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Effects of poly(ethylene glycol)-grafted graphene
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nanocomposites
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Maleic anhydride was reacted with the armchair edges of graphene nanosheets (GN) via Diels—Alder
reaction. Then, polyethylene glycol (PEG) was grafted onto the GN in the presence of anhydride groups
through an esterification reaction. The PEG-grafted GN (PEG-g-GN) was characterised via FTIR analysis,
thermogravimetric analysis, scanning electron microscopy, Raman spectroscopy and contact angle
measurements, proving that PEG was successfully grafted onto the GN surface. The results indicated
that PEG-g-GN possessed high electrical conductivity and was dispersed in polylactic acid (PLA). The
composites were fabricated by using PEG-g-GN and GN as the conductive agent in the PLA matrix.
Owing to the function of PEG molecular chains, PEG-g-GN can be uniformly dispersed in the PLA matrix

DOI: 10.1039/c9ra01060b

rsc.li/rsc-advances a PEG-g-GN content of 1 wt%.

Introduction

Conducting polymer composites (CPCs), which are extensively
applied in the fields of sensors, batteries and memory mate-
rials, possess some significant properties such as high
conductivity, light weight and good mechanical performance.*™*
CPCs contain an insulating polymer matrix and conductive
fillers.* The insulating polymer matrix of CPCs should have
good physical and mechanical properties and also meet envi-
ronmental protection requirements.® Polylactic acid (PLA) is
a potential replacement for traditional polymers in packaging,
textiles, automotive composites and tissue engineering fields
owing to its biodegradability, absorption and renewability.”®
With the addition of nanofillers, PLA exhibits unique properties
(e.g. electrical and thermal), which can be applied to some
special applications.®'® Ray and co-workers'* exhibited a novel
method to improve the thermal conductivity and ductility of
polylactide blend composites and presented the potential of
graphene oxide-based filler for management applications.
Graphene, a two-dimensional (2D) single-layer all-sp-
hybridisation carbon atom, has emerged as a promising elec-
tronic material because of its excellent electronic transport
properties.”*™* However, agglomeration and low dispersion
limited its application. Therefore, the modification of GN is
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and improve the tensile strength of composites to 59.46 MPa and conductivity to 9.69 x 10~% S cm

“1at

particularly important. The Diels-Alder reaction is an excellent
approach for carbon nanomaterials, such as GN and graphite,
to obtain a variety of desirable functional groups on the surface.
Unlike the modification of graphene oxide (GO),"*"” Diels-Alder
reaction could not only render graphene possess high conduc-
tivity but also produce oxygen-containing groups on its surface.
Haddon and co-workers'® demonstrated the dual behaviour
concept of GN as either a diene or dienophile to realise the
Diels-Alder reaction. Baek and co-worker" investigated
a solvent-free Diels-Alder reaction of graphite into functional-
ised GN. Siaj and colleagues® used GO as a source of diene and
maleic anhydride (MAH) as a dienophile to extend the Diels—
Alder reaction.

MAH, which is comprehensively regarded as a modifying
agent to be grafted onto different polymer chains, contains
a double-bond and acid anhydride group.*** According to
a recent research,'®?° maleic can be used as diene to react with
GN via the Diels-Alder reaction. Moreover, Houk and co-
workers* predicted the sites of reaction in GN. However, the
molecule chains of MAH are remarkably short which cannot
completely inhibit the occurrence of the GN nanolayer aggre-
gation in the composites.

Polyethylene glycol (PEG) is nontoxic, biocompatible and
heat resistant, which can be used as dispersant and toughening
agents. PEG shows a satisfying compatibility with PLA at
a maximum loading of 30 wt%, which is regarded as useful
a compatibilizer for PLA.*>* Xu and co-workers* synthesised
poly-(ethylene glycol)-grafted graphene oxide (PEG-g-GO), which
desirably dispersed in PLA because of the flexible PEG chains on
the GO.
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Thus, MAH was selected as a coupling agent in this study to
react with GN via the Diels-Alder reaction, thereby rendering
the surface of GN yield several desirable functional groups.
According to a previous investigation,'*** modifications are
executed at the armchair edges of GN, but the basal plane
cannot be modified. Then, PEG was selected to react with the
modified GN through esterification reaction, as depicted in
Scheme 1. The molecular chains of PEG on the surface of the
modified GN cannot only prevent GN agglomeration but also
provide good compatibility with PLA. Hence, the GN modified
by PEG can possess excellent conductivity and improve
composite properties.

Experimental
Materials

PLA (trade name 4032D) was purchased from NatureWorks Co.
(USA). GN were acquired from Shenzhen Turing Evolutionary
Technology Co. (Shenzhen, China). PEG with a number-average
molecular weight of 800 ¢ mol™" was obtained from Tianjin
Guangfu Fine Chemical Research Institute (Tianjin, China).
MAH was procured from Sinopharm Chemical Reagent Co.
(Shanghai, China). Except for the mentioned companies, all
chemicals used have analytical grade and purchased from
Tianjin Hengxing Chemical Reagent Co. (Tianjin, China).

Synthesis of the PEG-grafted GN (PEG-g-GN)

Scheme 1 illustrates the fabrication procedure of PEG-g-GN. GN
was added into N,N-dimethylformamide (DMF), forming
a stable GN/DMF solution via ultrasonication. Then, the
mixture was heated in the presence of an excess of MAH (200%
w/w GN) at 100 °C for 24 h with dry nitrogen. After the reaction,
PEG (n(PEG): n(MAH) = 1:1) was added. The mixture was
reacted at 80 °C for 48 h through continuous stirring and then
was poured into a beaker with ethanol and filtered with low
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Scheme 1 Schematic of the PEG-g-GN synthesis.
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pressure. Dissolution and filtration were repeated several times
to remove free PEG, MAH and its polymer. The resultant
product was dried at 50 °C in vacuum for future utilisation.

Preparation of the PEG-g-GN/PLA nanocomposites

PLA powder was blended with PEG-g-GN and GN through
constant stirring in a planetary muller until it is thoroughly
mixed. PEG-g-GN and GN were added in various concentrations
(i.e. 0, 0.3, 0.5, 1 and 2 wt% relative to the composites) before
mixing. The mixture of composite powder was used to prepare
standard splines for mechanical performance testing using an
injection moulding machine. Regarding electrical conductivity,
the blend was dispersed in a 10 mL solution of dichloro-
methane via ultrasonication for 10 min at room temperature to
produce a 0.2 g mL ™' mixture solution. Then, the resulting
mixtures were coated evenly on an iron plate and dried in an
ambient temperature and pressure for 24 h in a fume cupboard.

Characterization

The chemical structures of PEG-g-GN and GN were charac-
terised using the Bruker Tensor 27 FTIR spectrometer (Bruker,
Karlsruhe, Germany). The samples were scanned from 400 to
4000 cm .

To determine their structures, the Raman spectra of GN and
PEG-g-GN were recorded from 1000 to 3000 cm ™" on Alpha 300
Raman (WITec, Ulm, Germany) using a 532 nm argon ion laser.
GN powders were dispersed in ethanol for 30 min via ultra-
sonication. The solution was poured on the silicon wafer and
was dried in an ambient temperature to obtain the samples.

The thermal stability of the samples was investigated
through thermogravimetric analysis (STA449F5; NETZSCH,
Bavaria, Germany) at a heating rate of 10 °C min~" from room
temperature to 600 °C in an argon atmosphere.

The surfaces of the samples were investigated using the
Hitachi S480 scanning electron microscope (SEM; Hitachi,
Tokyo, Japan). The samples were coated with a fine gold layer
and examined at an accelerating voltage of 5 kV.

Measurements of water contact angle were performed at
a room temperature with deionised water using a contact angle
goniometer (SDC-200; Sindin Precision Instrument Co., Dong-
wan, China).

The dispersion of GN in the PLA matrix was recorded suing
a polarising microscope (BX-51; Olympus, Japan).

Tensile tests were performed by utilising a universal testing
machine (WDW-5E; Jinan Shijin Group, Jinan, China). The
standard splines were prepared through injection moulding
(WZS10; Shanghai Xinshuo Precision Machinery Co., Shanghai,
China). The initial grip separation was 50 mm, and the elon-
gation speed was 5 mm min . Tensile strength is defined as
the maximum tensile stress sustained by the test specimen just
prior to fracture. Elongation at break or fracture strain (¢) is
expressed as the percentage of change in the original length of
the specimen. The values of maximum tensile stress and elon-
gation at break shown are the means of at least three replicates.

Electrical conductivity was by assessed using a four-probe
conductivity meter (ST-2258C; Suzhou Jingge Electronic Co.,

This journal is © The Royal Society of Chemistry 2019
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Suzhou, China). The samples were cut into square-shaped
pieces of 10 x 10 mm. The sample thickness was measured
with a precision of 0.001 mm using a coating pachometer (DT-
156; China Everbest Machinery Industry Co., Shenzhen, China).
Moreover, the average value was calculated by measuring the
thickness of four different film spots.

Results and discussion
Structure analysis

Fig. 1 depicts the comparison of FTIR spectra between GN and
PEG-g-GN. In the GN spectrum, the stretching vibration of
aromatic C=C bonds is at 1600 cm™".2® After the MAH and PEG
reaction, a wide peak appeared at 3446.1 cm ™' corresponding to
the stretching vibration of hydroxyl groups. The asymmetrical
and symmetrical stretching vibrations of C-H in CH, bonds
were observed at 2925.9 and 2856.5 cm™ !, which belong to the
PEG molecular chains. The peaks at 1751, 1234.7 and
1022 cm ™' were attributed to the stretching vibration of C=0
and C-O-C bonds in the ester groups of PEG-g-GN owing to the
hydroxyl group reaction with MAH.*>*” This result suggest that
PEG molecular chains were linked to the GN via ester bonds
with the aid of the MAH coupling reagent.

Raman spectroscopy was used to depict the ordered and
disordered structures of carbon in graphite materials. Fig. 2
shows the Raman spectra of GN and PEG-g-GN. The GN powdetr,
has three characteristic peaks at 1346 cm ™" (D band), 1572 cm ™"
(G band) and 2699 cm " (2D band).?*?*=*° The D band is ascribed
to the defects inherent in the GN layers and the edge effect of
GN crystallites. The G band is due to the band scattering of the
E,, phonon of the sp” carbon atoms. Meanwhile, the 2D band is
an overtone of the D band, originating from the stacking order
of nanosheets.**> Generally, an ideal graphite crystal should
not exhibit the D band. Hence, some treatments for most
commercial graphite products, such as a high-temperature
process during production, inevitably introduce defects and
reduce the crystallite size.*® For the spectra, the D band of the
GN indicated that GN had fewer defects than PEG-g-GN. The
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Fig.1 FTIR spectra of GN and PEG-g-GN.
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Fig. 2 Raman spectra of GN and PEG-g-GN.

intensity ratio of the D and G bands (Ip/I;) is measured by the
quality of graphitisation or defective disorders on the crystalline
graphite, which is also used to evaluate the degree of func-
tionalisation.?* For the GN, the I/Ig value was 0.05, which was
lower than 0.19 (the value of PEG-g-GN). The result demon-
strated a decrease in the average size of the sp> domains on the
GN after the modification process. In addition, the G band
broadening of PEG-g-GN indicated that the sp> structure of GN
was partially destroyed. The new absorption peaks occurred in
PEG-g-GN, which are associated with the characteristic peaks of
PEG, such as methylene (C-H stretch near 2869, 2826 and
1433 cm ') and ether bonds (C-O-C stretch in the range of
1100-1300 cm™).*** The result revealed the successful syn-
thesization of PEG-g-GN.

The samples were assessed via thermogravimetric analysis
(TGA) to further prove the success of modification (Fig. 3). On
the basis of the results, GN exhibited no significant weight loss
up to 600 °C. However, two weight loss stages occurred in PEG-
¢-GN after its modification. The primary mass loss of the

GN

9 r
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Fig. 3 TGA curves of GN and PEG-g-GN.
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Fig. 4 SEM images (a) GN and (b) PEG-g-GN.

modified sample occurred in the temperature range of 130-
220 °C, and the weight loss was 0.91 wt%, which was assigned to
the degradation of grafted MAH molecules.”® The major weight
loss of approximately 2.96 wt% between 230 °C and 600 °C
mainly originated from the pyrolysis of the grafted PEG
chains.”

The SEM images are visual evidence of the grafting modifi-
cation success. Fig. 4a shows the smooth and flat microscopic
surface topography of GN. After the modification, several small
particles and slight wrinkles were observed on the micro-
surface of PEG-g-GN (Fig. 4b), originating from PEG and GN
reaction.

The hydrophilicity of GN and PEG-g-GN varied with the
changes in the surface polarity of GN and PEG-g-GN. To char-
acterise the GN and PEG-g-GN surface polarity, contact angle
measurements were performed, as shown in Fig. 5. The water
contact angle of GN was 91.699°, demonstrating the hydro-
phobicity of the GN.*”*** Meanwhile, the water contact angle of
PEG-g-GN after modification was 47.825° and then decreased
when compared with GN. The surface of PEG-g-GN transformed
from hydrophobicity to hydrophilicity owing to the presence of
oxygen-containing polar groups, which enhanced the GN
polarity. These polar groups on the surface of PEG-g-GN will
improve the compatibility of GN with polar materials.

Thermal stability of the composites

To evaluate the thermal stability of the composite, TGA was
conducted in an argon atmosphere to obtain the thermal
decomposition temperature of the samples, as shown in Fig. 6
and Table 1. The thermal degradation of PLA composites has
two stages. The first degradation stage occurred within the
temperature range of 99-160 °C, deriving from the loss of water.
The second stage took place with the range of 300-400 °C,

CA = 91.699

CA = 47.825

Fig. 5 Water contact angle image (a) GN and (b) PEG-g-GN.
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Fig. 6 TGA curves of the PLA, GN PLA and PEG-g-GN PLA
composites.

involving the degradation of the PLA chains.** Table 1 presents
the list of decomposition temperatures of PLA, GN/PLA and
PEG-g-GN/PLA composites.

PLA totally degraded between 314.49 °C and 385.34 °C, and
reached its fast degradation at 366.36 °C (Table 1). With the
addition of GN, the thermal decomposition temperature of the
composites improved. T,, Tr and 7. of the GN/PLA composite
increased to 320.36 °C, 371.33 °C, and 396.18 °C respectively.
After modification with PEG, the thermal stability of the
composites was further improved. T; and 7. separately
increased to 373.94 °C and 400 °C, when compared with the GN/
PLA temperatures. The T, value of PEG-g-GN/PLA was 315.65 °C,
which is lower than that of GN/PLA because of the degradation
of the MAH and PEG molecular chains. Therefore, the thermal
stability of PLA can be improved with the addition of GN and be
further enhanced when GN was modified by PEG.

Dispersion of GN in the PLA composites

The dispersion of GN in the PLA matrix was investigated via
polarised optical microscopy. Fig. 7 shows the optical reflection
micrographs of the PLA composites with various contents and
types of GN. The black parts are the GN, whereas the back-
ground is the PLA matrix. From the optical microscopic images,
GN is in the form of nanosheet clusters throughout the PLA.*
When the amount of GN was increased, the black portions
expanded, illustrating the establishment process of conductive

Table 1 Decomposition temperatures of PLA, GN/PLA, and PEG-g-
GN/PLA composites determined from TGA curves

Samples T," (°C) T¢ (°C) T. (°C)
PLA 314.49 366.36 385.34
GN/PLA 320.36 371.33 396.18
PEG-g-GN/PLA 315.65 373.94 400

“T, onset decomposition temperature; T; fast decomposition
temperature; 7., complete decomposition temperature.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Optical microscopic images of (a) 0.3 wt% GN/PLA, (b) 0.5 wt%
GN/PLA, (c) 0.5 wt% GN/PLA, (d) 0.3 wt% PEG-g-GN/PLA, (e) 0.5 wt%
PEG-g-GN/PLA, (f) 1 wt% PEG-g-GN/PLA.

networks in the PLA matrix. Unlike GN, PEG-g-GN displayed
a homogeneous dispersion with smaller clusters in PLA.
Specifically, there were some agglomerations of GN appeared in
the PLA matrix, which can introduce defects to composites.

Morphology of the composites

The micrographs of the composite cross section were obtained
via SEM (Fig. 8). As illustrated in Fig. 8a, the fractured surface of
pure PLA was smooth and plane, which can be determined as
a brittle fracture, indicating the inferior ductility of pure PLA.*

Fig. 8 SEM images of the cross sections: (a) pure PLA, (b) 1 wt% GN/
PLA, (c) 1 wt% PEG-g-GN/PLA, (d) 2 wt% PEG-g-GN/PLA, (e) 2 wt% GN/
PLA (low magnification) and (f) 2 wt% GN/PLA (high magnification).

This journal is © The Royal Society of Chemistry 2019
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With the GN loading of 1 wt%, the cross section of composites
became rough and buckling (Fig. 8b and c). The result indicated
that GN played a significant role in improving the elongation of
composites. When the filler content increased to 2 wt%, it was
clear that the some aggregations appeared in the fractured
surface of GN/PLA composites, originating from the agglomer-
ation of GN (Fig. 8e and f).** However, there was no obvious
aggregation in the PEG-g-GN/PLA composites as shown in
Fig. 8d. The result was consistent with the analyses of
mechanical properties of composites and dispersion of gra-
phene in PLA matrix.

Mechanical properties of the composites

Table 2 presents the tensile strength and elongation at break of
every composite. The molecular chains of PLA have many polar
groups, which can provide high tensile strength and low elon-
gation at break. Thus the neat PLA samples had a tensile
strength of 51.38 £ 2.63 MPa and elongation of 6.03 £ 0.30% at
break. The tensile strength of the GN-based composites was
higher than that of neat PLA. The results showed that stress
could be transferred via GN in PLA matrix because of its high
Young's modulus and tensile strength. Moreover, the PEG-g-
GN/PLA composites exhibited higher tensile strength than
GN/PLA with the same filler's loading. The maximum tensile
strength values of the composites were 59.46 + 1.67 MPa for
PEG-g-GN/PLA and 57.26 £ 3.53 MPa for GN/PLA. With further
addition of filler, the tensile strength values became small,
indicating that the dominant factors for improving the
mechanical properties were the filler's content and dispersion
of GN in PLA. Hence, the aggregation degree and dispersion
quality were inferior when a large amount of GN was added. The
defects induced by the agglomeration of GN in PLA (Fig. 7)
resulted in the elongation reduction at break of GN/PLA
composites. Owing to the uniform dispersion of PEG-GN in
PLA, PEG-g-GN acted as a bridge to prolong the fracture of
composites and decrease the sudden risk of failure. Hence, the
maximum elongation at break of PEG-g-GN/PLA was 6.26% with
loading of 0.5 wt%. However, when the added PEG-g-GN was in
excess, the defects in composites would increase, thereby
decreasing the tensile strength and elongation at break.

Table 2 Tensile properties of the PLA, GN/PLA and PEG-g-GN/PLA
composites

Elongation at

Samples Tensile strength (MPa) break (%)

PLA 51.38 £ 2.63 6.03 + 0.30
0.3 wt% GN/PLA 52.94 £+ 2.24 5.87 £ 0.36
0.5 wt% GN/PLA 54.67 £ 2.60 5.24 + 0.38
1 wt% GN/PLA 57.26 £ 3.53 4.72 + 0.66
2 wt% GN/PLA 56.71 + 2.88 4.44 £ 0.40
0.3 wt% PEG-g-GN/PLA 53.44 £ 1.90 6.13 + 0.34
0.5 wt% PEG-g-GN/PLA 55.89 £ 2.15 6.26 + 0.27
1 wt% PEG-g-GN/PLA 59.46 £+ 1.67 5.72 £ 0.45
2 wt% PEG-g-GN/PLA 57.57 £ 3.12 5.15 + 0.57

RSC Adv., 2019, 9, 10599-10605 | 10603
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Fig. 9 Electrical conductivity of the GN PLA and PEG-g-GN PLA
composites as a function of the filler's content.

Electrical conductivity of the composites

Fig. 9 shows the electrical conductivity of the GN/PLA and PEG-
2-GN/PLA composites. The figure clearly illustrates that the
electrical conductivity increased with the increase in GN and
PEG-g-GN content. With the increase in filler's concentration,
the conductive networks gradually formed and penetrated into
the insulating PLA matrix.** With the increase in filler's content,
the formation of conductive networks became increasingly
perfect (as proved in Fig. 7). The electrical conductivity rose
from 10™'* to 107> S cm™!, whereas the content of the filler
increased from 0 to 2 wt%. Moreover, PEG-g-GN became
considerably effective in enhancing the electrical conductivity
of PLA than CN, as depicted in Fig. 9. When the concentration
was 0.3 wt%, the electrical conductivity values of the PEG-g-GN/
PLA and GN/PLA composites were 3.62 x 107> and 1.03 x
1077 S em !, respectively. Unlike GN, PEG-g-GN improved the
electrical conductivity of the composites by two orders of
magnitude, owing to the uniform dispersion of PEG-g-GN in the
PLA matrix. The MAH and PEG molecular chains occupied
a certain space volume, allowing GN to overcome its attraction
and to disperse well. Moreover, the oxygen-containing groups
that originated from MAH and PEG molecular chains on the
surface of GN can increase the polarity of the modified sample
to enhance its compatibility with PLA. The conductivity values
maintained a slow growth with the increase of loading (>1 wt%).
Since the PEG is insulating and the modification could slightly
destroy the conjugated structure of GN, leading to the decrease
in conductivity. Thus, the conductivity of GN was a dominant
factor in determining the conductivity of composites at large
added amount of GN. The conductivity of GN/PLA was close to
that of PEG-g-GN/PLA with a filler content of 2 wt%.

Conclusions

Herein, a novel PEG-g-GN was prepared, and the physical
properties of its composites were characterised. MAH was used
as a coupling agent for GN to obtain functional groups via
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Diels-Alder reaction, and then, PEG was reacted with the
anhydride groups of the modified GN, which was confirmed by
the FTIR spectra and TGA. SEM revealed the transformation of
GN from smooth to tiny particles on the micro-surface after
modification. The -7 conjugated structure of GN was partially
destroyed after these reactions, as observed in the Raman
spectra. Furthermore, PEG-g-GN had good hydrophilicity with
the water contact angle at 47.825° because of the presence of
oxygen-containing groups. Hence, PEG-g-GN not only possessed
high conductivity but also had superb compatibility with PLA.
The addition of PEG-g-GN and GN to PLA could also improve
the physical properties of the composites, such as thermal
stability, electrical conductivity and mechanical performance.
The molecular chains of PEG can prevent the GN agglomeration
and be used as a plasticiser agent for PLA to enhance the
thermal stability, compatibility, conductivity and elongation at
break of the composites. The tensile strength of the PEG-g-GN/
PLA composites was maximised with the addition of PEG-g-GN
at 1 wt%, which was higher than that of the GN/PLA composites
with the same amount added. Furthermore, the conductive
polymer composites can be suitable for many moulding
methods including injection, extrusion and three-dimensional
printing. These methods have various applications in the
fields of biomedical supplies, battery and sensor.
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