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ABSTRACT: This study aimed to enhance the conductive
properties of PLA nanocomposite by controlling the
dispersion and distribution of graphene within the minor
phase of the polymer blend. Functionalized graphene ( f-GO)
was achieved by reacting graphene oxide (GO) with various
silanes under the aid of an ionic liquid. Ethylene/n-butyl
acrylate/glycidyl methacrylate terpolymer elastomer (EBA-
GMA) was introduced as the minor phase to tailor the
interface of matrix/graphene through reactive compatibiliza-
tion. GO particles were predominantly dispersed in PLA in a
self-agglomerating pattern, while f-GO was preferentially
located in the introduced rubber phase or at the PLA/EBA-GMA interfaces through the formation of the three-dimensional
percolated structures, especially for these functionalized graphene with reactive groups. The selective localization of the f-GO also
played a crucial role in stabilizing and improving the phase morphology of the PLA blend through reducing the interfacial tension
between two phases. The establishment of the percolated network structures in the ternary system was responsible for the
improved AC conductivity and better dielectric properties of the resulting nanocomposites.
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■ INTRODUCTION

In recent years, environmentally friendly polylactic acid (PLA)
nanocomposites have attracted a lot of attention. Introduction
of a certain level of nanofillers improves the heat resistance of
PLA materials. However, mechanical, thermal, and electrical
properties of most reported PLA nanocomposites are still
unsatisfactory for practical applications. Fine dispersion of
nanofillers in the PLA matrix is still the key challenge due to its
very high surface area to volume ratio. Surface treatment of the
nanofillers is necessary to improve the dispersion of nanofillers
in the polymer matrix and interfacial adhesion and is still the
focus of manocomposite preparation.1,2

Because of its superior thermal and electrical properties,
graphene has been added to various polymers to impart
polymer nanocomposite improved electric, thermal, and
mechanical properties.3−10 Meanwhile, surface treatment of
graphene has also been explored to manipulate the properties
of polymer/graphene nanocomposites. For example, reduction
of the isocyanate-functionalized graphene oxide in a solution
with PS by dimethylhydrazine yielded conductive nano-
composites with an onset of electrical percolation at 0.1 vol
%.3 However, this advanced level of dispersion of graphene in
polymers was realized by solution mixing of graphene and

polymer. In the melt process, it is much more challenging to
achieve a high level of dispersion of the nanosized fillers in
polymer. Additionally, the aggregation of graphene in molten
polymers can also play a substantially negative role in its
dispersibility. For example, when the functionalized graphene
was directly mixed with PMMA at a relatively high loading level
(3 wt %), agglomeration was still noted in the system.10

Some reports in the literature have demonstrated that
addition of conductive carbon nanofillers to polymer blends
may simultaneously improve mechanical properties and
electrical conductivity of the resulting nanocomposites through
double percolation mechanism.11−21 When a nanofiller is added
to a polymer blend, it may preferably reside in one phase over
the other due to its different affinity with two components.
With the nanofiller-dispersed phase transformed from discrete
domains into continuity in the system microscopically, the
percolation threshold of nanofillers in the polymer matrix can
be reduced to a much lower loading level. The success of this
approach relies on selective localization of nanofillers and fine
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dispersion of nanofillers in the polymer blend. Practically, the
nanofiller may selectively reside in either the individual phase or
at the interface when both phases are cocontinuous. This
approach not only results in a high level of electrical
conductivity at relatively low loading of nanofillers but also
avoids high processing viscosity associated with high nanofiller
loading. Recently, many studies have found that the nanofillers,
such as organoclay, can also act as interfacial modifiers in
immiscible blend systems.22−27 It is proposed that addition of
nanofillers may influence the phase morphology by reducing
the interfacial tension between two phases and finally resulting
in a well-dispersed morphology. To play the role of interfacial
modifier, the nanofillers need to be compatible with the two
immiscible components or be mainly dispersed in the minor
component and have better compatibility with the polymer
host.
In our previous study of PLA toughening with an epoxy-

containing elastomer toughener, that is, ethylene/n-butyl
acrylate/glycidyl methacrylate copolymer (EBA-GMA), zinc-
containing ionomer was used to both cross-link the elastomer
and catalyze the interfacial compatibilization between EBA-
GMA and PLA matrix.28,29 If graphene is functionalized with
some epoxy curing groups or some active groups, it may play a
role of substitution for the ionomer and serve as a cross-linker
for EBA-GMA in the above system. In such a new system, the
functionalized graphene would selectively reside in the
elastomer phase and/or at the interface. As a result, PLA
composites of good conductive properties can probably be
obtained at relatively low graphene loading levels.
With this rationale in mind, in this study, a novel ternary PLA

composite system consisting of PLA, EBA-GMA, and function-
alized graphene was introduced, and the electric properties of
the resulting composites containing different functional
graphenes were studied. The objective of this work is to
investigate the effectiveness of graphene functionalization and
the effects of elastomer modifier on graphene dispersion and
other properties of the PLA/graphene composites. To the best
of our knowledge, no similar studies have been reported in the
literature.

■ EXPERIMENTAL SECTION
Materials. Sample Preparation. The preparations of function-

alized graphene ( f-GO) and PLA/f-GO nanocomposites can be found
in our previous study.30 Briefly, graphene was first functionalized by
silane through a novel two-step method under the aid of an ionic
liquid. Five silane agents (Supporting Information Scheme S1), 3-
aminopropyl triethoxysilane (APS, 99%), 3-isocyanatopropyl triethox-
ysilane (IGS, 95%), 3-glycidyloxypropyl trimethoxysilane (GPS, 98%),
3-(2-aminoethylamino) propyl trimethoxylsilane (2APS, 97%), and 3-
mercaptopropyl trimethoxysilane (MSH, 95%) were employed in the
treatment, respectively. A masterbatch of 30 wt % f-GO in PLA was
then prepared by mixing in the solution and then evaporating the
solvent. The resulting masterbatch was compounded with PLA and
EBA-GMA using a twin-screw microextruder (HAAKE Rheomex
CTW5 minilab II) at 180 °C and a screw speed of ∼150 rpm for 5
min. For all samples, the PLA/EBA-GMA weight ratio was fixed at 80/
20 because the formulation used with this weight ratio had exhibited
the toughening effects on the PLA and been thoroughly studied in our
previous papers.28,29 The sheet samples of the nanocomposites were
prepared using a Carver hot press (model 3912) and were used for
further measurements. The resulting nanocomposites were designated
as GO-xn, in which “x” and “n” refer to the different organofunctional
groups and the content of the corresponding graphene, respectively.

Characterizations. The detailed characterization of f-GO
including FT-IR, NMR, Raman, XRD, DSC, and TGA can be found
in our early work. In this work, dispersibility and surface properties of
f-GO were further evaluated using UV−vis, TEM, AFM, and XPS,
respectively. Selective localization of f-GO in the composite matrix and
the engineered interface were observed using a HRTEM. In addition,
the electrical properties and wettability of the f-GO nanocomposites
were studied using AC conductivity, dielectric testing, and contact
angle measurement.

Morphology and Surface Analysis of f-GO. The morphology of
the blend matrix and the f-GO nanocomposites was investigated using
transmission electron microscopy (TEM, JEOL 1200EX) at an
accelerated voltage of 100 kV. Ultrathin sections were cryogenically
sliced using a RMC CR-X microtome equipped with a diamond knife
and placed on Formvar coated 200-mesh nickel grids.

Atomic Force Microscopy (AFM). The aqueous suspension of f-GO
was spin coated on freshly cleaved mica surfaces for AFM study. The
solution was completely dried by evaporation at the ambient condition
prior to testing. The AFM tests were conducted in tapping mode using
a Veeco Multimode AFM equipped with a NanoScope IIIa controller
(Digital Instruments Inc.). Sample surfaces were scanned in the air

Figure 1. High-resolution TEM images of the f-GO with the corresponding selected area electron diffraction (SAED).
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using Si tips (Digital Instruments Inc.) with a resonance frequency of
ca. 330 kHz at a scan rate of 0.4 Hz.
X-ray Photoelectron Spectroscopy (XPS). XPS spectra of the

prepared samples were obtained with an AXIS-165 manufactured by
Kratos Analytical Inc. (Spring Valley, NY) using achromatic X-ray
radiation of 1253.6 eV (Mg Kα). Pass energy of 40 eV and spot size of
about 120 μm were used to acquire all of the spectra. The
spectrometer was calibrated against both the Au 4f7/2 peak at 84.0
eV and the Ag 3d5/2 peak at 368.3 eV.
UV−Visible Spectroscopy (UV−Vis). The UV−vis spectrum of the

stable aqueous suspensions f-GO was recorded on a Nicolet Evolution
300 UV−visible spectrophotometer (Thermo Fisher Scientic Inc.,
U.S.) using a quartz cell in the wavelength range of 200−800 nm.
Conductivity and Dielectric Properties Measurement. A Novo-

control Technologies dielectric impedance analyzer (model Alpha-N)
was used to measure the electrical conductivity of the compression
molded nanocomposites (20 mm in diameter). A root-mean-square
(rms) voltage of 1 V was applied over a frequency range of 10−2−106
Hz. To obtain reliable accuracy, each nanocomposite sample was
repeated at least five times.
Wetting Behavior of the f-GO Nanocomposites. Static contact

angles under air were measured by using an OCA 15 plus contact
angle meter with a PC controlled motorized syringe. The average value
of five measurements at different positions of the sheet surfaces was
taken as the contact angle.

■ RESULTS AND DISCUSSION
Morphology and Surface Analysis of f-GO. The TEM

images in Figure 1 implied that the single graphene sheet of f-
GO was more inclined to scroll and wrinkle than that of GO.
These evident ripples in the former were probably due to the
large amount of silane chains grafted on the graphene sheet.31

Their SAED patterns exhibited perfect hexagonal lattice and
confirmed single layer graphene sheet characteristics of GO and
f-GO (Figure 1, inset). Supporting Information Figure S1
shows the AFM images of the GO, GO-APS, and GO-MSH.
The thickness of a single layer of GO was 1.0−1.3 nm and close
to the typical value for one-atom-thick GO.32,33 However, the
thicknesses of single layer for the silane treated GO-APS and
GO-MSH were in the range of 1.5−2 nm. The slight increase in
thickness was attributed to the contribution of silane moieties
heavily attached on the graphene surfaces.
Supporting Information Figure S2 shows the XPS spectra of

GO and f-GO, and Table 1 gives the summary of the atomic

percentages of the samples. The results clearly indicated that
silane treatment resulted in a great reduction of the oxygen-
containing polar groups. Particularly, the increase of the C/O
ratio suggested the graphene-like hydrophobic characteristic for
the resulting f-GO. The relative content of Si in the f-GO varied
greatly with the silane used. GO-MSH and GO-IGS gave the
highest and lowest Si contents, respectively, while no Si was
found in GO. Because all of the silane treatments were

performed under the same conditions, the differences in the
efficiency of functionalization were probably due to the
difference in solubility for the silanes with different organo-
functional groups. This decrease of the O/C ratio after
treatment also suggested that the GO was simultaneously
reduced during the functionalization due to deoxygenation of
some oxygen-containing groups and restoration of the
delocalized π-conjugated structure in the graphene from
complete and effective exfoliation and stabilization of graphene
sheets with the aid of the ionic liquid during the
functionalization.
Figure 2 shows the UV−vis spectra of aqueous f-GO

solutions. The maximum absorption at 233 nm and the broad

shoulder around 295 nm corresponded to the π−π* transition
of the aromatic C−C bonds and the n−π* transitions of the
CO bonds, respectively. Silane functionalization caused a
clear bathochromic red-shift to the GO peak at 233 nm, which
appeared at 255−272 nm for f-GO. The disappearance of the
CO absorption peak and the slight difference of the original
C−C peak shift in the f-GO suggested the π-conjugated
network in the graphene sheets was partially restored. The
difference in intensity of absorption for different f-GO was also
observed. The GO aqueous solution offered the highest
absorption intensity and therefore displayed the best dispersing
ability in water, followed closely by GO-APS. GO-GPS, GO-
2APS, GO-IGS, and GO-MSH exhibited very similar
dispersibility in water. It is known that graphene is hydrophobic
and GO is hydrophilic in nature. Therefore, different surface
characteristics of GO and f-GO finally resulted in different
dispersibility in water and other organic solvents.

Morphology of f-GO Composites. Some studies showed
that nanofillers could stabilize the immiscible and partially
miscible polymer blends and improved phase mophology.34−36

Moreover, the stabilization could be affected by factors such as
the interfacial energy between the polymers, the inhibition of
coalescence by the presence of the rigid fillers around the
dispersed polymer, and the viscosity difference between the two
polymers caused by the filler−polymer interaction.37 Appa-
rently, the nanofiller selective localization in the polymer blend
is a key factor to understand the observed compatibilization
mechanism.
Figure 3 shows the TEM micrographs of the ternary PLA

nanocomposites with different f-GO. In the neat PLA/EBA-

Table 1. XPS Analysis Results of Surface Composition of GO
and f-GO

relative atomic percentage of elements (%)

sample O C Si N S O/C

GO 30.8 69.2 0.45
GO-APS 15.98 76.83 3.67 3.51 0.21
GO-2APS 11.54 80.7 2.33 5.43 0.14
GO-GPS 23.06 75.18 1.75 0.31
GO-IGS 23.23 73.28 1.39 2.11 0.32
GO-MSH 20.46 61.59 10.32 7.63 0.33

Figure 2. UV−vis spectra of stable aqueous suspensions of f-GO.
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GMA blend, the rubber phase was well dispersed and
homogeneously distributed as small droplets in the PLA matrix
(micrograph not shown), suggesting better compatibilization
between the two polymers as shown in our previous
studies.28,29 When GO was added to the blend, it was mainly
distributed in the PLA phase. This result was in agreement with
the theoretical prediction based on estimation of interfacial
wetting between polymers and between polymer and GO or f-
GO (details can be found in the Supporting Information).
Furthermore, GO also exhibited some large agglomerates in the
matrix because the interactions were mainly physical ones.
However, when f-GO was added to the blends, they exhibited a
preference to reside in the rubber phase and/or at the PLA/
rubber interface. This result was contradictory to the theoretical
estimation based on interfacial wetting, which also predicted

the preferable residence of f-GO in PLA. This inconsistency in
f-GO dispersion was because the determination of wetting
parameter38 did not take the interfacial chemical reactions
between f-GO and EBA-GMA and/or PLA into account,
however, which was the determining factor in compatibilizing
the ternary composites. Cross-linking reaction between the
epoxy groups of EBA-GMA and the amino groups of GO-APS
and the mercapto groups of GO-MSH occurred during
blending, respectively; therefore f-GO was predominantly
retained in the rubber phase and/or at the rubber/PLA
interface. On the contrary, the theoretical prediction is basically
based on the physical interactions between the nanofillers and
the polymers. Alternatively, the consistency in GO distribution
between the TEM image and prediction based on wetting
parameters indirectly confirmed that there is no or insignificant

Figure 3. TEM micrographs of the ternary PLA nanocomposites with 5 wt % f-GO. White arrows indicate the location of f-GO in the blend matrix.
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chemical reactions between GO and polymers but significant
chemical interactions between f-GO and polymers. In Figure 3,
the rubber domains appeared irregular in the f-GO nano-
composites. Particularly, GO-APS, GO-2APS, and GO-MSH
formed the fluffy network-like microstructures in the rubber
phase. This selective location and distribution of f-GO in the
composite matrix not only overcome the self-agglomeration of
GO in PLA, but also stabilize the phase morphology of the
blend by reducing the interfacial tension. On the other hand,
selective distribution of GO and f-GO (GO-IGS and GO-GPS)
with less reactive groups facilitated the occurrence of
thermodynamically and kinetically driven compatibilization
with the PLA except the chemical interactions. Furthermore,
different wetting properties of GO and f-GO nanocomposites
also indicated that surface characteristics of the resulting
nanocomposites were changed significantly except the
morphology (Supporting Information Figure S3). These results
suggest that fine-tuning of graphene surface characteristics and
the introduction of a second phase significantly improved the
interfacial polymer structure and phase morphology and hence
finally promoted interfacial compatibilization between graphene
and PLA blend matrix.
AC Conductivity. Electrical conductivity of the nano-

composites is determined by the concentration of conductive
nanofillers in the matrix phase and structure continuity of the

resulting nancomposites. Therefore, the distribution of different
conductive nanofillers in the polymer blend and their interface
characteristics can be estimated by the electrical conductivity of
the resulting nanocomposites.39 Figure 4 shows the AC
conductivities with frequency ranging from 10−2 to 106 Hz at
room temperature for the blend matrix and nanocomposites.
The PLA blend and the nanocomposite with 5 wt % GO
exhibited the typical frequency-dependent AC conductivity,
which increased almost linearly with the increase of frequency.
However, the nanocomposites with 5% f-GO exhibited AC
conductivities, which were almost independent of the change of
frequency in the low frequency range. This result indicated that
effective three-dimensional conductive networks were formed
in these f-GO nanocomposites and the AC conductivity became
independent of frequency. The observed difference in
percolation threshold between the GO and f-GO suggests
that they had different interfacial compatibility with the matrix
and existed in different dispersion state and distribution in the
PLA due to the addition of the second minor rubber phase.
Especially, for these f-GO with amino- and mercapto-
functional groups and above the percolation threshold, the
occurring of cross-linking reaction with EBA-GMA during
blending further intensified the resulting effective 3-D
conductive networks. Therefore, the introduction of the rubber
phase enabled selective localization of f-GO and improved

Figure 4. AC conductivity of the PLA ternary nanocomposites with 5 wt % f-GO: (a) AC conductivity versus frequency ranging from 10−2 to 106

Hz; and (b) AC conductivity at 10−2 Hz.

Figure 5. Dielectric properties of the PLA ternary nanocomposites with 5 wt % f-GO at frequency ranging from 10−2 to 106 Hz.
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exfoliation and dispersion of f-GO in the PLA and finally
resulted in the improved interfacial adhesion and distribution
with the fine dispersion and uniform distribution of rubber
phase in the PLA.
As reported by other researchers, AC conductivity at low

frequency is equal to or very close to DC conductivity.40 Figure
4b shows the comparison of the AC conductivity of the blend
and its f-GO nanocomposites at a very low frequency (10−2

Hz). An obvious increase in AC conductivity was noted from
the matrix to the f-GO in the order of matrix, GO, GO-IGS,
GO-GPS, GO-2APS, GO-MSH, and GO-APS. Thus, it can
reasonably be assumed that the formation of cross-linking
network structures facilitated the electron transport through
electron hopping along graphene interconnects.41,42

Dielectric Properties. Permittivity of a material represents
the ability to store a charge when the material is subjected to an
electric field and reflect the dielectric properties of the material.
Figure 5a shows the permittivity and dielectric loss of the f-GO
nanocomposites with frequency ranging from 10−2 to 106 Hz at
room temperature. The PLA blend and all f-GO nano-
composites exhibited permittivities that were similarly
frequency-independent but varied greatly in magnitude. Some
studies have shown that the improvement of the dielectric
properties is from the Maxwell−Wagner−Sillars (MWS)
polarization for heterogeneous systems, associated with the
free charges entrapped in the interfaces.42 Therefore, the
difference in permittivity possibly originated from the different
characteristics of the molecular order and the thickness of the
interphase. The GO nanocomposite exhibited lower permittiv-
ity than the f-GO nanocomposites, which was due to the
formation of large agglomerates and the poor interfacial
adhesion between the GO and the EBA-GMA and PLA
because only physical blending existed in the system. Such
agglomerates also decreased the total interface area and made
less free charges retained or entrapped in the interfaces. In the
other f-GO nanocomposites, the increased dielectric properties
suggested that these nanofillers were well dispersed, surrounded
by the PLA through the bridge of rubber phase, and finally
generated the increased interfacial area from the enlarged
thickness of the interphase and strong interfacial adhesion. As a
result, more free charges were entrapped in their interphases.
It is well-known that the dielectric loss is a measurement of

energy dissipation from the movement or rotation of the
molecules in the external electric field. Therefore, the
magnitude of dielectric loss can be used to evaluate the
interfacial adhesion between the nanofillers and the matrix in
the nanocomposites. Figure 5b shows the changes of dielectric
loss among the matrix and f-GO nanocomposites with
frequency ranging from 10−2 to 106 Hz at room temperature.
For the GO nanocomposite, the dielectric loss exhibited a weak
frequency dependence in the whole frequency range because of
the poor interfacial compatibility or weak interfacial interactions
between the GO and the blend matrix. Although the second
minor phase was introduced, reactive compounding occurred
for GO. Thus, less molecules or dipoles could move or rotate,
and less energy was dissipated. However, for other f-GO
nanocomposites, more interfacial areas were created due to the
cross-linking reaction between the f-GO and composite matrix
and the improved interfacial interactions with the composite
matrix, and polymer chains were separated into smaller
domains by the conductive network formed so that the
movement of molecules or rotation of dipoles could become
more active and energetic. Thus, more energy could be

dissipated so that higher dielectric loss was observed. This was
consistent with the TEM analysis of these nanocomposites.

■ CONCLUSIONS
The novel design of composite matrix was developed to enable
selective localization of f-GO and facilitate the interfacial
modifications to tailor specific interfacial polymer structure and
properties. By manipulating the dispersion and distribution of
graphene with a minor polymer phase, the interfacial structure
and properties of graphene and PLA can be tuned for property
improvement. It was confirmed that with the help of well-
dispersed EBA-GMA in PLA, some f-GO may homogeneously
reside in the minor phase through the reactive compounding
and finally be uniformly distributed in the PLA matrix, thereby
improving graphene/matrix interfacial adhesion. Unlike the GO
agglomerations in the PLA phase, the functionalized graphene
was well dispersed and homogeneously distributed in the
composite matrix through reactive compatibilization with the
PLA and formed the continuous conductive network structures,
producing higher AC conductivity and better dielectric
properties. The structure continuity of the matrix phase and
the formation of a 3-D effective conductive network were
verified by the improved electrical conductivity and dielectric
properties of the f-GO nanocomposites. These findings may
contribute to the future development of high-performance
multifunctional graphene nanocomposites.
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(vinyl alcohol)/Reduced Graphite Oxide Nanocomposites with

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503283f | ACS Appl. Mater. Interfaces 2014, 6, 14069−1407514074

http://pubs.acs.org
mailto:jwzhang@wsu.edu
mailto:jwzhang@wsu.edu


Improved Thermal and Electrical Properties. J. Mater. Chem. 2009, 19,
5027−5032.
(7) Yang, X.; Li, L.; Shang, S.; Tao, X.-M. Synthesis and
Characterization of Layer-aligned Poly (vinyl alcohol)/Graphene
Nanocomposites. Polymer 2010, 51, 3431−3435.
(8) Cai, D.; Song, M. A Simple Route to Enhance the Interface
between Graphite Oxide Nanoplatelets and a Semi-crystalline Polymer
for Stress Transfer. Nanotechnology 2009, 20, 315708.
(9) Ansari, S.; Kelarakis, A.; Estevez, L.; Giannelis, E. P. Oriented
Arrays of Graphene in a Polymer Matrix by In-situ Reduction of
Graphite Oxide Nanosheets. Small 2010, 6, 205−209.
(10) Goncalves, G.; Marques, P.; Barros-Timmons, A.; Bdkin, I.;
Singh, M. K.; Emami, N.; Gracio, J. Graphene Oxide Modified with
PMMA via ATRP as a Reinforcement Filler. J. Mater. Chem. 2010, 20,
9927−9934.
(11) Foulger, S. H. Reduced Percolation Thresholds of Immiscible
Conductive Blends. J. Polym. Sci., Part B: Polym. Phys. 1999, 37, 1899−
1910.
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