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Layered structure graphene oxide (GO)/methylcellulose (MC) composite films with excellent mechanical
and gas barrier properties were achieved for the first time by a simple solvent evaporation assisted
assembly of GO/MC composite solutions. 1, 3 and 5 wt% of GO composites with respect to MC were
fabricated and denoted as GO1, GO3 and GOS5, respectively. The interactions of the hydrophobic
associated domains of MC (formed during solvent evaporation) with the 7 cloud of GO (hydrophobic
interaction) and the oxygen-containing groups of MC with the oxygen-containing functional groups of
GO (H-bonding interaction) govern the formation of self-assembled thick MC coated layered structure
GO/MC composites. The obtained composite films were highly flexible and characterized by field
emission scanning electron microscopy (FESEM), Fourier transform infrared spectroscopy (FTIR), wide
angle X-ray scattering (WAXS), Simultaneous Thermal Analysis (STA), and mechanical and oxygen gas
permeation studies. The FESEM analysis shows the formation of a layered structure as well as good
dispersion of thick MC coated GO sheets in the MC matrix. WAXS studies also illustrate that the GO
sheets remain in a highly exfoliated state in the MC matrix. The FTIR results indicate the presence of
interfacial interaction between the GO and MC molecules. The GO/MC composite films exhibit

Received 20th April 2018 a significant enhancement of mechanical properties compared to pure MC films. The stress at break and

Accepted 29th May 2018
Young's modulus of GO5 were determined to be 104 + 3 MPa and 3.8 + 0.2, respectively. In addition to
DOI: 10.1038/¢8ta03651a the mechanical properties, the oxygen gas barrier properties of the composites were also enhanced

rsc.li/materials-a significantly. The GOL1 film shows a 98% decrease of oxygen permeation with respect to pure MC films.

Introduction biodegradability.'Generally most of the cellulose bas.ed poly-
mers produce brittle film. However, celluloses can simply be
Superior mechanical properties and ultra-low gas permeability ~transformed into ester or ether derivatives to improve the film-
are required to utilize polymeric materials in a wide variety of ~forming ability and to bring flexibility and transparency.”*”
technological applications such as packaging films, flexible Methylcellulose (MC) is one of the most significant derivatives
electronics, protective coating, laminates, and transport of of cellulose that produces good quality films®**” and used to
preservable goods (medicine, health, beauty, cosmetic, foods fabricate polymer composites for the enhancement of antimi-
etc.)** Generally, for these purposes petroleum derived crobial and mechanical properties.®” However, pure MC films
synthetic polymeric materials are preferred over bio-based are mechanically weak and their gas barrier properties are very
polymers due to their higher mechanical and gas barrier prop- low which limits their applications as an alternative of petro-
erties. However, the demand for the replacement of petroleum- leum derived polymers in the field of consumer products and
derived plastics by renewable biopolymers is increasing year by ~ packaging applications. Very recent studies have shown that the
year due to growing environmental consciousness.>® layered structure nacre-like biopolymer composites with
Among the various types of biopolymers, cellulose is the impermeable fillers such as clay, nanocellulose and graphene
most abundant renewable polymer in the world, gaining are very promising to enhance the mechanical and gas barrier
remarkable attention to emerge as an alternative for petroleum  properties of biopolymer composites that can compete with
derived polymers due to its biocompatibility and fossil fuel derived polymers.”™*
Graphene is a two-dimensional nanostructure of carbon with
a large aspect ratio, and high gas barrier properties.”® The high
33101 Tampere, Finland. E-mail: rama.layek@tut.fi; Tel: +35850 4478355 eleCtrO.n denSity_ a_nd very low geometric pore size of graPhene
t Electronic ~ supplementary information (ESI) available. See DOLI: make it a promising impermeable filler' for the fabrication of
10.1039/c8ta03651a superior gas barrier polymer composites and currently it is one of
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the fastest growing research areas of material science. Recently
both theoretical** and experimental*® examinations have shown
that truly defect free graphene is impermeable towards any gas
molecules. Nevertheless, it is very challenging to produce a defect
free or less defective graphene on a large scale. Hence, currently,
layered structure polymer composites with graphene are directed
mainly by defective derivatives of graphene such as graphene
oxide (GO) and reduced graphene oxide (rGO) that are produced
on a large scale and show a significant enhancement of
mechanical and gas-barrier properties.'*>°

Very recently, Grunlan et al. have reported layered structure
GO/polyethyleneimine composites with significant enhance-
ment of gas barrier properties by alternative deposition of PEI
and GO using LBL assembly."® The coating of layered structure
GO/polyvinyl alcohol (PVA) nanocomposites on a polyethylene
terephthalate (PET) substrate enhanced the gas barrier prop-
erties significantly.”” Nacre-like layered structure GO/PVA
composites with excellent mechanical and electrical properties,
and biocompatibility have been fabricated using a simple
solvent evaporation technique.*® Brinson et al. have fabricated
a brick wall structure by orienting graphene sheets parallel to
the surface of the composite films via a vacuum assisted self-
assembly (VASA) process which shows dramatic enhancement
of mechanical properties.” For layered structure rGO/PEI
composite papers, Liu et al. have shown significant enhance-
ment of hydrogen gas barrier properties.> However, a large
concentration of graphene sheets (10-80 wt%) is required to
achieve these types of layered structure graphene/polymer
composites with superior mechanical and gas barrier proper-
ties. Xu et al have fabricated layered structure GO/PVA
composite films with enhanced mechanical performance using
vacuum filtration assisted assembly at a low concentration of
graphene loading (3.5 wt%).”* Nevertheless, in extensive
research efforts dedicated to develop layered structure GO/
polymer composites, to the best of our knowledge, there is no
report of layered structure GO/polymer composites with
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significant enhancement of mechanical and gas barrier prop-
erties at low concentrations of GO fabricated using a simple
solvent evaporation technique.

Here, for the first time, we report low GO concentration
layered structure GO/MC composites with significant enhance-
ment of mechanical and gas barrier properties through a simple
solvent evaporation assisted assembly (Scheme 1). The solvent
evaporation assembly procedure is very simple, less time
consuming and energy efficient than that of previously reported
vacuum assisted assemblies to prepare nacre-like layered
structure composite films***' and a layer-by-layer (LBL) depo-
sition assembly procedure.* MC was chosen due to its amphi-
philic nature. It consists of a hydrophobic axial plane and
a hydrophilic equatorial plane of repeated glucopyranose and
hydrophobic methylated units**** that govern the solubility of
methylcellulose in aqueous solutions. GO has been selected due
to its several hydroxyl, epoxy and carboxyl groups and unoxi-
dized hydrophobic graphitic domains* that can interact with
MC by both hydrophobic and H-bonding sites. This interfacial
interaction between GO and MC as well as homogeneous
dispersion of thick MC coated GO sheets in the MC matrix
enables the fabrication of high performance layered structure
GO/MC composites with significantly enhanced mechanical
and gas barrier properties. The improved mechanical and
oxygen gas barrier properties of the GO/MC composites may be
attractive for many consumer products, packaging and engi-
neering applications.

Experimental section

Samples

Graphite was received from TIMCAL Ltd., Switzerland. Sodium
nitrate and hydrogen peroxide were purchased from Sigma
Aldrich and used as received. Potassium permanganate was
purchased from Merck, Germany. Sulphuric acid was purchased
from VWR international Oy, Finland. Methylcellulose was
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Scheme 1 A probable mechanism of fabrication of layered structure GO/MC composites.
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received from British Drug Houses and used without further
purification. Water used for sample preparation was collected
from a MilliQ system.

Synthesis of GO

GO was prepared by oxidizing the graphite powder using
a modified Hummers' method.* In this typical method, initially
an ice bath was prepared and kept on a magnetic stirrer. 46 mL
of concentrated sulfuric acid (H,SO,) was taken in a round
bottom flask (RB) and placed in the ice bath at 0 °C to cool the
H,S0,. It was stirred by using a bar magnet. 0.1 g of sodium
nitrate was mixed with this ice cooled H,SO, with constant
stirring. Then, 2 g of graphite powder was mixed into the
reaction mixture with constant stirring and then 6 g of potas-
sium permanganate was slowly added to the reaction mixture.
Throughout the KMnO, addition period, the temperature of the
reaction mixture was maintained between 0 and 5 °C. After that,
the ice bath was removed. Then, the reaction mixture was stir-
red at 25 °C for an additional 6 hours to make a thick paste and
92 mL of MilliQ water was added to it followed by continuous
stirring. With addition of water, the temperature of the reaction
mixture increased to ~90 °C. Then, the reaction mixture was
stirred further for 30 minutes and an additional 280 mL of water
added to it. After that, H,0, (3 mL of 30%) was added to the
reaction mixture that changes its colour from dark brown to
yellow. The obtained product was centrifuged and the bottom
fraction was collected. The collected bottom fraction was re-
dispersed in water and centrifuged several times until the pH of
the supernatant solution reached ~7. Finally, GO was obtained
by collecting the bottom fraction from the centrifuge tube and
drying it in a vacuum at ~50 °C.

Preparation of GO/MC composites

1 g of MC (20 mg mL ") was dispersed in 50 mL of ice cool water
by ultra-sonication for 2 minutes. A homogeneous aqueous
solution of MC was prepared by keeping it in a refrigerator at
4 °C for 2 h followed by stirring using a bar magnet at room
temperature for 30 minutes. Then, 10 mg, 30 mg and 50 mg of
GO were dispersed in 10 mL of water by ultra-sonication and
mixed with MC solution to produce 1, 3 and 5 wt% GO
composites with respect to MC. After that the mixture was
sonicated for 5 minutes to produce homogeneous solutions of
GO/MC composites. The resulting GO/MC composite solutions
were poured on Petri dishes and evaporated slowly at 30 °C to
obtain the composite films of GO/MC. The obtained composite
films were kept in a vacuum for 2 days to eliminate trapped
water if any in the composite films. The resulting composite
films were labelled GO1, GO3 and GO5 and this indicates that
1 wt%, 3 wt% and 5 wt% of the GO are present, respectively,
with respect to MC in the composite films. The pure MC film
was also prepared in the same manner without taking any GO.
The thickness of the films was ~80 um.

Characterization

The transmission electron microscopy (JEOL TEM 2010) study
of GO was conducted by casting a drop of dilute aqueous

This journal is © The Royal Society of Chemistry 2018
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solution of GO (0.05% w/v) on a carbon-coated copper grid and
evaporating the solvent at room temperature. A similar 0.01%,
w/v aqueous solution of GO was cast on a mica surface and the
solvent was evaporated at room temperature for examination
with Atomic Force Microscopy (AFM). The AFM study of this
dried sample was performed using noncontact mode with
a resonance frequency of 250 kHz of the tip. The cross-sectional
morphology of the composite films was investigated by using
a field emission scanning electron microscope (SEM Zeiss
ULTRA Plus). The composite films were freeze-fractured by
dipping the composite films in liquid nitrogen. The fracture
surface was sputtered with gold prior to examining the
morphology using FESEM. The ATR FTIR spectra of GO and GO/
MC composite films were recorded using a Tensor 27 Bruker
instrument in the wavelength range of 4000-400 cm ", The X-
ray diffraction pattern of the GO and GO/MC composites were
acquired by using a Panalytical Empyrean Multipurpose
Diffractometer with zero background. The samples for X-ray
diffraction measurements were prepared by attaching the GO
and GO/MC composite films on an amorphous sample holder.
The instrument was operated at 40 kV and 40 mA current and
used Ko (A = 0.154 nm) as the radiation source. The X-ray
diffraction measurements were performed from 26 = 5° to 40°
at a scan rate of 2° min . The thermal stabilities of the GO and
GO/MC composites were measured using a Simultaneous
Thermal Analysis instrument (Netzsch STA 409) at a heating
rate of 10 °C min~' under a nitrogen environment. The
mechanical testing of the composite films of uniform thickness
was performed using a universal testing machine (Instron 5967)
at a strain rate of 2 mm min~" at 30 °C. The samples for
mechanical testing were prepared by cutting the composite
films in a dumb-bell shape with a narrow region specimen size
of 16 mm x 4 mm x 0.08 mm. Measurements were repeated
five times for each composite type to check the reproducibility
and to calculate statistical average of mechanical parameters.
The oxygen permeation measurements of the MC and different
GO/MC composite films were performed by using a perme-
ability testing (MOCON OX-TRAN 2/21SS) instrument.

Results and discussion
Composite of MC with GO

MC is a semi-synthetic biopolymer composed of a linear-chain
of polysaccharides with partial transformation of hydroxyl
groups of cellulose by methoxy functional groups.”> The less
substituted hydroxyl region of MC produce a hydrophilic zone
and highly substituted regions produce a hydrophobic zone.?**?
It shows a good solubility in water especially at low tempera-
tures due to the increase of hydrogen bonding between func-
tional groups of MC and water molecules. GO also has several
oxygen-containing functional groups (-OH, -COOH, and
epoxide groups) and wunoxidized hydrophobic graphitic
domains.*®*** The mixing of an aqueous dispersion of GO with
an aqueous solution of MC produces a stable homogenous
aqueous dispersion. The good dispersibility of the GO/MC
hybrid in aqueous solution is mainly due to better interaction
between the GO and MC in the aqueous solution. The oxygen-
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containing functional groups of MC can interact with the
oxygen-containing functional groups of GO via H-bonding
interaction and the hydrophobic domain of GO (7 conjugated
region) interacts with the hydrophobic zone of MC by hydro-
phobic interaction (CH-7v interaction).>»*”“? It is reported that
a water-soluble cellulose derivative such as carboxymethylcel-
lulose and methylcellulose is deposited on the graphitic surface
of highly ordered pyrolytic graphite by hydrophobic interaction
(CH-T interaction) between the cellulosic molecules and the -
conjugated system of HOPG.?>*”* GO has many unoxidised
graphitic domains. Hence, there is a possibility of hydrophobic
interaction of the MC molecules with the unoxidised graphitic
domain similar to the HOPG surface. These interactions may
facilitate the fabrication of GO/MC composites. The evaporation
of solvent from the aqueous solution of pure MC and GO/MC
hybrids at room temperature produces good quality flexible
films of uniform thickness (~80 um). The digital photograph of
pure MC and GO/MC composite films are shown in ESI Fig. 1.}
There are other references proving that MC can be used to
produce films.** With increase of GO content the colour of the
composite films changed from light yellow (GO1) to dark brown
(GO5). The characterization of the various GO/MC composite
films was performed by FTIR, WAXS, STA, and studying the
morphology and mechanical and gas barrier properties of the
composites.

Morphology studies

To observe the morphology, a TEM study of GO was performed
and is presented in Fig. 1(A) and it shows that GO persists as
exfoliated sheets in dilute aqueous solution. The several oxygen-
containing functional groups (-OH, -COOH, and epoxide
groups) of GO interact with polar aqueous medium to produce
exfoliation of GO sheets and produce a stable homogeneous
dispersion in aqueous medium. The TEM image also shows that
there exist some wrinkled structures on the GO sheets and this
indicates that GO sheets are highly flexible in nature.*® Due to
the flexible nature and wrinkled structure of the GO sheets, it is
feasible to perform a high magnification TEM study of the
cross-section of the GO sheet from the edge. The high resolu-
tion TEM (HRTEM) image is generally used to see the crystalline
nature (lattice fringes) of GO. We have used lanthanum hex-
aboride filament TEM and, it is very difficult to see the lattice
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fringes of the crystalline GO from the enlarged TEM image
(Fig. 1(B)) using this TEM. However the selected area electron
diffraction (SAED) pattern of the GO sheet in Fig. 1(C), shows
a diffraction of crystalline nature with a hex-fold symmetry
similar to graphite.>*® Again, there is no clear single line
observed at the edge of the cross-section and therefore we
cannot claim the presence of single layer GO sheets in dilute
aqueous solution from the enlarged TEM images (Fig. 1(B)). To
claim the presence of a single layer GO sheet, the AFM image
and the corresponding height profile of GO are presented in
Fig. 2. The figure shows the sheet-like structure of the GO. It is
also obvious from the AFM study that the average thickness of
the GO sheet is ~0.84 nm that correspond to the presence of
a single GO sheet®*** and it indicates the GO sheets remain
individually dispersed in dilute aqueous solution (presence of
a single layer GO sheet).

To investigate the morphology of the GO/MC composite
films & dispersion of the GO sheets within the MC matrix, the
cross-sectional FESEM images of the pure MC film and the
composite films were examined and are presented in ESI
Fig. S2f and 3. MC shows a very smooth cross-section with fewer
particles.®® In the aqueous solution of MC, there may be a few
colloidal particles of MC due to the lower solubility of MC at
room temperature. Hence, the evaporation of solvent at room
temperature produces a MC film with fewer MC particles. In the
composite film, there also exist fewer particles similar to MC.
However, in the composite films the amount of particles
decreases and with increase of GO concentration the amount of
particles reduces significantly. This may be due to enhancement
of the solubility of colloidal particles of MC in the presence of
GO. The cross-sectional FESEM images of the composites shows
thick MC coated GO sheets in the MC matrix. The GO/MC
composites are self-assembled during the solvent evaporation
to produce layered structure GO/MC composite films. The
evaporation of solvent from the high GO content GO/polymer
solution®® produces an ultra-strong layered structure GO paper
due to the alignment of the GO sheets that originated from
gravitational forces exerted by the GO nanosheets. However, in
our composite system, the preferential alignment of the GO
sheets occurs at a low concentration of GO loading in the MC
matrix with the surface of the composite film to produce
a layered structure and this may be due to the combined effect

Fig. 1
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(A) TEM image (B) magnified TEM image of the cross-section and (C) SAED pattern of GO sheet.
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Fig. 2 AFM image and corresponding height profile of GO.

of self-alignment of GO sheets in the MC matrix during the
evaporation of solvent and the exerted gravitational forces
similar to GO/polymer composite paper.***

It is reported that the MC molecules are deposited from the
dilute aqueous solution onto the HOPG surface by the hydro-
phobic interaction and the deposited MC molecules remain as
individually ordered chains with crosswise overlapping.*
However, with increase of concentration, the oxygen-containing
functional groups of MC interact with the water molecules
whereas association of the hydrophobic domains between the

"3
- ]
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single MC molecules produces a thermodynamic stable ordered
hydrophobic region. Therefore, hydrophobic association of the
MC molecules occurs with the progress of evaporation of the
solvent due to the increase in concentration of MC in the
solution. With evaporation of GO/MC solutions, the hydro-
phobic associated domains of MC interact with the m cloud of
GO*>*” whereas the oxygen-containing functional groups of GO
interact with the oxygen-containing functional groups of MC to
produce thick MC coated GO sheets (Scheme 1). With further
progress of evaporation of this MC coated GO sheet solution,

EHT = 3.00kV Signal A = SE2
WD = 6.8 mm MC3

Mag = 25.00K X

Fig. 3 FESEM images of (A) GO1, (B) GO3, and (C) GO5 and (D) enlarged FESEM image of GOS5.
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Fig. 4 WAXS patterns of GO, MC and various GO/MC composites.

the MC coated GO sheets come closer and form a thermody-
namically stable state resulting in a self-assembled structure in
highly ordered layered GO/MC composites with complete
evaporation of solvent (Scheme 1).

WAXS study

To understand the dispersion of GO and structure of the
composite films the WAXS study of GO, MC and various GO/MC
composite films was performed and the results are presented in
Fig. 4. GO exhibits a typical X-ray diffraction peak at 26 = 10.6°,
and this signifies that the spacing between the interlayer of GO is
0.83 nm.** MC is a semi-crystalline polymer and it shows char-
acteristic broad hump-like diffraction peaks at 26 = 9.3° and
20.3 that represent the (110) plane and the (020) plane of MC,
respectively.>® The peak at 9.3° corresponds to the trimethyl-
glucose repeating unit of MC and the peak at 26 = 20.3° corre-
sponds to the intermolecular structure of MC. The composite
films show diffraction peaks similar to pure MC films. Generally
in layered structure GO/polymer composites the diffraction peak
of GO appears due to close stacking of the GO layers in the
composites. However, there is no characteristic diffraction peak
of GO, in our GO/MC composite films. This indicates that the GO
sheets remain individually exfoliated without any aggregation in
the polymer matrix and it is reported in numerous literature.***

FTIR study

To examine the interaction between MC and GO, the FTIR
spectra of GO, pure MC, and the composite films were recorded
and are presented in Fig. 5(A). The FTIR spectra of GO mainly
shows the characteristic peaks for the different types of oxygen-

13208 | J Mater. Chem. A, 2018, 6, 1320313214
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containing functional groups.**** The typical C=0 stretching
vibration band of carboxylic functional groups appear at
~1722 em~'. The characteristic broad band with highest
intensity peak at 3415 cm ™" appears due to the O-H stretching
vibration of hydroxyl groups of GO and intercalated water
molecules present in GO. Beside this, the absorption bands at
~1212 ecm™' and ~1044 cm ' are assigned to the C-OH
stretching vibrations of the hydroxyl group and C-O stretching
vibrations of epoxy groups, respectively. The skeletal vibration
band of the oxidized graphitic zone is visible at ~1620 cm .3
Furthermore, the band at ~2924/2852 cm™* appears due to C-H
stretching of CH,/CH groups that proves the existence of fewer
CH,/CH in the GO. The pure MC film shows characteristic broad
bands at ~3451 cm™ " and ~1055 cm ™" that correspond to the O-
H stretching vibration of the hydroxyl group & C-O-C stretching
vibration of glucosidic units of MC.*”** Furthermore, the absorp-
tion bands at ~2929 cm ™" for the asymmetric C-H stretching of
the pyranose unit, 1644 cm™" for C-H bending vibration, and 941
em~! for the OCH; functional group also appear in the FTIR
spectra of the pure MC film.*»* In the composite films, the
characteristic band of GO is not clear and this may be due to the
presence of relatively low proportion of GO compared to MC. The
highest intensity position of the peak is considered as the peak
position of the broad O-H stretching band. To examine the H-
bonding interaction between the functional groups of GO and
MC, the shift of this O-H stretching band is observed. In the GO5
composite films, the O-H stretching band appears at ~3440 cm ™
and it signifies that there is a shift of the O-H stretching band in
the GO5 composite film to a lower frequency compared to the
pure MC film. To observe the clear shift of the O-H stretching
band, the FTIR spectra of GO, the pure MC film and the GO/MC
composite films were enlarged from 3800 cm ™" to 3100 cm ™' and
a dotted line was placed at the peak position of MC to observe the
clear shift of the peak position in GO5 with respect to MC
(Fig. 5(B)). The evidence of H bonding interaction between the
filler and polymer matrices, in several types of composite systems,
is also supported by the shift of O-H stretching band due to H-
bonding interaction between the functional groups of the filler
and functional groups of polymers.**** Beside this, in the
composite films there are peaks of some other functional groups
of MC that were also shifted with respect to the pure MC film due
to the interaction between the functional groups of GO and MC.
The pure MC shows a C-O-C stretching vibration peak at
1055 cm~ ' whereas GO5 shows at 1050 cm™'. The lone pair
electrons of the ethereal oxygen atom (C-O-C bond) can interact
with the H atom of hydroxyl and carboxyl groups via H-bonding
interaction. This may cause a slight shift of the C-O-C stretching
vibrations peak in GO5 with respect to pure MC (Fig. 5(C)).

Thermal properties

To examine the degree of functionalization of GO and the
thermal stability of GO & GO/MC composites the Simultaneous
Thermal Analysis (STA) studies of GO and GO/MC composites
were performed. The STA thermograms are shown in Fig. 6.
From the figure it is clear that GO is highly unstable with
temperature and it begins to lose its weight at temperatures less

This journal is © The Royal Society of Chemistry 2018
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Fig.5 ATR-IR spectra of (A) GO, MC and GO/MC composites, (B) magnified view of the O—H stretching band (3100 cm™* to 3800 cm™Y) and (C)
magnified view of the C—-O-C stretching band (900 cm™* to 1200 cm™Y).

than 100 °C due to the elimination of intercalated water existing  degradation (loss of weight) due to the elimination of functional
in the GO molecules.**® Furthermore, within the temperature groups (easy removal of oxygen-containing moieties) of GO.***
range of 100-250 °C, the thermogram of GO shows a fast Within this temperature region, the thermogram of GO shows

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 1320313214 | 13209
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31.2% loss of weight and this signifies that 31.2 wt% oxygen-
containing functional moieties are present in GO.

The thermogram of pure MC shows an onset degradation
temperature of ~322 °C. GO5 shows an onset degradation
temperature of 330 °C. This signifies that with the integration of
GO in the MC matrix, the onset degradation temperature
enhanced slightly for the GO5 film compared to the pure MC
film. The char residue of the MC and GO/MC composites at
550 °C has been calculated and are presented in ESI Table S1.f
From the thermogram, it is obvious that GO5 shows 3 wt%
higher residual weight compared to pure MC. There is a very
small amount of enhancement of the char residues of the
composites compared to pure MC. The pure MC shows a char
residue of 19.3 wt%, whereas GO5 shows a char residue of
22.3 wt%. Hence, the thermal stability of the GO/composite is
enhanced slightly compared to that of pure MC. The interfacial
interaction between the functional groups GO and MC mole-
cules may cause this slight enhancement of the thermal
stability of GO/MC composites. Our GO/MC composite system is
very similar to other GO based polymer composite systems that
enhanced the thermal stability of the polymer composites due
to H-bonding interaction between the GO and polymer matrix.**

Mechanical properties

Appropriate mechanical properties of the GO/MC composite
films are essential for envisioned application of this biopolymer
composite for consumer products, packaging, and various
engineering applications. The mechanical properties of the
composites were examined by performing tensile testing. The
determined stress-strain curves of the pure MC film and the
various GO/MC composite films are presented in Fig. 7(A). The
characteristic values of the mechanical parameters, i.e. stress at
break and the Young's modulus, were obtained from instru-
mental software in terms of engineering stress. Each series of
films were examined five times and five different values of stress
at break and Young's modulus were tabulated. The represen-
tative mean stress at break and Young's modulus of the pure
MC film and the various GO/MC composite films are presented
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in a bar diagram with error bars based on the standard devia-
tion (Fig. 7(B and C)).

According to the graphs, it is clear that the stress at break of
the composite films increased, and the elongation at break
decreased, with increasing GO loading compared to the pure MC
film. The pure MC film experienced an elongation at break of 22
+ 4% whereas the GO5 film experienced an elongation at break
of 11.6 £ 3%. These strain levels indicate that the composite
films became stiffer and more brittle compared to pure MC films.
It should be noted that the stress at break and Young's modulus
of the layered GO/MC composite film were enhanced signifi-
cantly compared to the conventional polymer/graphene
composite systems reported in the literature.*” The pure MC film
showed a stress at break and Young's modulus of 56 & 4 MPa and
1.27 £+ 0.2 GPa, respectively. The GO5 composite showed an
enhancement of stress at break and Young's modulus with values
of 104 + 3 MPa and 3.8 £ 0.2 GPa. The effect of reinforcement of
small volume fractions (V) of GO in the MC matrix can be
quantitatively assessed by evaluating the rates of increase of
Young's modulus (dY./dV;) and tensile stress (dr./dV).*** It is
well established that according to a simple shear lag model the
ductile polymer composites show linear relationships of
mechanical properties with the volume fraction of two-dimen-
sional nanofillers.”® The integration of carbon nanotubes (one-
dimensional nanofillers) into the polymer matrix also shows
a similar type of phenomenon.”® The composite films show
a higher stress at break and Young's modulus compared to pure
MC films. With increasing GO concentration, both the stress at
break and Young's modulus of the composites increase linearly
(see Fig. 7(B) and (C)). Hence, the dY./dV¢ and dr./dV; values can
be calculated from the slope of the linear fitting plot of Y. and r.
versus the volume fraction of GO. Here, the calculated dr./dV;and
dY./dV; are 1.17 GPa and 60 MPa respectively. The effective
integration of graphene sheets improves the mechanical prop-
erties of the graphene based polymer composite films and this
reinforcement behaviour is very common.**** The homogeneous
nanointegration and strong interfacial interaction between the
nanomaterial and polymer matrices can transfer load from the
nanomaterial to the polymer matrix. The enhancement of the
mechanical performance of polymer composites has been
recently reported for several graphene/polymer composite
systems.*®** There are a few recent articles in the literature
showing that the layered structure in GO/polymer composites
plays a significant role in the enhancement of the mechanical
properties and this type of layered structure formation can occur
via vacuum filtration or via solvent evaporation at a high
concentration of graphene content in the polymer matrix."*
However, in our case, the cross-sectional FESEM images of GO/
MC composites clearly show a layered-structure morphology with
molecular level dispersion of GO sheets in the MC matrix at a low
concentration of GO loading (5 wt% and lower). Hence, not only
GO integration & strong interfacial interaction between GO and
the MC matrix but also the formation of a layered structure in
GO/polymer composites play a significant role in the enhance-
ment of the mechanical properties of GO/MC composites.

The mechanical properties of the nanoparticle reinforced
composites are dependent on the size, shape and orientation of

n
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Fig. 7 (A) Stress—strain curve of the various GO/MC composites, statistical average bar diagram with error bars of the (B) stress at break and (C)

Young's modulus with the vol% of GO.

the fillers, and the load transfer efficiency between the particle
and the polymer matrix. A variety of micromechanical models
have been developed to analyze and predict the mechanical
properties of polymer nanocomposites. Simple models such as
the Halpin-Tsai model provide analytical, closed form predic-
tions of the composite modulus based on the moduli of the
matrix and reinforcement, the volume fraction of filler, and
a filler shape factor (e.g., aspect ratio).”* Even though these
models make many assumptions such as idealized filler
geometries, dispersion and perfect interfacial adhesion, there is
considerable literature showing that these micromechanical
models can give good predictions of the modulus.

The Halpin-Tsai method is very popular in both micro and
nanomechanics because of its simplicity and it is possible to
calculate the longitudinal and transverse properties of the
composites. Shokrieh and Moshrefzadeh-Sani** reported that
for platelet reinforcements such, as graphene, the relation for
the longitudinal and transverse moduli is given by:

This journal is © The Royal Society of Chemistry 2018
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where, E,, and Eg are the elastic moduli of the matrix and
graphene oxide reinforcement, respectively. Also, ¢ is the shape
factor and is 21/t (where [ and ¢ are the length and thickness of
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the platelet reinforcement, respectively). For the GO-MC
composite, the matrix modulus was 1180 MPa, while a modulus
of 208 GPa was used for the graphene-oxide filler based on
literature values.>*® The aspect ratio (length/thickness) for the
graphene-oxide is found to be 1500 and the similar type of
aspect ratio is also reported in the literature.**

The composite modulus E. is calculated from the longitu-
dinal and transverse moduli using the relation

EC = llEL + (1 — (l)ET

where, a is the orientation factor and is typically a constant
value of 3/8 for 2-D composites.

Additionally, a modified Halpin-Tsai equation was also used
to consider the maximum volumetric packing fraction of the
filler, i.e. true volume of the filler/apparent volume occupied by
the filler.*” This is accomplished by including ¢, to the Halpin-
Tsai equation and for graphene nanocomposites a value of
0.05 has been recommended.

1 +En Ve

By = Ep Tl
- l—on Vi

]_¢m

=1+ Vf%

Shokrieh and Moshrefzadeh-Sani** developed another
modified version of the Halpin-Tsai equation to avoid using
a constant value for the orientation factor a. They developed
a relation for platelet reinforcements based on back-calculating
the value of a with a Mori-Tanaka Laminated analogy model.

a=0.443 — 0.07V; — 1.468 (&)
Eg

Another method used for finding the effective properties of
nanocomposites is the use of Mean-Field Homogenization (MFH)
using the Mori-Tanaka model in Digimat multiscale modelling
software.*® The model assumes that each inclusion behaves as if it
was isolated in the matrix, and a Representative Volume Element
(RVE) is treated as a single inclusion problem subjected to
a strain corresponding to the average strain in the matrix phase.
The RVE is decomposed into a number of grains, called pseudo-
grains, with unidirectional alignment. Each pseudo-grain
expresses a unique segment in space, representing a specific
angular increment. The homogenization of the unidirectional
pseudo-grains is then performed in two steps. First, each pseudo-
grain is homogenized according to the Mori-Tanaka model. In
the second step, the collective homogenized response of the
pseudo-grains is computed resulting in the final response of the
RVE. Here, the Voigt model is used which assumes that the macro
stiffness is equal to the volume average of the micro stiffness.

A comparison of the Young's modulus predicted by the
different micromechanical models is given in Fig. 8. It can be
seen that despite the assumptions of the simplified models, the
stiffness of the GO-MC composite was predicted with reason-
able accuracy. The models based on the Halpin-Tsai equation
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Fig. 8 Comparison of the Young's modulus of GO/MC composites
predicted by different micromechanical models.

have similar values with the modified models predicting
a slightly higher modulus. Especially at higher volume frac-
tions, the predicted modulus is higher than the experimentally
measured modulus, suggesting the assumption of aligned 2D
dispersion sets the higher bound for the properties. It can be
seen that the Mori-Tanaka model was the most accurate model
with errors of 12%, 3.9% and 3.3% for the different volume
fractions.

Gas barrier properties

The gas barrier properties of pure MC and the GO/MC
composite films were investigated by measuring oxygen gas
permeation through the films at 25 °C and the obtained results
are shown in Fig. 9. From the figure it is clear that the pure MC
film shows a high value of oxygen permeation of 14 180.94 cm®
[m~2 day '] while the oxygen gas permeation reduced intensely
with the integration of a low concentration of GO (1 wt% with
respect to MC) into the MC matrix. The GO1 shows an oxygen
permeation of 254.89 cm® [m > day '] and this indicates
a 98.5% decrease in the oxygen permeation of GO1 compared to
pure MC films. The GO3 and GO5 show oxygen permeations of
224.05 cm® [m~> day '] and 196.34 cm® [m~? day '], respec-
tively; suggesting that on further increase of GO concentration
(GO3 and GO5) the gas barrier properties improved slightly
compared to GO1. The good compatibility, homogeneous
dispersion, exfoliation and alignment of the impermeable
fillers*>* within the polymer matrix play a key role in enhancing
the gas barrier properties of the polymer composites signifi-
cantly. Actually, the good alignment of the impermeable fillers
with the surface of the composite matrix produces a large
tortuous pathway'®” and prevents the gas molecules from
passing through it. There are numerous defects present on the
basal plane of the GO and gas molecules can pass easily
through these defect sites. Hence, GO is not a good imperme-
able filler. However, the non-defective graphitic moiety
(aromatic ring of GO) of GO has a much smaller geometric pore
size and high electron density, thereby not allowing the passage
of any molecules through the site. GO is a platelet-like carbon
nanomaterial (similar to graphene) with a large aspect ratio and

This journal is © The Royal Society of Chemistry 2018
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composite films at room temperature.

contains several hydrophilic functional groups that help
produce interlocked GO papers from aqueous solutions. This
interlocked GO paper exhibits excellent gas barrier properties
due to the layered structure formation, where gas molecules
that pass through the defect site of one GO sheet are stopped by
the nondefective site of the adjacent GO sheet.®*** Our GO/MC
composites system produces a self-assembled highly oriented
layered structure due to hydrophobic and H-bonding interac-
tion between the GO and MC molecules and quite resemble the
GO papers. In addition, the GO sheets are highly compatible
with the MC matrix. In the composite film, GO sheets remain as
MC coated GO sheets due to H-bonding and hydrophobic
interaction between the GO and MC. Hence, the GO/MC
composites produce a large tortuous path for the gas molecules
and show a dramatic decrease of oxygen gas permeation.

Conclusion

In conclusion, we have successfully fabricated a novel layered
structure GO/MC composite at a low concentration of GO
loading by using a simple solvent evaporation assisted assembly
of GO and MC for the first time. The ATR-FTIR, WAXS, and STA
analysis confirm the successful integration of GO into the MC
matrix. The analysis of FESEM supports the good dispersion of
GO sheets in the MC matrix and the fabrication of layered
structure GO/MC composites. The interaction of hydrophobic
associated domains of MC with the 7 cloud of GO (hydrophobic
interaction) and oxygen-containing functional groups of MC
with oxygen-containing functional groups of GO (H-bonding
interaction) govern the fabrication of thick MC coated layered
structure GO/MC composites. The GO/MC composite films are
highly flexible in nature and show significant enhancement of
mechanical and oxygen gas barrier properties compared to pure
MC films due to the strong interfacial interaction between GO &
MC, homogeneous dispersion of GO sheets into the MC matrix
and preferential alignment of the GO sheets into the compos-
ites. GO5 showed 86% and 201% improvement in ultimate
stress and Young's modulus, respectively, compared to pure

This journal is © The Royal Society of Chemistry 2018
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MC. GO1 shows a 98% decrease of oxygen permeation
compared to pure MC. The improved mechanical and oxygen
gas barrier properties of the GO/MC composites may have
potential applications for many biobased consumer products,
packaging and engineering applications.
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