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ABSTRACT: Size-controlled alkylated reduced graphene oxide (M-LTRGO) with
a narrow particle size distribution was synthesized in one step via a low-temperature
thermal expansion strategy at a large scale. The physicochemical properties of the
modified graphite oxide (M-GO) and M-LTRGO with changes in the particle size
were characterized and discussed. After incorporation in low-density linear
polyethylene (LLDPE) by melt blending, the composites have been characterized
regarding their morphological, mechanical, and electrical properties to study the
performance evolution of LLDPE/M-LTRGO with changing M-LTRGO size. The
electrical properties of the LLDPE/M-LTRGO composites show the exact opposite
trend with the M-LTRGO tablet, as the changing of the average M-LTRGO size.
The opposite electrical phenomenon ascribes the small-size M-LTRGO resulting in
a better dispersion in LLDPE matrix, which is determined by the mean surface-to-
surface interparticle distance (IPD) from examination of scanning electron
micrographs.

■ INTRODUCTION

The high plastic conductive composites have received
increasing attentions recently due to persistent conductive
pathways when stretched, bended, twisted, or folded, which
provides great potential in the field of sensors, stretchable
electronics, conductive adhesives, etc.1 Polymer nanocompo-
sites based on carbon black, carbon nanotubes, and nanometal
particles have been used for improved mechanical and electrical
properties and environmental applications of polymers.2,3The
discovery of graphene4 with its combination of extraordinary
physical properties and ability to be dispersed in various
polymer matrices has created a new class of conductive polymer
nanocomposites.5 Among them, polyolefin composites have
been developing vigorously to overcome some drawbacks of
pure polyolefin,1,6 which is the most widely used polymer7 in
human life and industrial manufacturing due to the outstanding
properties, such as easy processing, chemical stability, non-
toxicity, and low cost.8,9 Recently, thanks to the development of
effective chemical and thermal reduction methods of graphite
oxide (GO), large scale preparation of reduced graphene oxide
(RGO) has been rapidly developed to fulfill the mass demand
in the conductive polyolefin composites field6,10,11 due to
relatively more excellent physical properties.12−16 The phys-
icomechanical properties of a polyolefin-based RGO composite
are highly dependent on the dispersion state and interfacial

interaction between RGO and polyolefin.17,18 However, there
are no polar groups on the backbone of LLDPE, which restricts
the effective dispersion and interface compatibility of RGO
without compatibilization.19,20 The functionalization of RGO is
relatively complex and difficult for wide industrial production.
Normally, the GO was first low-temperature exfoliated12 into
high-exfoliated RGO to retain more functional groups, followed
by further functionalization to improve the interfacial
compatibility, such as LLDPE-graf t-Aminomethylpyridine/
RGO,21 Polypropylene-graf t-thermally RGO,22 etc. These
synthetic strategies significantly enhance the electrical and
thermal properties of the polyolefin/RGO composites depend-
ing on the high pre-exfoliation and effective alkyl modification
to RGO, but the complex synthesis process is still not concise
enough to meet the demand of industry production. Herein,
the in situ peeling modified GO provides with us a facile route
to synthesize high-exfoliated functional RGO at large scale.6,23

The efficient and environmentally friendly modifier is the key
issue to fabricating the high-exfoliated functional RGO at large
scale. The dodecyldimethylamine oxide (DDAO) as an amine
oxide based zwitterionic surfactant is one of the most frequently
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used surfactants and widely used in detergent, toiletry, and
antistatic preparations,24 which was capable of being rapidly
grafted on the surface of GO in acidic and neutral aqueous
solution and showed excellent lipophilicity.19 It is worth
mentioning that amine oxide based surfactants (include
DDAO) could be rapidly and easily converted into carbon
dioxide, water, and biomass under aerobic conditions without
secondary pollution to the environment.25

In this work, size-controlled GO was first alkylated with
DDAO in aqueous solution, which not only accelerates the
drying process due to the excellent hydrophobicity but also
constructs a spacer between the GO particles. Then the size-
controlled alkylated GO (M-GO) was thermally expanded at
low temperature into the size-controllable modified low-
temperature reduced graphene oxide (M-LTRGO) with a
narrow particle size distribution. After incorporation in LLDPE
by melt blending, the composites have been characterized
regarding their morphological, mechanical, and electrical
properties to study the performance evolution of LLDPE/M-
LTRGO with changing particle size. The inner connection
between the physicochemical properties of composites and the
size of the M-LTRGO was assessed by determining the mean
surface-to-surface interparticle distance (IPD)26 from an
examination of scanning electron micrographs. The designed
RGO has built-in alkyl functions that facilitate novel material
processing and diverse applications.27,28 The large specific
surface area, open 3D structure, high conductivity, and chemical
activity may turn M-LTRGO into a high-capacity well-ordered
ion storage medium that is feasible for applications concerning
supercapacitors,12,23 lithium-ion batteries,29 ect.

■ METHODS

The synthesis of size-controllable M-LTRGO involves three
steps (Scheme 1). The first results in fully oxidized graphite
with a modified Hummers method30 as the raw material of the
flaky graphite with optimized mesh (including 32, 150, 325,
600, 1200, 2000 mesh). The second corresponds with the rapid
alkyl modification to GO. The excessive dodecyldimethylamine
oxide (DDAO) was slowly added into the above designed
graphite oxide (GO) suspension with the assistance of
mechanical agitation. Then, the GO rapidly flocculated and
deposited. Eventually, the modified graphite oxide (M-GO) was
washed by suction filtration and dried at 60 °C for 24 h. The
last step is responsible for the low-temperature thermal
exfoliation to MGO with modified low-temperature expansion
technology.6 The LLDPE/M-LTRGO composites were pre-
pared by melt blending using a Lab Tech melt mixer at 180 °C

for 15 min at the rotor speed of 60 r/min. Finally, test samples
were obtained by hot-press forming technology at 180 °C/15
MPa for 10 min.

Characterization of Structure and Components.
Elemental composition was carried on the X-ray photoelectron
spectrum (XPS, ESCALAB 250), and a liner background was
assumed. The monography and structure were investigated by
Scanning Electron Microscopy (SEM-Tescan MIRA 3 XMU/
XMH), transmission electron microscopy (TEM-Hitachi H-
600), and X-ray diffraction patterns (XRD-Rigaku D/max-
2400). The surface area and pore structure of the samples were
measured by N2 adsorption at 77 K using the BET method on a
MICROMERITICS TriStarII 3020 surface analyzer. Thermal
gravimetric analysis (TGA) of the samples was performed on a
Perkin−Elmer Diamond thermal analyzer from room temper-
ature to 700 °C, using a heating rate of 10 °C/min with Ar
protection. The tensile strength of the designed samples was
tested according to the China National Standard GB/T
1040.2−2006 with a tensile rate of 50 mm/min. The electrical
conductivity of the M-GO and LLDPE/M-LTRGO composites
were measured by a PC68 digital high resistance meter
(Shanghai No.6 Electric Meter Factory Co., Ltd. China). The
electrical conductivity of the M-LTRGO is measured by a Four-
Prober.

■ RESULTS AND DISCUSSION

The physicomechanical properties of the polymer composites
are mainly determined by the dispersion state of the filler and
interfacial interaction between the filler and polymer
matrix.17,18 In order to improve the dispersion of RGO in the
polyolefin matrix during the melt blending, the exfoliation to
RGO is believed to be necessary to increase the contract surface
and molecular chains wetting rate.6,16,21,31 As shown in Figure
1a, after low temperature thermal expansion, the MGO was
exfoliated into the accordion-like 3D structure with a large
specific surface area of about 300 m2/g. It exhibits the type-IV
adsorption isotherms32 from the adsorption−desorption curve
as shown in Figure 1b. Similar to the SEM image in Figure 1a,
the adsorption model of M-LTRGO shows good consistency
with the combination of the ink bottle structure33 and V-plate
structure32 through fitting the adsorption/desorption curve.
Simultaneously, the size-controllable M-LTRGO was success-
fully synthesized by optimizing the size of the raw graphite as
shown in Figure 2.

As observed from the size statistics of size-controlled M-
LTRGO, the size of the M-LTRGO decreases with decreasing
graphite size; the size of all the M-LTRGO is generally less than

Scheme 1. Schematic Illustrating a Procedure To Fabricate LLDPE/M-LTRGO Composites
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the raw graphite due to the violent oxidation and low-
temperature expansion reduction. Correspondingly, as shown
in Figure 3a, the specific surface area (SSA) of the M-LTRGO
gradually increases with the decrease in the M-LTRGO average
size, as further supported by the adsorption−desorption curve
in Figure 3b. The SSA value behaves in a linear relationship
with the reciprocal of the average size (1/R) of M-LTRGO as
shown in following eq 1:

μ= + RSSA (m /g) 187.7 6001
( m)

2
average (1)

Besides the effect of filler dispersion on the performance of
composites, the interfacial interactions between M-LTRGO and
the polyolefin matrix plays an important role in maximizing the
physical properties of RGO.34 Therefore, the GO was first
modified by the DDAO in an extremely short time (5−30 s),
with further low-temperature thermal exfoliation to M-LTRGO
with short alkyl chains on the surface as shown in the inset
schematic of Figure 4a, which is beneficial in increasing the
compatibility between M-LTRGO and the polyolefin ma-
trix.17,19 As shown in Figure 4a, the peaks that appeared at
3437, 1632, and 1066 cm−1 in the FT-IR spectrum of M-

LTRGO are a typical feature of GO/RGO, corresponding to
the presence of hydroxyl, carboxyl, and epoxy groups,
respectively.12 Besides, the asymmetric peak relative intensity
of M-LTRGO at 2920 and 2845 cm−1 were assigned to the
CH2 stretching vibrations of the alkyl group.35 It was sufficient
to provide good dispersion and high interfacial adhesion
between the RGO sheets and LLDPE matrix. Simultaneously,
as shown in Figure 4b, the disappearance of the X-ray feature
diffraction peak of MGO of about 9.28° demonstrates the full
exfoliation to MGO.12,36

Figure 1. Morphological characterization (a) and adsorption behavior
(b) of M-LTRGO.

Figure 2. SEM characterization and horizontal size statistics of size-controlled M-LTRGO corresponding to the raw graphite size of 32M (a), 150M
(b), 325M (c), 600M (d), 1200M (e), and 2000M (f), respectively.

Figure 3. Size statistics and BET analysis of size-controlled M-
LTRGO.

Figure 4. FT-IR spectrum (a) and XRD pattern (b) of M-LTRGO.
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After further characterization by an X-ray photoelectron
spectrometer (XPS), the N element (identifier element of
DDAO) concentration ratio gradually increases with the
decreasing average size of M-LTRGO, as shown in Figure 5a,
b. This is because that there would be more DDAO alkyl chains
attached on the surface of the smaller size MGO particle due to
the size effect, processing higher content in unit volume. In
addition, the C−N bond (285.6 ± 0.3 eV) of the C 1s fitting
spectrum (Figure 5c) certifies that a certain amount of alkyl
groups attach on the surface of M-LTRGO.37

The modifier concentration on the surface of L-LTRGO
would affect the electrical behavior of the MGO and M-
LTRGO,16 as shown in Figure 6a. Generally, the volume
electrical conductivity of the MGO and M-LTRGO com-
pressed tablets (20 MPa, 10 min) gradually decreases with the
decreasing average size of the samples. From comparision of
MGO and M-LTRGO with the GO and RGO, it was observed
that the modifier (DDAO) is the isolated phase because of the
poor electrical conductivity. So increasing the isolated phase
and decreasing the conductive phase in the compressed MGO
and M-LTRGO film collaboratively led to the decreasing
volume conductivity, which is also supported by the XPS
characterization (Figure 5). Before thermal exfoliation, the
electrical conductivity of MGO shows a decline in magnitude
with the decreasing average size of MGO. Once thermally
exfoliated, the electrical conductivity of M-LTRGO shows the
same decreasing trend but within an order of magnitude. This is
because, after rapid modification, the modifier (DDAO) is
mainly concentrated on the surface of the MGO (without
ultrasonic stripping) as shown in Figure 6b, compared with the
exfoliated M-LTRGO, the isolated phase (DDAO) occupies
more volume in the MGO tablet than M-LTRGO, and the M-
LTRGO is easily able to achieve sheet contact. Therefore, the

MGO finally shows a more significant changing trend than M-
LTRGO in volume resistance.

To investigate the size effect of M-LTRGO in melt-blending
polyolefin/RGO composites, the designed M-LTRGO was
effectively incorporated in the LLDPE matrix relying on the
expected alkyl modification and exfoliated 3D open structure.
At a high concentration of M-LTRGO loading, the crystallinity
of the LLDPE composites dynamically declines due to the
steric effect and the thermal motion restricting polymer chains
during the cooling crystallization process.38 As shown in Figure
7a, the crystallinity of the LLDPE/M-LTRGO composites was
calculated according to the following eq 2:19

=
+

+ +
X

S S
S S SA

c
200 100

200 100 (2)

The conductivity of the PPR/M-LTRGO composites was
also characterized regarding the influence of the loadings
(Figure S3) and size (Figure 7) of M-LTRGO. As shown in
Figure 7b, the volume electrical conductivity of the LLDPE/M-

Figure 5. XPS wide spectrum (a), atomic concentration ratio (b), and fine fitting spectrum of M-LTRGO (c).

Figure 6. Electrical behavior of MGO and M-LTRGO with gradient size.

Figure 7. XRD patterns (a) and volume electrical conductivity (b) of
LLDPE/M-LTRGO composites.
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LTRGO composites gradually increases with decreasing M-
LTRGO size, which varies in a contrasting trend to the
electrical conductivity change of MGO and M-LTRGO. It
could be explained from the dispersion of the M-LTRGO and
the construction of the conductive network in LLDPE
composites.

The loadings of 10 wt % in this system is enough to realize
the construction of the conductive network for designed M-
LTRGO as supported by the SEM characterizations (Figure 8)
and electricity test results (Figure S3). Here, the dispersion of
the M-LTRGO in the LLDPE matrix was assessed by
determining the mean surface-to-surface interparticle distance
(IPD)26 from an examination of scanning electron micrographs.
The much lower IPD in the surface-modified nanoparticle
composite indicated a greater degree of dispersion and a higher
interfacial surface area between the nanoparticles and the
LLDPE matrix.39

As shown in Figure 8a, the M-LTRGO randomly distributes
in the LLDPE matrix. The seamless convergence between M-
LTRGO and LLDPE (Figure S2) indicates the good
compatibility,40 which is beneficial from the modification of
DDAO. The large-size M-LTRGO still retains the generally
larger shape, similar to the small-size M-LTRGO as shown in
Figure 8 and Figure S2. By the statistical mean center-to-center
distance of M-LTRGO in the matrix, the IPD in the LLDPE/
M-LTRGO composites gradually decrease (from 160−10 μm)
with the decrease in average size, which indicates a better
particle dispersion39 in the LLDPE matrix as shown in Figure
9a. Therefore, the correspondingly increased volume electrical
conductivity of the LLDPE/M-LTRGO should be ascribed to
the better particle dispersion of M-LTRGO, both exhibiting
good correspondence in Figure 9a. As shown in Figure 9b, c,
the electric conduction of the composite is realized on the basis
of retaining the original morphology of the M-LTRGO and
contacting each other. Therefore, the better M-LTRGO

dispersion facilitates constructing more electric conductive
channels in the LLDPE matrix and results higher volume
electrical conductivity.41

Eventually, the mechanical properties of LLDPE/M-LTRGO
composites were tested via the Instron testing system shown in
Figure 10a. After incorporating 10 wt % M-LTRGO, the

LLDPE/M-LTRGO composites display obvious enhancement
in tensile yield strength (increased by 66% on average) and
elastic modulus (increased by 210% on average) relying on the
designed alkyl modification and open 3D structure,42 which
could provide the persistent conductive pathways under shock
or a high load. The larger size M-LTRGO results in a higher
modulus but a lower tensile yield strength in LLDPE/M-
LTRGO composites through melt blending in this work. The
lower tensile yield strength is due to the poorer dispersion of
the large-size M-LTRGO in the LLDPE matrix; simultaneously,
the higher elastic modulus is ascribed to the higher aspect ratio
of large-size M-LTRGO.43,44 Besides, as shown in Figure 10b,
the obvious enhancement in thermal stability (increased 40 °C
on average) effectively broadens the working temperature of

Figure 8. SEM images of LLDPE/M-LTRGO composites with M-LTRGO-phase highlighted in yellow, corresponding to (a) L/M-L-32 (large), (b)
L/M-L-325 (middle), and (c) L/M-L-1200 (small).

Figure 9. Interparticle distance (IPD) plotted as a function of M-LTRGO particle average size (a). Conductive network SEM image (b) and model
diagram (c).

Figure 10. Mechanical properties (a) and thermal behaviors (b) of the
LLDPE/M-LTRGO composites.
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the electric conductive polyolefin composites.45 It is still due to
entanglement between RGO and LLDPE chains22 and the high
efficiency in catching free radicals.46 The M-LTRGO can
increase the thermal degradation activation energy of LLDPE/
M-LTRGO nanocomposites through restricting the thermal
motion of polymer chains.38

■ CONCLUSION
In summary, the M-LTRGO could significantly improve the
mechanical (increased by 66% of tensile yield strength and
210% of elastic modulus) and electrical properties (increased
by 7 orders of magnitude) as well as thermal stability (increased
40 °C on average) of the polyolefin/M-LTRGO relying on the
open 3D structure and surface alkyl properties with a loading of
10 wt %. The larger-size M-LTRGO results a higher modulus
but a lower tensile yield strength and a lower volume electrical
conductivity in LLDPE/M-LTRGO composites due to the
higher aspect ratio and poorer dispersion, respectively. The
dispersion of the M-LTRGO in the LLDPE matrix was assessed
by determining the mean surface-to-surface interparticle
distance (IPD); the smaller size of the M-LTRGO results in
the lower IPD and the better dispersion in LLDPE matrix. The
volume electrical conductivity of the LLDPE/M-LTRGO
increased with decreasing average size of the M-LTRGO
mainly due to better particle dispersion.
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