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a b s t r a c t

Reduced graphene oxide (rGO) has been widely produced by exfoliation of pristine graphite followed by
oxidation and reduction. However, a number of defects can be generated during the synthesis of rGO,
restricting the ability to scale-up in industrial production of defect-free rGO. The defects in rGO have
limited its capacity for utilization of the full potential of the physical properties of polymer nano-
composites, such as gas and water barrier performances. Hence, this study analyzes the nano-patching of
rGO defects through hydrophilic interactions of oxygen functional groups in rGO with cellulose nano-
crystals (CNCs) in polyvinylidene chloride (PVDC) nanocomposites. For scalable production of defect-
engineered PVDC nanocomposite barrier films, the surface energies of rGO and CNC dual nanofiller
systems were regulated to prevent phase-separation of nanofillers in the PVDC matrices. The barrier
properties of the PVDC/nano-patched filler composites showed drastic reduction of oxygen and water
vapor transmission rates corresponding to 0.45 cm3 m�2 day�1 and 0.52 cm3 m�2 day�1, respectively,
that decreased by 94.2% and 87.9% compared to that of the neat PVDC host. The nano-patching strategy
provides novel and effective defect engineering of graphene for polymer nanocomposites.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The growth of graphene on substrates by chemical vapor
deposition [1] has been considered mainly for mass production as
the mechanical layer-by-layer exfoliation of graphite prohibits
large-scale production. The two-dimensional basal plane of gra-
phene with its macroscopic lateral size and atomic thickness offers
a wide range of applications, such as barrier properties of polymer
nanocomposites [2] and electronic devices [3,4]. However, gra-
phene exhibits low solubility in various solvents due to strong van
der Waals attractions between the two-dimensional honeycomb
lattices. Moreover, the dispersion of graphene nanosheets in poly-
mer matrices is hindered when repulsive interfacial interactions
exist between the polymer and graphene nanosheets, causing a
large free volume at the interface [5e7].

An alternative approach is to synthesize graphene oxide (GO) by
wie@inha.ac.kr (J.J. Wie).
oxidizing graphite followed by the exfoliation of graphite oxide [8].
GO features stable dispersibility in water and organic solvents [7]
owing to sp3 hybridization, where hydrophilic functional groups
such as epoxide and hydroxyl groups of basal planes are arranged
with carbonyl and carboxyl groups at the edge planes. Reduced GO
(rGO) is obtained from GO by partially recovering the sp2 hybrid-
ized arrangement of graphene through thermal, electrochemical, or
chemical reduction of oxygen functional groups [9].

However, defects can be generated during the preparation of
graphene, GO, and rGO, such as Stone-Wales defects, vacancies,
grain boundaries, and macroscopic defects [10]. The defective areas
in two-dimensional materials can inhibit improvement of the
physical properties of polymer/graphene nanocomposites. For
example, unintended gas permeation into the defects in the gra-
phene nanosheets can hinder the tortuosity of diffusion paths in
polymer nanocomposite films. The gas permeability mechanism in
polymer films is composed of three different steps: physical gas
adhesion to the surface of the polymer film, absorption of the
adhered gas molecules, and diffusion in the polymer film [11e15].
The adhesion and absorption of gas molecules affect solubility (S),
which is expressed as permeability (P) by multiplication with
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diffusivity (D), i.e., (P ¼ S � D) [16]. Therefore, small crystal lattices
of defect-free graphene nanosheets can lead to decreased gas
diffusivity through the basal plane of graphene [17e19]. The
minimization of graphene defects [20] and functionalization of
graphene derivatives [2] have been attempted to improve the
physical properties of graphene.

This study discusses a facile and effective defect engineering
method of rGO by nano-patching cellulose nanocrystals (CNCs) to
obtain scalable production of polyvinylidene chloride (PVDC)
nanocomposite films. In principle, the defects of the two-
dimensional rGO nanosheets are reinforced with needle-like
high-aspect-ratio nanofillers to enhance the interfacial energy
[21]. The CNCs showed nano-patching effects through hydrophilic
interactions with rGO, resulting in a homogeneous dispersion of
dual nanofillers in the organic co-solvents and their PVDC solution.
The prevention mechanism for phase separation of dual nanofillers
in the PVDC matrices will be discussed from the perspective of
surface energy control by varying the weight ratio of CNC and rGO.
The effects of nano-patched rGO dispersion with CNCs will be
discussed with barrier properties against oxygen and water trans-
mission, along with the dimensional and thermal stability.

2. Experimental

2.1. Sample preparation

2.1.1. Cellulose nanocrystals
Microcrystalline cellulose (MCC powder, Sigma Aldrich) was

acid-hydrolyzed at 45 �C in a 64% sulfuric acid solution for 1 h
(MCC:sulfuric acid¼ 1 g:8.75mL) to remove amorphous regions. To
terminate the acid hydrolysis reaction, the mixture was diluted
with 5 L of deionized water. After 12 h of dilution, the precipitated
CNCs were collected and purified by centrifugation at 9500 rpm for
30 min, followed by lyophilization at �50 �C and 0.045 mbar for
72 h.

2.1.2. Reduced graphene oxide
All GOs with their diverse lateral size were kindly supplied by

JMC Corporation (Ulsan, Korea). GO was dispersed in dime-
thylformamide (DMF) through solvent exchange from water to
DMF. The 0.1 wt% GO dispersions (20 g) were heated to 90 �C. The
mixture reacted with 0.2 mL of hydrazine by vigorous stirring at
90 �C for 12 h. The obtained rGO was repeatedly rinsed with DMF,
ethanol, and distilled water. The sample was lyophilized at �50 �C
and 0.045mbar for 72 h. The as-prepared rGO powderwas stored in
a vacuum oven at 30 �C.

2.1.3. Dual nanofillers
Dual nanofillers of CNC and rGO were prepared by varying CNC/

rGO weight ratios to be 2:1, 1:1, and 1:2, which were named as
2C:1R, 1C:1R, and 1C:2R, respectively. The dispersion of the dual
nanofillers was implemented in 20 g of tetrahydrofuran (THF) and
DMF (60:40 w/w) co-solvent by ultrasonication for 3 min and fol-
lowed by vortex-mixing for 1 min. The dispersed nanofillers were
filtered, and the residual solvents were dried in a vacuum oven at
80 �C for 12 h.

2.2. Preparation of polymer nanocomposites

Ten grams of PVDC (F216 grade, Mw ¼ 90,000, Asahi Kasei) was
dissolved in 70 g of THF:DMF (60:40 w/w) co-solvent by stirring at
60 �C for 30 min. The PVDC solution was stirred with the CNC, rGO,
or nano-patched filler solutions at 60 �C for 1 h to disperse the
nanofillers at 0.01, 0.05, 0.1, and 0.2 wt% loading. The 60:40 w/w
THF:DMF co-solvent system was also applied to the PVDC
nanocomposites with CNC or rGO single filler systems to compare
with the nano-patched CNC and rGO dual filler systems. The solu-
tion of PVDC and nanofillers was precipitated into 1 L of methanol.
The precipitated samples were filtered and dried in a vacuum oven
at 80 �C for 7 days. The PVDC nanocomposite films were named as
PVDC/CNC, PVDC/rGO, PVDC/2C:1R, PVDC/1C:1R, and PVDC/1C:2R
and prepared as 3 mm � 30 mm films using a 130 �C hot press at
35 MPa for 3 min.

2.3. Preparation of coating barrier films

The blended solutions of PVDC and nanofillers were coated by a
wire bar (Bar No. 7) at 70 �C on a 125 mm thick polyethylene tere-
phthalate (PET) (Kolon Co.) substrates. After bar coating, each
nanocomposite filmwas dried in a convection oven at 80 �C for 4 h.

2.4. Characterization

To confirm the dispersion stability of CNC, rGO, and 1C:2R
nanofillers in THF/DMF co-solvent, digital images of the nanofiller
solutions were obtained using a digital camera (D7200, Nikon). The
optical properties of the PVDC nanocomposite films were investi-
gated using a UV-visible spectrometer (NEO-S490, Neogen) in the
wavelength range of 400e700 nm. The contact angle of PVDC and
nanofillers was measured using a contact angle analyzer
(PHOENIX-300, SEO). The morphologies of CNC, rGO, and 1C:2R
nanofillers were confirmed by field-emission transmission electron
microscopy (FE-TEM, JEM2100F, JEOL). The chemical compositions
of the nanofillers were examined by X-ray photoelectron spec-
troscopy (XPS, PHI 5700 ESCA, Chanhassen) with monochromatic
Al Ka radiation (hn ¼ 1,486.6 eV). The Raman spectra (LabRAm HR
Evolution, HORIBA) were measured using a linearly polarized 532
nm laser with 16 mW power. The thermal degradation behaviors of
the nanofillers were evaluated by a thermogravimetric analyzer
(TGA, Q50, TA instruments). The 5e10 mg samples were weighed
and heated from 25 �C room temperature to 700 �C at a heating rate
of 10 �C min�1 in a nitrogen atmosphere. The oxygen transmission
rate (OTR) was obtained using OX-TRAN Model 2/21 (MOCON) at
23 �C and 0% relative humidity as per ASTMD3985. Thewater vapor
transmission rate (WVTR) was obtained using Permatran-WModel
3/61 (MOCON) at 38 �C and 100% relative humidity as per ASTM
F1249. The coefficient of thermal expansion (CTE) of PVDC and
nanocomposites was determined using a stress-controlled dynamic
mechanical analyzer (DMA, Q800, TA instruments) with a
4.3 mm (L) � 3.4 mm (W) � 23 mm (T) film from 30 �C to 80 �C at a
heating rate 5 �C min�1 in an air atmosphere. The activation en-
ergies for thermal decomposition of PVDC and nanocomposites
were measured using the TGA (Q50, TA instruments). The constant
heating rate experiments were conducted in a nitrogen atmosphere
from 25 �C to 900 �C at 2, 5, 10, and 20 K/min heating rates. The
activation energy was calculated using the FlynneWall method
using the temperature at 10% conversion of weight loss for each
heating rate. Additional experiments confirming water vapor
permeability were performed to analyze thermal stability via the
Fourier-transform infrared (FT-IR, VERTEX 80 V, Bruker) spectra.
The PET substrate and barrier films with a diameter of 3.5 mmwere
prepared. The barrier films were PET coated with PVDC, PVDC/CNC,
PVDC/rGO, and PVDC/1C:2R with 0.1 wt% loading of the nanofillers.
Each filmwas placed on a 70ml vial with a neck diameter of 3.3mm
containing 40 �C water. The distance between water and film was
10 mm. This moisture permeability experiment was performed in a
40 �C oven for 3 days, followed by drying in a vacuum oven at 60 �C
for 3 days. The FT-IR spectra before and after the water vapor
permeation were measured in the spectral region of 4000-
500 cm�1 with over 32 scans with a resolution of 4 cm�1.
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3. Results and discussion

3.1. Nano-patching of rGO

For the solution casting process of PVDC nanocomposites, CNC
and rGO nanofillers were dispersed in THF and DMF co-solvents
having a weight ratio of 1:2 and denoted as 1C:2R (Fig. 1a). The
polymer solution casting process for barrier films requires a high
equilibrium vapor pressure of solvents to homogeneously coat
polymeric solutions on substrates. THF is one of the most widely
used solvents for PVDC-based barrier films as it has high PVDC
solubility and a vapor pressure of 16.999 kPa at 20 �C. After 12 h of
sonication, 0.01 wt% rGO was stably dispersed initially in the THF
solvent (Fig. S1a). However, the rGO nanofillers were precipitated
after vortex mixing, indicating a meta-stable dispersion property.
To prepare a homogenous mixture, DMF, a good solvent for rGO,
was employed as a co-solvent along with THF. The contents of DMF
were minimized due to its significantly low vapor pressure of
0.516 kPa at 20 �C that can induce poor coating quality by slow
evaporation of the solvent. The optimal ratio of DMF to THF was
investigated by increasing the DMF content from 0 to 100 w/w in
the rGO-dispersed solution. A stable dispersion of rGO was ach-
ieved in the 60:40 w/w of THF:DMF mixture solution. Meanwhile,
CNCs revealed poor dispersibility in pure THF, DMF, and their co-
solvents (Fig. S1b). Although the CNCs seemed dispersed in the
co-solvent systems after the ultrasound treatment, they agglom-
erated and eventually sedimented within a few hours.

For miscible dispersion of nanofillers in PVDC matrices, surface
energy analysis was carried out. Spontaneous dispersion can be
achieved when the Gibbs free energy (DGMix) becomes negative for
the mixing process between the nanofillers and PVDC. As the
calculated mixing entropy (DSMix) using Flory’s equation is a very
small value, themixing enthalpy (DHMix) should be extremely small
at room temperature to meet the requirement of the equation, i.e.,
DHMix < TDSMix. The DHMix value depends on the surface energy gap
Fig. 1. Nano-patching rGO with CNC in PVDC composites. (a) Schematic dispersion of rGO a
CNC. (A colour version of this figure can be viewed online.)
between the PVDC and nanofillers, as shown in equation (1)
[22,23].

DHMix
VMix

z
2
TN

ðdN � dsolÞ2f; (1)

where the solubility parameter di is the square root of surface en-
ergy in phase i (di ¼√EiSur), TN is the thickness of nanofillers, and f

is the volume fraction of nanofillers.
The surface energies of the PVDC matrix and nanofillers were

compared based on the contact angle results (Fig. S2 and Table S1).
The contact angles of PVDC and nanofillers were analyzed using
two different solvents, water and diiodomethane, on their respec-
tive films. The water contact angle of neat PVDC was 73.1�, an in-
termediate value between 35.8� of CNCs and 98.0� of rGOs. When a
dual nanofiller system was introduced by nano-patching, the rGO
defects were patched with hydrophilic CNCs (Fig. 1b), and the
contact angles could be regulated to be similar to that of neat PVDC.
For 1C:2R fillers, the contact angles of water and hydrophobic
diiodomethane were 74.0� and 21.1�, respectively, which is similar
to that of PVDC. PVDC and 1C:2R could consequently result in a
negative DGMix owing to similar surface energies facilitating their
homogeneous mixing.

As evident from Fig. 2a and b, the dispersion stability of 1C:2R
fillers and PVDC/1C:2R nanocomposite [24] was drastically
enhanced in the THF and DMF co-solvents. Thus, scalable produc-
tion of an optically clear film of PVDC/1C:2R can be achieved using
the polymer solution casting process. After solution casting, ca.
10 mm thick layer of 0.1 wt% 1C:2R dual nanofiller-incorporated
PVDC nanocomposite was transferred on a 125 mm thick PET sub-
strate (Fig. 2c and d). The transparency of the PVDC/1C:2R coated
film was measured as 84% at 550 nm wavelength by UVevisible
spectrometer in the regular light transmittance mode.
nd CNC nanofillers for PVDC composites. (b) Nano-defects in rGO were patched using



Fig. 2. Dispersion stability of nanofillers. CNC, rGO, and nano-patched 1C:2R fillers in (a) THF:DMF co-solvent and (b) PVDC nanocomposite solutions of 0.1 wt% fillers loading to
PVDC. (c) Transmittance results of 0.1 wt% PVDC/CNC, rGO, and 1C:2R nanocomposite films. The 10 mm thick nanocomposite films were deposited on 125 mm thick PET substrates.
(d) Large area (17 cm � 21 cm) PVDC/1C:2Re0.1 wt% nanocomposite film was obtained. (A colour version of this figure can be viewed online.)
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3.2. Characterization of nano-patched rGO

The hydrogen bonding between the hydroxyl groups of CNCs
and oxygen functional groups on the surface of the basal planes of
rGO [25] was hypothesized to have led to the homogeneous
dispersion and nano-patching effects, which could bridge the gap
between the PVDC and rGO interface. The CNCs are one-
dimensional needle-like nanowhiskers having a diameter and
length of ~20 nm and ~500 nm, respectively, which was confirmed
by TEM micrographs (Fig. 3a). Meanwhile, rGOs are two-
dimensional nanosheets with lateral sizes of several micrometers
and thickness of <20 nm (Fig. 3b). With respect to the 1C:2R fillers,
a considerable amount of CNCwas adhered on the overall surface of
rGO to nano-patch the rGO defects, as shown in Fig. 3c. The pres-
ence of favorable intermolecular interactions was further
confirmed by densification of the PVDC/1C:2R (Fig. S3). The higher
composites density than the theoretical calculation of the rule of
mixtures was attributed to the hydrogen bonding between the
CNCs and rGO.

To investigate the surface properties of nano-patched systems,
XPS experiments were conducted (Fig. 3d and e). In the deconvo-
luted C 1s spectra of CNCs, a main CeC bond was observed at
284.98 eV along with CeO and CeOeC bonds at 286.48 eV and
288.08 eV, respectively, representing the chemical structure of a
typical cellulosic material. In contrast, the C 1s spectra of rGOs
showed a large sp2 C¼C bonding peak at 284.38 eV and sp3 CeC
bonding group at 284.98 eV, indicating a defective poly-
hexagonal carbon structure including topological defects of rGO.
The Raman spectra of rGO revealed a comparable intensity for D to
G band supporting the XPS C 1s data (Fig. S4). As the D band orig-
inates from the disordered A1g breathing mode of the hexagonal
carbon structure, the large intensity of D band clearly showed the
presence of topological defects. Additionally, the XPS C 1s spectra of
rGOs exhibited the CeO bond in hydroxyl groups at 286.48 eV and
C¼O bond in carbonyl/carboxyl groups at 289.18 eV. Contrary to the
oxygen groups of CNCs composed of the main CeO bond andminor
CeOeC bond, rGOs consisted of a large number of C¼O bonds and a
relatively small number of CeO bonds. With respect to the nano-
patched 1C:2R fillers, C¼O bond of C 1s peaks shifted slightly
from 289.18 eV to 289.08 eV, whichwas associatedwith lowering of
0.1 eV from 531.98 eV in the O 1s spectrum. The chemical shift to
the smaller binding energy of 1C:2R was attributed to the forma-
tion of hydrogen bonds between the electronegative oxygen func-
tional groups of rGOs and hydroxyl groups of CNCs.

The nano-patching effect between rGO and CNC was further
confirmed by TGA analysis in a nitrogen atmosphere, as shown in
Fig. 3f. An initial thermal degradation of 10% weight loss for CNC
was exhibited at 132 �C. The dramatic weight loss of CNC at 166 �C
was due to dehydration and decomposition of cellulose chains. The
rGOs experienced 10% weight loss at 177 �C. The weight loss was
more significant in the temperature range from 180 �C to 280 �C,
implying pyrolysis of oxygen-containing groups. When CNCs were
patched on rGO at a weight ratio of 1:2, enhanced thermal stability
revealed strong hydrophilic interactions between CNCs and rGOs.
Remarkably, the degradation temperature of 1C:2R fillers at 10%
weight loss increased to 230 �C, which is 50 �C higher than the rGO
single nanofiller system.
3.3. Characterization of PVDC nanocomposite

To analyze the nano-patching effects of nanoscale rGO defects,
the oxygen and water vapor gas barrier properties of PVDC nano-
composites were measured. PVDC matrices were considered for
nanocomposite coating films because PVDC features excellent
barrier properties against gas and moisture owing to high density
and low free volume ratio [26]. The dense molecular structure of
PVDC is constructed by highly regular head-to-tail configuration,
where two highly polar and electronegative chlorine atoms exhibit
a repeating carbon unit of PVDC [27,28]. For polymer nano-
composites, high aspect ratio rGOs are known to drastically
enhance the barrier properties owing to the elongated tortuous
path of molecular diffusion, as shown in Fig. 4a. When 0.1 wt% high
aspect ratio nanofillers were incorporated, the OTR of PVDC/CNC
coated film on PET substrates was measured as 1.07 cm3 m�2 day�1,
which is 42% lower than that of PVDC. The OTR of PVDC/rGO film
was measured as 2.3 cm3 m�2 day�1, which is 23% lower of that of



Fig. 3. Hydrophilic interaction of hydrogen bonding between CNC and rGO. FE-TEMmicrographs of (a) CNCs, (b) rGOs, (c) 1C:2R. XPS C 1s spectra of (d) CNCs and rGOs; O 1s spectra
of (e) CNCs and rGOs. (f) TGA thermograms of CNC, rGO, 1C:2R fillers. (A colour version of this figure can be viewed online.)
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neat PVDC film by densification of the PVDC matrices [29] (Fig. 4b).
The OTR and WVTR of the PET film substrate were measured as
12.4 cm3 m�2 day and 4.4 g m�2 day, respectively. Remarkably, the
transparent nano-patched 0.1 wt% PVDC/1C:2R film demonstrated
an OTR of 0.45 cm3 m�2 day�1, which is approximately 17 times
lower than the value of neat PVDC-coated PET film. In addition to
the drastically improved oxygen barrier property, the 0.1 wt%
PVDC/1C:2R film showed concurrent enhancement of the water
vapor barrier property. The WVTR of the 0.1 wt% PVDC/1C:2R film
was measured as 0.52 cm3 m�2 day�1, while the neat PVDC, PVDC/
CNC, and PVDC/rGO films showed the WVTR of 4.3, 0.96, and
0.8 cm3 m�2 day�1, respectively (Fig. 4c). This remarkable
enhancement of barrier properties was attributed to the nano-
patching effects of 2D rGO nanosheets using 1D CNCs. The oxy-
gen functionalities in rGO defects can permeate polar molecules
into the free volume of hydrophilic groups. Hence, the defect en-
gineering of rGO using the nano-patching strategy resulted in an
effectively hindered permeation of oxygen and water vapor by
further increasing the tortuosity in the PVDC matrices.

At elevated temperatures, the poor dimensional stability of the
polymeric composites can hinder the reduction of OTR and WVTR
due to enhanced segmental mobilities of polymer chains. The
thermal expansion of polymer films is characterized by the linear
thermal expansion coefficient (CTE) [30] shown below.

a¼ DL
L0DT

; (2)

where a is the linear coefficient of thermal expansion, DL is the
length change from the initial length of L0, and DT is the temper-
ature deviation. The thermal expansion of the neat PVDC was
measured as 348.6 ppm K�1 at 77 �C, which was drastically sup-
pressed by the addition of minute amounts of nanoscale fillers
(Fig. 5a). As shown in Fig. 5, the addition of 0.1 wt% of CNC or rGO
nanofillers reduced the CTE of the PVDC nanocomposites to
294.0 ppm K�1 and 229.7 ppm K�1, respectively. The negligible CTE
is reported for CNC originating from high crystallinity [31]. For rGO,
negative CTE is reported by theoretical calculations and experi-
ments in the temperature ranges of this study (ca. 300e350 K) [32].
For nano-patched fillers, the CTE of PVDC/1C:2R was measured as
271.5 ppm K�1 at 77 �C, which is in between the CTE of PVDC/CNC
and PVDC/rGO, as expected. Based on the aforementioned



Fig. 4. Barrier properties of PVDC nanocomposites. (a) Diffusion path of oxygen and water vapor in the neat PVDC and filler loading systems of CNC, rGO, and 1C:2R (top-down
view), affecting the (b) oxygen transmission rates (OTR) and (c) water vapor transmission rates (WVTR). (A colour version of this figure can be viewed online.)
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comparable contact angles resulting from the neat PVDC and PVDC/
1C:2R, the effects of hydrophilicity on CTE modification can be
excluded. Considering the minute loading of nanofillers, the
decrease in CTE is far beyond the prediction from the simple rule of
mixtures. Hence, the anomalous CTE suppression is attributed to
the nanoconfinement effects at the nanofiller and polymer in-
terfaces [33,34].

In addition to the dimensional stability, thermal decomposition
kinetics were investigated upon heating to further elucidate the
thermal stability of the nano-patched filler systems (Fig. 5b and
Fig. S5). The activation energy for the neat PVDC was measured to
be 148.8 kJ/mol based on the FlynneWall method by fitting tem-
peratures at isoconversional points using heating rates of 2, 5, 10,
and 20 K/min [35]. By including 0.1 wt% of nano-patched rGO by
CNC, the activation energy of PVDC/1C:2R increased to 159.1 kJ/mol.
This tremendous enhancement with low filler content is attributed
to the effective thermal energy transfer via nanoscale interfaces
and favorable hydrophilic interactions between the polymer and
fillers. As a result, the physically constrained mobility of polymer
chains in the PVDC/1C:2R film leads to formation of an efficient
barrier when temperature is elevated. Volumetric thermal expan-
sion of polymers is correlated with high segmental mobility in
polymer chains. At high temperature, increased free volume in
polymer can change the chemical interactions of polymer nano-
composites once water vapor begins to permeate through them.
Consequently, these effects of thermal stability on water barrier
property were further studied at 0.1 wt% nanofiller loading. The FT-
IR spectra of the barrier films were compared before and after
water vapor permeation at 40 �C for 3 days (Fig. 5c). Results showed
intramolecular hydrogen bonds in the PET substrate coated with
PVDC and PVDC composites were affected by the water vapor.
Symmetric stretching of the C¼O bond at 1713 cm�1 and stretching
of the CeO bond at 1241 cm�1 were exhibited in the PET substrate.
Relatively high CTE of the PVDC and PVDC/CNC broadened the band
of the C¼O bond in the films following water vapor permeation.
The C¼O bonds at 1708 cm�1, 1710 cm�1, and 1711 cm�1 of PVDC,
PVDC/CNC, and PVDC/rGO films shifted to 1711 cm�1, 1712 cm�1,
and 1713 cm�1, respectively. Significantly, the stretching band of
the C¼O bond in the PVDC/1C:2R film remained unchanged at
1711 cm�1. The CeO bonds of PVDC at 1237 cm�1 and PVDC/CNC at
1240 cm�1 were broadened and chemically shifted to 1239 cm�1

and 1242 cm�1. The CeO bonds of PVDC/rGO and PVDC/1C:2R film
stayed constant at 1239 cm�1 and 1240 cm�1, respectively. The
thermally stable barrier property against water vapor was induced
nano-patched rGO by hydrogen bonding between CNC and rGO.
Nanoscale dispersion of the dual nanofillers extends the interface
between PVDC and the nanofillers resulting in confined molecular
mobility of the PVDC nanocomposite at elevated temperature.
4. Conclusions

The scalable production of transparent PVDC nanocomposite
barrier films was achieved using the bar-coating method by
incorporating dual nanofillers of rGO and CNC for defect engi-
neering of rGO. The CNC and rGO were solution processed by
optimizing the ratio of DMF to THF in the co-solvent system to



Fig. 5. Thermal stability of the PVDC nanocomposites at 0.1 wt% nanofiller loading. (a) Coefficient of thermal expansion (a) of neat PVDC and nanocomposites at temperatures
ranging from 30 �C to 80 �C. (b) Linear plots of natural logarithm of heating rate (b) for neat PVDC and PVDC/1C:2R nanocomposite as functions of inverse temperature (T) in kelvin
from the thermal decomposition results by TGA. (c) FT-IR transmission spectra of the barrier films before (dash line) and after the experiments in water vapor permeation at 40 �C
for 3 days (solid line). (A colour version of this figure can be viewed online.)
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secure dispersibility of the dual nanofillers. The hydrogen bonding
between the rGO and CNC prevented the phase separation of CNCs
in the organic co-solvent by regulating the surface energy without
using the typical aqueous conditions for CNCs. Stable dispersion of
the nano-patched rGOs in the PVDC solution enabled the scalable
fabrication of optically clear PVDC/1C:2R nanocomposite barrier
films by bar-coating. Herein, the defects of rGO were nano-patched
through hydrogen bonding between one-dimensional CNC nano-
whiskers and two-dimensional rGO nanosheets, as proved by the
chemical shifts of XPS binding energy and the enhanced thermal
stability from the TGA thermograms. Nano-patching the defective
sites of rGO resulted in concurrent improvement of barrier prop-
erties against oxygen and water because the highly tortuous
diffusion path was secured in the PVDC nanocomposites. The OTR
decreased by 17 times and WVTR decreased by 8 times when
compared to the neat PVDC coating films. Additionally, the PVDC
nanocomposite barrier film revealed the enhanced dimensional
and thermal stability that was confirmed by the coefficient of
thermal expansion and activation energy for thermal degradation,
respectively. Defect engineering of rGO using CNC nanofillers sug-
gests a general strategy to enhance nanocomposite properties of
polymer-2D nanosheets, including barrier properties for food and
drug packaging.
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