rGO was well dispersed. However, in the same matrix
(B/GO-F), more large agglomerates could be seen, suggesting the GO
nanosheets re-aggregate. In this case, the strong interactions between

astm:D2240


Fig. 1. STEM images of the different bionanocomposite films. BF, bright field; HAADF, high-angle annular dark-field. The arrows indicate GO or rGO.
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reversely charged chitosan and CMC and the negative charge of CMC
might have hindered the dispersion of GO.

3.3. Crystalline structure

The crystalline structures of the different bionanocomposite films
were studied using XRD, see Fig. 2. A/GO-F and A/rGO-F showed similar
XRD patterns as that for A-F [33]. As the XRD patterns for these films are
completely different from that for unprocessed chitosan [37], the pro-
cessing should have destroyed the original crystalline structure of chito-
san and led to the formation of a new crystalline structure. The intensity
of the peaks for A/GO-F and A/rGO-F were less than those for A-F, sug-
gesting the addition of GO or rGO might have limited re-
crystallisation. Moreover, A/rGO-F shows slightly stronger XRD peak
intensities than A/GO-F. In this regard, chitosan has less hydrogen-
bonding and electrostatic interactions with rGO than with GO, so re-
crystallisation could be less restricted in A/rGO-F.

For the B-series of biopolymer films, the characteristic reflections of
unprocessed CMC are absent [33]. Similar to B-F [33], B/rGO-F only
showed slight reflections at 13.5° and 30.8° 2θ characteristic of the proc-
essed chitosan. B/GO-F was totally amorphous. Apparently, both the in-
teractions between CMC and chitosan and the addition of GO restricted
chitosan chain movement and thus re-crystallisation.

3.4. Molecular interactions

ATR-FTIR was used to detect chemical interactions in the different
bionanocomposite films, see spectra shown in Fig. 3. Both A/GO-F and
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A/rGO-F displayed quite similar FTIR spectra as that for unprocessed
chitosan [37] or for A-F [33]. This implies that the thermomechanical
processing and the addition of GO or rGO did not disrupt the chemical
interactions in chitosan, as expected. For A/GO-F, shifts in the band po-
sitions at 1256 cm−1 (Amide III), 1065 cm−1 (asymmetric C\\O\\C
stretching in glycosidic linkage) and 1022 cm−1 (skeletal vibration of
C\\O stretching) [48–50] could be seen (indicated by arrows). The
changes should be caused by the interaction of GO with chitosan.

The FTIR spectra for the B-series of filmswere similar to those for the
A-series of formulations. There was an additional reflection at
1414 cm−1 due to the asymmetric stretching vibration of carboxylate
ions [51–54]. Furthermore, a blue-shift in the band position at
1572 cm−1 (N\\H bending from amine and amide II) and a red-shift
in the band position at 1065 cm−1 (asymmetric C\\O\\C stretching in
glycosidic linkage) [48–50] could be noticed, signifying strong molecu-
lar interactions between the two biopolymers. No apparent difference
in the FTIR spectrum between B/GO-F and B/rGO-F could be observed,
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suggesting again, the addition of GOor rGOdid not result in any changes
to the chemical interactions in the biopolymers.

3.5. Molecular relaxations

Themolecular relaxation of the bionanocomposite filmswas studied
byDMTAwith the loss tangent (tan δ) plots as a function of temperature
shown in Fig. 4. A/GO-F and A/rGO-F showed very similar tan δ profiles
as that for A-F, with a β-relaxation at a lower temperature and an α-
transition (glass transition) at a higher temperature [33]. For these
two samples, the α-transition temperature was unchanged. Neverthe-
less, an increase in the β-relaxation peak temperature (i.e. −34 °C for
A/GO-F and −45 °C for A/rGO-F compared with −47 °C for A-F) was
attained. In this regard, the interactions between chitosan chains and
GO/rGO could have limited the mobility of the side chains or lateral
groups of chitosan [55,56], with GO being more effective due to its
greater hydrogen-bonding and electrostatic interactions with chitosan
chains.

B-F also exhibited two major transitions (the β-transition centre at
−43 °C and the α-transition at 97 °C) [33]. In comparison, B/GO-F and
B/rGO-F displayed an increased β-transition peak temperature
(−24 °C and −25 °C) and α-transition peak temperature (120 °C and
121 °C). In this case, despite the complexation between chitosan and
CMC, GO or rGOwas still capable of restricting biopolymer chain move-
ment, resulting in a higher α-transition temperature. For B/GO-F, there
may be some interactions between chitosan chains and GO. However,
the similar α-transition peak temperatures for B/GO-F and B/rGO-F
demonstrates that the constrained mobility of the main biopolymer
chains provided by well-dispersed GO or rGO was likely to be mainly
due to a steric hindrance effect but much less from contributions from
hydrogen-bonding and electrostatic interactions.

3.6. Mechanical properties

Fig. 5a–c show the Young's modulus (E), tensile strength (σt), and
elongation at break (εb) of different bionanocomposite films. The values
of E,σt and εb for A-Fwere 1260±169MPa, 46.8±5.6MPa, and 22.6±
4.6%, respectively [33]. In comparison, A/GO-F and A/rGO-F displayed
higher E (1723 ± 59 MPa and 1489 ± 135 MPa, respectively) and
higherσt (55.7±1.0MPa and 57.7±1.1MPa, respectively), confirming
that GO and rGO reinforced the biopolymers. A/GO-F had lower εb
(15.3 ± 3.6%) while A/rGO-F showed a εb value (20.0 ± 8.8%) similar
to that of A-F. Clearly, the interactions between GO/rGO and chitosan
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chains can lead to amechanism for effective interfacial stress transfer. In
thisway, thewell-dispersedGO/rGO in the chitosanmatrix can facilitate
uniform stress distribution and minimise the occurrence of stress con-
centration, leading to enhanced mechanical properties of the biopoly-
mers [45,47]. Considering σt and εb, rGO seemed to give a greater
reinforcement effect than GO, which additionally may be associated
with higher crystallinity in A/rGO-F than in A/GO-F (see XRD results).
Moreover, all the A-series of films showed a stress–strain curve typical
of a hard and tough polymer, with strain hardening observed (see
Fig. S5). This demonstrates the strong hydrogen-bonding interactions
between biopolymer chains.

The values of E, σt and εb for B-F were 1325 ± 176 MPa, 50.5 ±
3.6 MPa, and 10.4 ± 3.4%, respectively [33]. B/GO-F had E = 1047 ±
270 MPa, σt = 61.3 ± 4.5 MPa, and εb = 12.7 ± 2.3% and, B/rGO-F
had E = 1786 ± 110 MPa, σt = 69.8 ± 3.9 MPa, and εb = 15.2 ±
3.9%. In summary, rGO provided better reinforcement of the chitosan/
CMCmatrix aswell. Theσt of B/rGO-Fwashigher than all the other sam-
ples. Given this, both the PEC between chitosan and CMC and the stress
transfer effect provided by rGO on the matrix could account for the en-
hancedmechanical properties. Additionally, for both B/GO-F and B/rGO-
F, again, a stress–strain curve typical of a hard and tough polymer with
strain hardening was obtained (see Fig. S5), confirming the presence of
strong interactions between biopolymer chains.

Fig. 5d shows the Shore D hardness values of the different samples.
The hardness values of A/GO-F, A/rGO-F, B/GO-F, and B/rGO-F were
81.2 ± 0.8, 82.7 ± 0.4, 81.8 ± 0.7, and 84.0 ± 0.9, which were
apparently higher than that of A-F (77.2 ± 0.9) and B-F (77.5 ± 0.9)
[33]. In particular, B/rGO-F had a Shore D hardness higher than those
of all other films. These results, again, demonstrate themechanical rein-
forcement achieved on inclusion of rGO, in agreement with the tensile
testing data.

3.7. Thermal stability

The thermal stability of different biopolymer films was studied by
TGA, with the derivative weight plots as a function of temperature
shown in Fig. 6. For A/GO-F and A/rGO-F, there was a major weight
loss between 240 °C and 375 °C, accompanied by a small, sharp peak be-
tween 198 °C and 240 °C attributed to the initial de-polymerisation of
the biopolymer. Additionally, there was moderate weight loss between
60 °C and 198 °C, which was due to moisture loss. While these two A-
samples showed very similar derivative-weight profiles as that for A-F
[33], the effect of the GO/rGO addition was apparent. While A-F
displayed amajor peak temperature of 297 °C [33], this value decreased
to 289 °C for A/GO-F and increased to 307 °C for A/rGO-F. GO decreased
the thermal stability of chitosan, whereas rGO resulted in an apparent
increase in the thermal stability of the matrix. The GO used in this
study is relatively thermally unstable with the major mass loss occur-
ring between about 150 and 240 °C peaking at 207 °C (Fig. S6), presum-
ably due to pyrolysis of the labile oxygen-containing functional groups
[57]. It is likely that the thermal sensitivity of these oxygen-containing
functional groups of GO promoted the thermal decomposition of
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chitosan. In contrast, when much more stable rGO [57] was used, the
well-dispersed nanosheets can hinder the diffusion of degradation
products and, increase the activation energy for thermal degradation
[58].

B-F had major weight loss of biopolymers as peaks overlapped at
273 °C and 306 °C, along with small peaks at 169 °C and 223 °C associ-
ated with the initial de-polymerisation of the biopolymers [33]. The
overlapped peaks at the higher temperature (306 °C)may be attributed
to the polyelectrolyte complexed structure of biopolymers that have
higher thermal stability. For B/GO-F, two major derivative-weight
peaks were at 269 °C and 297 °C, respectively. Thus, the addition of
GO resulted in decreased biopolymer thermal stability which, again,
may be associated with the oxygen-containing functional groups of
GO. In contrast, when rGO was added, the characteristic peak for the
complexed structure increased to about 322 °C, even higher than the
major peak temperature for A/rGO-F. Clearly, the combined effects of
PEC and the excellent dispersion of the more thermally-stable rGO re-
sults in enhanced matrix thermal stability.

3.8. Surface hydrophilicity

Fig. 7a shows bar charts of the change in θc values for the different
bionanocomposite films, a measure of film surface hydrophilicity. Both
θc values at 0 s and 60 s (θc0s and θc60s) were recorded, since θc changes
after the drop of water is placed on the surface of the sample. The θc0s
and θc60s of A-F were 90± 5° and 68± 5°, respectively [33]. In compar-
ison, for A/GO-F θc0s = 99 ± 5° and θc60s = 88 ± 4°, the addition of GO
to chitosan decreased the surface hydrophilicity. The combination of
hydrogen-bonding and electrostatic interactions between chitosan
and GO and the excellent dispersion of GO in chitosan may reduce the
concentration of free hydroxyl groups and hinder interaction between
thematrix andwater. However, the presence of rGO in the chitosan sys-
tem did not result in an increase in film surface hydrophobicity as for A/
rGO-F θc0s= 84±8° and θc60s= 55±4°. This result is unexpected con-
sidering rGO is less hydrophilic and contains less oxygen functional
groups than GO. We propose that the reduced interaction between
rGO and chitosan resulted in more free hydroxyl groups of chitosan
and therefore, increased surface hydrophilicity.

For B-F θc0s = 71 ± 6° and θc60s = 60 ± 5°, the film exhibited in-
creased surface hydrophilicity due to the CMC sodium salt [33]. GO
showed a positive effect, again, in reducing the surface hydrophilicity
of the chitosan/CMC matrix, with θc0s and θc60s of B/GO-F being 92 ±
6° and 86±7°, respectively. In this case, although PEC between chitosan
and CMC was expected, there could still be some degree of interactions
between chitosan and GO, reducing the availability of the biopolymer
hydroxyl and carboxyl groups to bind with water. For B/rGO-F θc0s =
85 ± 7° and θc60s = 67 ± 6°, indicating inclusion of rGO also increased
the hydrophobicity of the chitosan/CMCmatrix but not as effectively as
GO did. In this instance, more free hydroxyl groups of biopolymers
could be exposed responsible for surface hydrophilicity.

Based on the θc results, the surface hydrophilicity of the
bionanocomposite films is predominately influenced by the chemical
nature of the biopolymer matrix rather than that of the 2D graphene.

3.9. Electrochemical properties

EIS was employed to investigate the electrochemical properties of
the different bionanocomposite films, see Fig. 8. The EIS data obtained
was analysed by constructing Nyquist plots (Fig. 8a), which display a
half semicircle at high-frequency, characteristic of a combination of
bulk resistance and bulk capacitance in parallel, and an inclined line at
the low frequency, which is associated with effects of the mixed elec-
trode and electrolyte interface [59]. The intercept on the real axis
gives the bulk resistance (Rb) [59]. Then, the conductivity (σdc) of the
polymer electrolyte could be calculated using Eq. (7), with the relevant
values listed in Table S3. It can be seen that A-F and A/rGO-F had similar
σdc while that of A/GO-F was moderately lower. B-F had lower σdc,
whereas the addition of GO or rGO led to higher σdc, with a greater
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increase by rGO. In this regard, the stronger hydrogen-bonding and/or
electrostatic interactions between biopolymer chains in A/GO-F and B-
F led to their lower σdc values, whereas the addition of rGO in the sys-
tem led to reduced biopolymer chain interactions and higher σdc.

Fig. 8b is a plot of the change in AC conductivity (σ) as a function of
frequency. For all the samples,σ increasedwith frequency, which is typ-
ical of an insulating material (dielectric). The low σ values could result
from the accumulation of charged species at the electrode–electrolyte
interface, leading to less mobile ions in the bulk material contributing
towards conductivity [39]. For A-F, A/GO-F, and B-F at low frequency
(b100 Hz), σ was particularly low (between 2 × 10−5 and 3 × 10−6 S/
m) and sharply increased with frequency.

Fig. 8c and d shows that for all the samples, decreasing frequency led
to both abrupt increases in both ε′r and ε″r. The high ε′r and ε″r values at
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low frequencies indicate electrode polarisation and space charge effects
(dipole moment). At high frequencies, the fast periodic reversal could
inhibit charge accumulation and polarisation, which contributed to de-
creased ε′r and ε″r [60,61]. A/rGO-F and B/rGO-F displayed higher ε′r
than other samples at low frequencies (b10 Hz). Given this, electrically
conductive rGO might have assisted the accumulation of mobile ions.
Moreover, all the samples had relatively high ε′r values (see Table S1).
The highest ε′r value at 1 kHz was displayed by A-F (152 ± 76) and
the lowest by B-F (62 ± 17).

Fig. 8e and f show thatM′ had very low values at low frequencies,
which can be attributed to the lack of restoring force for the electrical
field-induced mobile ions (or, for the removal of electrode
polarisation) [40,62]. At low frequencies, M″ also exhibited low
values, which might be due to the large capacitance resulting from
the accumulation of large amounts of charge carriers at the
electrode–polymer electrolyte interface [40,63]. The increase in M′
with increasing frequency can be considered to be due to relaxation.
Correspondingly, M″ exhibited a well-defined peak at high frequen-
cies, indicating relaxation processes with distributed relaxation
times (i.e. viscoelastic relaxation, or dipolar relaxation) [42]. This
peak also suggests that these materials were ionic conductors
[42,60]. For the different bionanocomposite films, this relaxation
peak occurred at a similar frequency, implying that the relaxation
time was not affected by the addition of GO or rGO.

4. Conclusions

In this study, we have compared the effects of GO and rGO, the latter
more hydrophilic than the former, on the properties of polyelectrolyte
complexed biopolymer materials. While it is widely believed that
nanofiller–matrix interactions are crucial for property enhancement in
nanocomposites, our results unexpectedly show that inclusion of GO,
which has a greater affinity with chitosan than rGO, did not always
yield the most desirable composite properties. STEM images show
thatwhile our thermomechanical processing protocol enabled excellent
dispersion of GO/rGO in either the chitosan or chitosan/CMCmatrix, ag-
glomerations of GO were present in B/GO-F, possibly attributed to the
negatively charged CMC. Irrespective of the biopolymer matrix, rGO
provided bettermechanical reinforcement than GO. Given this, stronger
interaction of GO with chitosan may disrupt the biopolymer interac-
tions. Moreover, addition of rGO enhanced the biopolymer thermal sta-
bility. The similar increase in the α-transition temperature detected for
B/GO-F and B/rGO-F demonstrated the constraint on biopolymer chain
mobility was not determined only by the chemical nature of the
nanofiller. Compared with rGO, GO was more effective at increasing
the surface hydrophobicity of the biocomposite films, possibly due to
the reduced availability of moisture-sensitive chemical groups of the
biopolymers. Likewise, the electrochemical properties of the
bionanocomposite films were more influenced by the interactions be-
tween the biopolymers than by GO/rGO. This new understanding can
provide insights into the rational design of bionanocomposite materials
with enhanced properties.
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