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Abstract Multilayer graphene was prepared by mechanical exfoliation of natural graphite with dioctyl phthalate (DOP) as milling
medium without solvent. The obtained mixture could be directly mixed with poly(vinyl chloride) (PVC) for melt-forming, with DOP
acting as plasticizer and graphene acting as conductive filler for antistatic performance. The composite showed surface resistance of 2.5 x
10° Q/o at 1 wt% carbon additive, significantly lower than approx. 7 wt% of raw graphite required for achieving the same level. This value
is low enough for practical antistatic criterion of 3 x 10® /0. The effect of filler addition on mechanical performance was minimal, or
even beneficial for the milled carbon in contrast to the case of raw graphite.
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INTRODUCTION

Poly(vinyl chloride) (PVC) is a major commodity polymer
used for insulator, flooring and construction pipes based on
its chemical-, flame- and corrosion-resistancel'l. However,
insulation property of PVC makes it prone to electrostatic
charging-up, which can cause sparks leading to fire. In
circumstances like chemical plants, gas stations and coal
mines, antistatic-modified PVC products are important for
ensuring safety!”. Many methods have been proposed to
improve the antistatic property of PVC products, and
addition of conductive filler is known to be effective. For
example, graphitel], carbon black[* and carbon fiberl have
been used to enhance conductivity of PVC composites.
However a high loading, generally up to 30 wt%, of these
carbon materials is needed to meet the performance
requirements. Such high loadings can sacrifice the
mechanical properties and process performance of the
material. Similar to conductive fillers, nanoscale carbon
materials such as graphite powderl®, carbon nanotube
(CNT)7- 8 and graphenel® %1 aroused great interests. The
graphene-PVC composites reported so far were prepared by
in situ polymerization or addition of graphenel’ ' 12], but the
dispersion of graphene in the matrix is generally difficult.
Ball milling is an effective way for exfoliating graphite
into graphene/multilayer graphenel!3~15]. There are two
modes in ball mill processing: dry and wet. Dry milling of
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neat graphite can realize quick exfoliation, but accompanies
destruction of the graphene sheet structure leading to
amorphization and thus loss of electric conductivity(!6l. In
contrast, wet milling, i.e. milling with an inert liquid, gives
milder ball impacts, better protecting the graphene
structurel!3: 7], Difficulty in wet milling is the use of large
amounts of solvent and its subsequent removal. Thus,
finding an effective method of wet milling with no necessity
to remove the solvent is very important.

We here propose the use of dioctyl phthalate (DOP) as
graphite milling medium. DOP is a widely used plasticizer of
commodity plastics including PVC. Therefore, if it is effec-
tive as medium for graphite milling, this approach can be
useful for impregnating PVC with graphene. Besides the
anti-static effect, influence of graphene addition on the mecha-
nical properties is also of interest. We present below the
results of the assessment together with microscopic observa-
tion of filler-matrix interface to confirm good compatibility.

EXPERIMENTAL

Materials

Poly(vinyl chloride) (PVC SG-5) in powder form was
supplied by Inner Mongolia Junzheng Energy & Chemical
Industry (China); calcium/zinc compound stabilizer was
supplied by Tiantang Auxiliaries Chemical (China); dioctyl
phthalate (DOP) was supplied by Macklin Biochemical
(China) and used as received; graphite flake (150 pm) was
obtained from Qingdao Tianheda Graphite (China).

Preparation of the Graphene-PVC Composite
Typically, 4 g of graphite flake and 30 g of DOP were loaded
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to a 350-mL agate pot containing 300 g of 1.0 cm zirconia
balls. The pot was operated by a planetary mill (QM3SP4,
Nanjing University Instrument Plant) at 540 r/min for 24 h.
The resulting suspension was mixed with 70 g of PVC
powder and 3 g of stabilizer in a high-speed dispersion
machine (DFY-500, Wenzhou Dingli Medical Equipment
Co.). The mixture was injection-molded by a Haake MiniJet
Pro. The injection conditions were 175 °C and 70 MPa, then
holding pressure for 5 s. The square specimens (100 mm X
100 mm x 2 mm) were molded by a hot press at 170 °C
(Fig. 1). The graphite-PVC composite for comparison was
prepared by the same procedure except ball-milling.

Characterization
Microscopic structure was examined by scanning electron
microscopy (Hitachi S-4800, operated at 10 kV),
transmission electron microscopy (JEOL E-2100) and atomic
force microscopy (Bruker Multimode 8). The graphene/
graphite samples for SEM were prepared by the method of
dispersing graphene/graphite in ethanol, and adding dropwise
on sticky rubber substrate. The samples for TEM were
prepared by adding the 0.05 wt% graphene/graphite ethanol
dispersion on copper grid. Raman spectroscopy was
conducted by a 532 nm laser with an Raman spectrometer
(inVia-Reflex) equipped with an air cooled CCD detector.
The electrical resistivity of the composites was measured
by megohmmeter (ACL Model 800). Tensile test was done
by a universal testing machine (Instron 5966) with crosshead
speed of 5 mm/min. At least five samples were tested for
each composition. The standard for tensile tests is GB/T
1040-2006.

RESULTS AND DISCUSSION

Characterization of Exfoliated Graphene

The starting graphite and the ball-milled graphene were
dispersed in ethanol and irradiated by laser beam as shown in
Fig. 2. The graphite particles settled down in less than 1 h
and supernatant was nearly transparent. In contrast, the ball-
milled product (Fig. 2b) had a small amount of precipitate
and the supernatant showed clear Tyndall scattering,
indicating colloidal dispersion of graphenel!®].

The exfoliated graphene was examined by transmission
electron microscopy as shown in Fig. 3. Figs. 3(a) and 3(b)
show that the graphene had thin lamellar structure with
lateral dimensions of several micrometers. Two electron
diffraction (ED) patterns taken from the positions of the
white spot (Fig. 3¢) and black spot (Fig. 3d) showed the
typical hexagonal symmetry of graphite or graphenel!9: 20],
demonstrating that the obtained graphene or graphite sheets
had high crystallinity. Diffraction intensities taken along the
1-210 to —2110 axis for the patterns in Figs. 3(c) and 3(d)
are respectively shown in Figs. 3(e) and 3(f). I{11003/I{2110} >
1 in Fig. 3(e) demonstrates that the edge of graphene sheets
possessed good crystallinity and single layerl?!l, and
I00y/I2110 < 1 in Fig. 3(f) indicates the multilayer
graphene structure(22],

Fig. 4 shows the typical tapping-mode AFM image of the
graphene flakes deposited on mica substrate. The lateral
dimension is around 200 nm. The topographic profile
corresponding to the mark lines blue and red crosses shows
the thickness of graphene sheet to be approx. 3.3 nm,
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Fig.1 Schematic diagrams of (a) preparing graphene by ball milling with DOP, and (b) preparing graphene-PVC composite.
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1-210

" S o-110
1010
2110

200

—_
D
(=]

100

Intensity (a.u.)

50

%.0 02 04 06 08 10 12 14
Distance (A™)

250

200 [

150

100 [

Intensity (a.u.)

50

%.0 02 04 06 08 10 12 14
Distance (A™)

Fig. 3 (a) TEM images of graphene sheet obtained by ball milling and (b) high resolution image of marked region in (a);
(c) Electron diffraction patterns taken from the positions of white spot in (b), and (d) of the black spot in (b); (e, f)
Diffraction intensity taken along the 1-210 to —2110 axis for the patterns in (c) and (d), respectively

indicating multilayers of about 10 single sheets.

According to X-ray photoelectron spectroscopy (XPS)
measurements, the surface of the as-prepared graphene is
similar to those of the raw material graphite (Fig. 5),
indicating that only the graphite surface was protected by
DOP!23]. The carbon percentage of the graphene and graphite
was calculated, and the results had no significant differences,
indicating that there existed neither in-plane defect nor

functionalization in the obtained graphene products!241,

Fig. 6(a) shows the Raman spectra of the bulk graphite
and graphene sheets. Three important peaks are G at
~1580 cm™L, D at ~1350 cm™! and 2D at ~2700 cm™1[25], The
G peak is due to the bond stretching of all pairs of sp? atoms
in both rings and chains; the D peak is due to breathing
modes of sp? atoms in ringsi26- 271, Fig. 6(a) compares the
Raman spectra of graphene and graphite. It shows a notable
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Fig. 4 AFM images of multilayer graphene sheets obtained by mechanical exfoliation. Typical thickness ranges from 3 nm

to 30 nm.

3.0x10°
2.5x10° | Cls (95.47%)

2.0x10°

Lsx10° L Ols (437%)

Graphene
1.0x10° |

Intensity (a.u.)

0,
5.0x10% | Ols (2.66%) Cls (96.4%)

Graphite
ol [ Graphite |

1 1 1
800 600 400 200 0
Binding energy (eV)

Fig. 5 XPS spectrum of graphite and exfoliated graphene

change in the shape of 2D peak between the two. Fig. 6(b)
shows that 2D peak of graphite consists of two components
named 2Di1 and 2D2[?5 28] while graphene has a single
2D peak. The shape of this 2D peak is not sharp as that
of single-layer graphenel?], but similar to the peak of few
layer-graphenel?%- 301, Similar results have been reported
for few-layer graphene prepared by mechanical
exfoliation[26: 311,

Antistatic Properties of Graphene-PVC Composites

General criterion for antistatic performance is surface
resistivity lower than 3 x 10% Q/o for PVCI!. Fig. 7 shows
the effects of graphite and graphene on electrical resistivity

of the corresponding PVC composites. The resistivity of neat
PVC is about 10'® Q-cmP?l. Loading of graphene/graphite
naturally reduces resistivity drastically, but the effectiveness
differs greatly for the two. Loading level to reach the
criterion is approx. 0.8% for graphene, while it is approx. 7%
for graphite. This difference obviously results from the
drastic increase in the particle population by exfoliation,
leading to reduced percolation threshold for graphene.

Mechanical Properties of Graphene-PVC Composite
In general, use of inorganic fillers causes increase in stiffness
and decrease in tensile strength. Fig. 8 shows tensile
behavior of the composites. Both graphite and graphene
additions cause an increase in Young’s modulus, but there
are remarkable differences between the two. The modulus of
graphite composites stayed at nearly the same up to 7%
loading, and from there rose steeply with loading up to 20%.
In contrast, the modulus of graphene composite rose steadily
up to 4% loading to give increase from 25 MPa to 33 MPa.
More remarkable difference is seen in tensile strength. While
graphite loading caused significant decrease from 15 MPa to
10 MPa, graphene loading gave nearly constant levels of
approx. 15 MPa. Correspondingly, the change in elongation
at break was more significant for graphite. One must note the
difference in loading level scales in the comparisons, but it is
clear that at the loading levels to give necessary reduction in
resistivity, graphene loading has the minimal detrimental
effect on the tensile properties.

Fig. 9 shows SEM images of the original graphite particles
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Fig. 6 (a) Comparison of the Raman spectra for graphene and graphite measured at 532 nm; (b) Comparison of the

2D peaks in graphene and graphite
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Fig. 7 (a, ¢) Surface and (b, d) volume resistivity of PVC composites: (a, b) graphene, (c, d) graphite. Note the difference in
ordinate scales. Horizontal dotted lines show criterion for antistatic performance.

and the exfoliated graphene by DOP milling. The latter was
extensively comminuted, and densely stack-aggregated on
the substrate. Fig. 10 shows the tensile-fractured section of
graphite- and graphene-PVC composites. Comparison of
low-magnification images (Figs. 10a and 10b) indicates that
graphene particles were much finer and more
homogeneously dispersed in the matrix, and only the high-
magnification image (Fig. 10c) shows protruding graphene
particles clearly. In contrast, the graphite composite showed

more rugged cross sections with large graphite flakes
protruding to make cavities (Fig. 10a). Fig. 10(d) presents
cross section of the graphene composite made by bending
fracture, which exhibits features similar to Fig. 10(b). The
EDS elemental mapping of C and Cl for this specimen
(Figs. 10e and 10f) shows highly homogeneous distribution
of graphene in the matrix. These microscopic features
correspond well with the superior electric and mechanical
performances described above.
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Fig. 9 SEM images of (a, b) original graphite dispersed on sticky
rubber substrate, and (c, d) multilayer graphene, surface of deposi-
ted layer

CONCLUSIONS

Our examination of ball milling graphite with DOP, a
representative plasticizer, showed that the product was
multilayer graphene sheets maintaining high crystallinity,
and that they could be readily loaded to PVC to form slightly
conductive, anti-static composite. The loading level

Fig. 10 SEM images of the tensile-fractured surface of
composites: (a) graphite-PVC composite, (b) graphene-PVC compo-
site, and (c) high magnified image of (b); (d) SEM image of bend-
fractured surface of graphene-PVC composite; (e, f) EDS element
mapping of C and CI, respectively
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necessary for surface resistivity of 3 x 108 Q/o was approx.
0.8 wt%, and detrimental effect to mechanical performances
was minimal. This method of plasticizer-mediated milling of
graphite for anti-static loading would be practically useful for
plastic materials at large scale.
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