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Despite the great potential of graphene as the nanofiller, to achieve homogeneous dispersion remains the
key challenge for effectively reinforcing the polymer. Here, we report an eco-friendly strategy for
fabricating the polymer nanocomposites with well-dispersed graphene sheets in the polymer matrix via
first coating graphene using polypropylene (PP) latex and then melt-blending the coated graphene with
PP matrix. A ~75% increase in yield strength and a ~74% increase in the Young’'s modulus of PP are
achieved by addition of only 0.42 vol% of graphene due to the effective external load transfer. The glass
transition temperature of PP is enhanced by ~2.5°C by incorporating only 0.041 vol% graphene. The
thermal oxidative stability of PP is also remarkably improved with the addition of graphene, for example,
compared with neat PP, the initial degradation temperature is enhanced by 26 °C at only 0.42 vol% of
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1. Introduction

Compared with traditional composites, polymer nanocomposites
exhibit dramatic changes in some properties at very low loadings
(generally <2 vol%) of nanofillers like exfoliated nano-silicate layers
[1-3], carbon nanotubes [4,5], and graphite nanoplatelets [6—9].
However, the performance conferred by these nanofillers can be
achieved only when homogeneous dispersion of nanofillers and
strong interfacial adhesion between the nanofillers and the polymer
matrix are realized. Graphene, a single-layered two-dimensional (2D)
structure, is regarded as the strongest material to date by theoretical
and experimental results [10,11]. Chemically similar to carbon nano-
tubes and structurally analogous to silicate layers [12], graphene
nanosheets are considered to be the most promising alternative to
simultaneously improve the mechanical properties and barrier
properties as well as thermal properties. Despite the potential of
graphene as the nanofiller, to achieve homogeneous dispersion
remains the key challenge for effectively reinforcing the polymer,
especially for the non-polar polymer like polypropylene (PP) and
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polyethylene (PE)[13], two kinds of widely used general plasticsin the
world. To achieve the uniform dispersion of graphene in the polymer
matrix, solution-mixing is the ideal strategy when these polymers can
dissolve in common polar organic solvents. To date, it has been
successfully achieved to disperse graphene sheets or graphene oxide
in some polar polymers such as poly(methyl methacrylate) (PMMA),
poly(acrylonitrile) (PAN), poly(acrylic acid) (PAA), polyester, epoxy
resin, thermoplastic polyurethane (TPU), poly(vinyl alchol) (PVA)
using solution-mixing technique [14—22]. Moreover, exfoliated
polystyrene (PS)/graphene nanocomposites are also obtained using
phenyl isocyanate-treated graphite oxide and using DMF as the
solvent [23].

When it comes to the graphene nanocomposites based on PP
and PE, solution-mixing technique becomes impossible since PP
and PE are only soluble in solvents like xylene and trichlorobenzene
above 120 °C. Galland [24] and Yu [13] have respectively employed
the in situ Ziegler—Natta polymerization method to successfully
create the exfoliated polyolefin/graphite nanocomposites, however,
leaving the mechanical and thermal properties not investigated.
Additionally, this method also has limited applicability and scal-
ability. Recently, Song [25] prepared PE/graphene oxide nano-
composites using melt-blending method by adopting PE-grafted-
graphene oxide. Despite relative good dispersion of graphene
oxide in PE matrix, limited improvements in the mechanical
properties were achieved (a maximum increase by ~20% in the
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Young’s modulus, and ~ 13% in the tensile strength). Kim et al. [26]
have recently also fabricated exfoliated graphene/PE nano-
composites via employing PE functionalized analogs (amine, nitrile
and isocyanate) with thermally reduced graphene, and the tensile
modulus was greatly enhanced and higher for composites with
functionalized PE when 1,2-dichlorobenzene was used as solvent
for solvent mixing. Only until recently Torkelson [12,27] success-
fully prepared the fully exfoliated PP/graphite nanocomposites by
the solid-state shear pulverization (SSSP) technique, and incorpo-
rating 2.5 wt% graphite could lead to a ~100% increase in the
Young’s modulus and a ~60% increase in the yield strength relative
to neat PP. Moreover, the mechanical performance may still has
room to improve at a relatively high loading of 2.5 wt% graphite or
remains at a less addition of graphene nanosheets. In addition, latex
technology has already been successfully applied for incorporating
carbon nanotubes or graphene into a polymer matrix [28—31].
Koning [28,29] uses sodium dodecylsulfate (SDS) or polysaccharide
(Gum Arabic, GA) as the surfactant and polystyrene (PS) latex as the
polymer matrix to successfully fabricate well-dispersed PS/carbon
nanotubes (CNTs) nanocomposites with low percolation thresholds
of 0.3 wt%. Miltner [30] has incorporated CNTs into the PP latex
with the help of sonication to prepare well-dispersed PP/CNTs
composites, and investigated the induced nucleation effect of CNTs
on the polymer matrix. Recently, Loos [31] has prepared exfoliated
polystyrene (PS)/graphene nanocomposites using poly(styrene
sulfonate) (PSS) as the stabilizer for graphene during the reduction
of graphene oxide followed by mixing PSS coated graphene with PS
latex. All of their work employed the surfactant as the stabilizer of
nanofillers and the polymer latex as the polymer matrix.

Here, we report the creation of fully exfoliated PP/graphene
nanocomposites with the graphene coated with PP latex, which
overcomes the stacking together again of graphene sheets during
melt-blending and provides superb polymer—particle interaction
and effective load transfer. Consequently, A ~75% increase in yield
strength and a ~74% increase in the Young’s modulus of PP are
obtained by a graphene sheet addition of only 0.42 vol% (1.0 wt%).
Compared with Torkelson’s work [12,27], comparable improve-
ments in the mechanical properties could be achieved at relatively
lower graphene loading. Additionally, the thermal oxidative
stability is also significantly improved with the addition of gra-
phene sheets due to the barrier effects. This is very promising to
fabricate high-performance polymer nanocomposites with gra-
phene as the nanofiller.

2. Experimental section
2.1. Raw materials

Graphite with an average particle size of 45 pm and a purity of
99.8% were bought from Alfa Aesar Co., Ltd. Sulfuric acid (H,SO4),
hydrochloric acid (HCl), and hydrogen peroxide (H,02), potassium
permanganate (KMnQOy), sodium nitrate (NaNO3) were purchased
from Sigma—Aldrich and used as received. Hydrazine hydrate (85%)
was bought from Changzhou Ruili Chemical Co., Ltd. PP latex was
a water-based emulation of maleic anhydride-grafted-isotactic
polypropylene (in short PP latex in this study), commercialized by
Shanghai Jiaoer Wax Co., Ltd. According to the supplier, the aqueous
emulsion is composed of 30 wt% iPP, 5 wt% of anionic surfactant of
the oleic acid type, neutralized by an amino-alcohol, the remainder
being water. The latex has a solid content of 40 wt%, with a soft-
ening point of 150 °C. The weight-average molecular mass (My) of
the polymer is in the range of 7000—9000 g/mol, and its density is
0.93 g/cm?>. Polypropylene (PP) is a copolymer of propylene (90% by
mole ratio) and ethylene (10% by mole ratio) with M,, and M, of

300000 and 63 000, respectively. Its melt flow rate is 3.0 g/10 min
according to the ASTM D-1238, the density is 0.90 g/cm?>.

2.2. Fabrication of graphite oxide (GO)

The GO was prepared from graphite by the modified Hummers
methods [32]. A typical procedure was as follows. Graphite (5 g)
was added into a 500 ml flask with 60 ml concentrated H,SO4 and
32 g NaNOs. After stirring for 30 min, KMnO4 (15 g) was slowly
added into the flask with stirring and cooling by placing the flask
into an ice bath to keep the temperature below 20 °C. After
oxidizing for 4 h, the mixture was poured into a 11 beaker, and the
reaction was terminated by adding 200 ml distilled water, followed
by adding 50 ml H,0; to reduce the excess unreacted KMnOj4. The
mixture was filtered with distilled water and subsequently 5% HCl
aqueous solution until the sulfate could not be detected by BaCls.
The resulting GO was then dried at 25 °C for one week.

2.3. Fabrication of PP-coated graphene

To determine the yield of graphite oxide after reduction, 100 mg
of GO was first dispersed in a 500 ml flask with 200 ml distilled
water, and exfoliated by sonication for 30 min, then the solution
was heated to 98 °C followed by dropping 0.5 ml hydrazine
hydrate. After reduction for 6 h, the mixture was filtered under
vacuum with a PTFE filter (5 um pore size), and dried at 80 °C for
12 h to yield a solid black material with a net mass of 60 mg.
According to the reduction reaction, a ~60% yield was obtained.

To enable the reduced graphene not to stack or aggregate
together again, 100 mg of GO was first dispersed into a 200 ml
distilled water, and 0.3 g PP latex was subsequently added to keep
the mass ratio of PP latex/graphene at 2/1. When the ratio was
lower than 2:1, the black graphene will extremely easily aggregate
upon reduction with hydrazine hydrate. Reduction procedure was
the same to those above-mentioned, the reduced PP latex—-
graphene solution was directly dried up to constant weight at 80 °C
instead of filtrating it. ~1.59 g of PP-coated graphene was obtained
nearly without any mass loss.

2.4. Fabrication of PP/graphene nanocomposites

Depending on the wt% of graphene, the detailed formulations are
listed in Table 1. Since graphene tended to restack to layered struc-
ture after filtration, it was very difficult to prepare well-dispersed
PP/graphene nanocomposite through melt-blending technique,
while the graphene coated by PP latex (for short PP-coated gra-
phene) could be readily blended with PP matrix. The PP-coated
graphene and PP were pre-compounded manually and then were
melt blending using a MiniLab Haaker mixer with a rotation speed of
150 rpm at 180 °C for 10 min. The composites were hot-pressed at
180 °C under 10 MPa into sheets with a thickness of 1 mm.

Table 1

The formulation of PP/graphene nanocomposites and corresponding sample iden-
tification. The volume fraction (vol%) is calculated according to their mass fractions
and densities.

Sample ID PP PP latex Graphene Graphene T,* x& o (SmY)
(Wt%) (wt%) (wt%) (vol%) (°C) (%)
Neat PP 100 0 0 0 1160 420 32x10°13
PPG-0.1 99.7 0.2 0.1 0.041 1175 416 13 x107'?
PPG-0.5 985 1.0 0.5 0.21 117.7 428 36x10°1°
PPG-1.0 97.0 20 1.0 0.42 117.9 427 27x107°
PPG-2.0 940 4.0 2.0 0.83 1185 43.1 45x107°
PPG-5.0 85.0 10.0 5.0 2.1 1203 447 18x107*

@ Tp: peak temperature of non-isothermal crystallization, x: crystallinity, oc:
electrical conductivity.
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Table 2
Mechanical properties of PP/graphene nanocomposites with various graphene
loadings.

Sample ID  YS*(MPa) TS*(MPa) YS®t YM?(GPa) YM?®t EB?(%)

Neat PP 22+08 24+08 — 1.02+£010 — 1120 + 100
PPG-0.1  30+1.1 33+£14 36% 125+£012 23% 1150£120
PPG-05 36+12 36+15 50% 150£0.15 47% 330+ 30
PPG-10  38+17 37+£16 75% 1.76+025 74% 130+20
PPG-20  33+14 32+£10 51% 1.66+020 63% 120+ 18
PPG-50  27+08 27+£08 13% 123+£013 21% 100 + 15

2 YS, TS, YS1,YM, YM 1, and EB refer to the yield strength, tensile strength, percent
increment of yield strength, Young’'s modulus, percent increment of Young's
modulus, and elongation at break, respectively. The values following =+ are errors of
one standard deviation.

To investigate the potential effects of PP latex on the nano-
composites, the PP/PP latex blends with various PP latex loadings
were also fabricated with the same fabrication methods to the PP/
graphene nanocomposites mentioned above. As for the sample
identification, e.g. 0.2 wt% PPl means that PP/PP latex blend
contains 0.2 wt% PP latex.

2.5. Characterization

Typical tapping-mode atomic force microscopy (AFM)
measurements were carried out using Multimode SPM from Digital
Instruments with a Nanoscope IV controller made by Veeco
Instruments Inc. The sample for AFM tests was fabricated by
depositing an aqueous solution of graphite oxide (1.0 mg/ml) onto
a fresh mica surface and allowing them to dry in air at room
temperature. Transmission electron microscopy (TEM) images
were obtained using a JEM-1230 instrument at an acceleration
voltage of 120 kV. For the TEM observations of GO and PP-coated
graphene, their samples were prepared by dispersing them into
distilled water to form corresponding aqueous solution (1.0 mg/
ml), and for PP/graphene composite, its sample for TEM observa-
tion was obtained by freezing ultrathinned sectioning with
a thickness of ~80 nm. The micro-morphology of the cross-section
and profile of sample after tensile tests were observed using a field
emission scanning electron microscope (FEI-SEM S4800) at an
acceleration voltage of 5.0 kV. Raman spectra of various samples
were carried out with an ALMEGA-Dispersive Raman (Thermo
Nicolet) with 514.5 nm excitation. X-ray diffraction (XRD) was
carried out using a Rigaku X-ray generator (Cu Ko radiation with
A= 154 A) at room temperature. Tensile measurements were per-
formed using a WD-5 Electronic Tensile Tester at an extension rate
of 10 mm/min at 25 + 2 °C, and the data reported in Table 2 were
the means of quintuplicate measurements. For neat PP, PPG-0.1 and
PPG-0.5 sample, the electrical conductivity (¢.) was measured with
a ZC36F ultrahigh resistance (Shanghai Taiou Electric Co. Ltd,

China). In the case of PPG-1.0, PPG-2.0 and PPG-5.0, their a.s were
determined using a RTS-4 four-probe multimeter (Guangzhou 4
Probes Tech Co. Ltd, China) at room temperature. The thermal
conductivity k was calculated by using k = DpyqCp, where D, pq, and
Cp are the density, thermal diffusivity, and specific heat of samples,
respectively, which were measured by a laser flash method on
a Netzsch LFA457 with a Pyroceram standard at room temperature.

Tensile properties of samples were performed on a WD-5
Electronic Tensile Tester (all samples were measured in quintupli-
cate). Dynamic mechanical analysis (DMA) was conducted using
a dynamic mechanical analyzer (DMA242C, TA) at a frequency of
1 Hz with a heating rate of 3 °C/min from —50°C to 150 °C. The
glass transition temperature (T;) was determined from the peak of
loss factor (tan 6)—temperature plots. Thermogravimetric analysis
(TGA) was performed on a TA SDTQ600 thermal analyzer at
a scanning rate of 20 °C/min in air with a temperature range of
50—600 °C. The TGA tests were done in triplicate for each sample.
The reproducibilities of temperature were +1°C. Differential
scanning calorimeter (DSC) was used for investigating the crystal-
lization using a non-isothermal 10 °C/min cooling ramp.

3. Results and discussion

3.1. Fabrication and characterization of PP/graphene
nanocomposites

To fabricate well-dispersed PP/graphene nanocomposites,
a strategy by combination of pre-solution-mixing and subsequent
melt-blending is employed, and the schematic representation of
fabricating the nanocomposites is presented in Scheme 1. Graphite
oxide (GO) was first prepared via the modified Hummers methods
[32] as described elsewhere. A certain amount of dry GO was then
dispersed and exfoliated into individual sheets in an aqueous
solution of stoichiometrical PP latex by intermittent ultrasonication
for 30 min. After the solution was heated up to 98 °C, an amount of
hydrazine hydrate was dropped to reduce the GO, and the PP latex
could simultaneously absorb onto the reduced graphene sheets to
prevent them from stacking or aggregating again. Upon completion
of the reduction reaction, the solution was dried and the PP-coated
graphene was obtained. The PP-coated graphene was subsequently
melt blended with PP matrix to fabricate the PP/graphene
nanocomposites.

Atomic force microscopic (AFM) image, as shown in Fig. 1A,
reveals that most individual graphite sheets has an average height
of about 0.75 nm, indicating the characteristic of a completely
exfoliated graphene sheet [23,33,34], with about 1.0 um in length
and around 0.7 pm in width. TEM images (Fig. 1B) also show that
graphene was completely exfoliated into wrinkled single sheets by
ultrasonic treatment, and its size agrees well with the AFM

55 g KMnO, b\ 1 oxidating _ iy ;éal:_g\:,:’ Llf ?ﬁﬁiﬁjf *
%  HS0, /a0y 2. Freeze-drying éé’“//— m;:, _ﬁ: W
Graphite Graphite Oxide(GQO)  exfliation
ey [200e
Neat PP - Neat PP 1. Melt-blending
rrcos [ cnd] _ orsilc test L

PPG-5.0 ' *

PP/Graphene nanocomp osite

—
2. Hot-pressed

PP-w-Graphene

Scheme 1. Schematic representation of process flow of polypropylene (PP)/graphene nanocomposites fabrication and the tensile tests.
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L

Few-layers

Fig. 1. Micrographs of (A) a typical AFM image and (B) a TEM image of graphene sheets deposited onto a mica substrate from an aqueous dispersion, (C) Typical TEM, (D) Typical
SEM images of PP-coated graphene, the PP latex was marked by the red circles, and (E, F) dispersion of graphene in PP matrix.

observations. After coated with PP latex, TEM and SEM images
(Fig. 1C, D) clearly display that the surface of the reduced graphene
was coated with a polymer film (marked by red circles). To verify
the polymer film was the PP latex, energy dispersive X-ray micro-
analysis (EDAX) was conducted and the results show that PP-coated
graphene is composed of 82.2 wt% C, 13.5 wt% O, 2.1 wt% Na and
2.2 wt% K, while 80.4wt% C and 19.6 wt% O for the graphene
reduced under the same condition. Thus, the K and Na elements
primarily come from the PP latex, implying the graphene was
coated by the PP latex.

Since hydrazine primarily reduces both epoxy and hydroxyl
groups in graphene oxide [33], the remaining unreduced carboxyl
groups will still have strong interaction like H-bonding with the
carboxyl groups in PP latex macromolecules. Therefore, PP latex can
readily coat the reduced graphene and the PP-coated graphene was
expected to have good compatibility with the PP matrix for the
chemical structure of PP latex is essentially identical to PP matrix. TEM
images (Fig. 1E, F) of PP nanocomposite containing 1.0 wt% graphene
verify that the majority of graphene are basically fully exfoliated into
single sheets with bits of few-layers (marked by red arrow).

The electrical conductivity can be generally used to determine
the dispersion of conductive fillers in the polymer matrix
[12,13,35,36]. The electrical conductivity (o) of PP and its graphene
nanocomposites are given in Table 1. Neat PP displays virtually zero
conductivity of 3.2 x 1073 Sm~ The conductivity of PP compos-
ites increases with increasing graphene loading and exhibits
a relatively high conductivity of ~107>Sm™~' only when the
loading of graphene reaches 2.0 wt%, implying the formation of
conductive network through the polymer matrix. Namely, the
percolation threshold of conductivity is between 1.0 wt% and 2.0 wt
% graphene loading, which is very close to the reported values
[12,13]. On the other hand, the results also demonstrate that gra-
phene is well exfoliated in the PP matrix, since this low percolation
threshold only can be achieved when graphene nanoplatelets are
well-dispersed.

Raman spectroscopy is employed to evaluate the hybridization
of state in carbon [37,38], and the two reflections peak changes
from pristine graphite to its derivatives. As shown in Fig. 2, a strong
band at 1580 cm~! (G band) and a relatively weak band at
1352cm™! (D band) appear in the Raman spectra of pristine
graphite, which stem from the vibration of sp>-hybridized graphitic
domains [37], and sp3-hybridized carbon or structural defects [39],
respectively. The low Ip/lg value (0.20) indicating the graphitic
domains is primarily intact for pristine graphite. After oxidation,
both bands are broadened and shifted to slightly higher wave-
number accompanied by significant increase in Ip/Ig value (1.01).
Generally, the increase in Ip/Ig value reflects the increase in the
defect-like amorphous domains [38], thus the enhanced Ip/I; value
for GO is attributed to the isolation of carbon double bonds due to

Dband Gband 1,/

a: Graphite 1352 1580 020
b: Graphite oxide 1356 1593 1.01
c: Graphene 1348 1580 1.54
d: PP-coated graphene 1343 1585 1.18
¢: PPG-0.5 1343 1591 —

Intensity (a.u.)

L, )\

800 1000 1200 1400 1600 1800 2000
Raman shift (cm )

Fig. 2. Raman spectra of (a) pristine graphite, (b) graphite oxide, (c) graphene, (d) PP-
coated graphene, and (e) PP nanocomposite with 0.5 wt% graphene (PPG-0.5).
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oxidation. As expected, the peak locations of both bands almost
return to the same locations to pristine graphite after reduction.
Both bands, however, remain much broader than those of pristine
graphite and Ip/I; value increases relative to that of GO, which is
also observed by several studies [22,32,40] and they attributed this
change to the increase in the number of aromatic domains of
smaller overall size in reduced graphene [32] or highly defected
carbon lattice after chemical reduction [40]. For PP-coated gra-
phene, the location of the two peaks changes slightly, and the Ip/Ig
value reduces to some extent in the presence of PP latex. These
changes indicate that the presence of PP latex to certain extent
affects slightly the effectiveness of reduction according to the
explanation of Paredes et al. [40].

X-ray diffraction (XRD) allows us to detect the interlayer
distance between graphite sheets and the exfoliation state of gra-
phene. As shown in Fig. 3A, for pristine graphite, a strong sharp
reflection at 26 = 26.5°, corresponding to an interlayer spacing of
0.34 nm. After oxidation, the interlayer spacing is increased up to
0.80 nm due to the intercalation by oxygen containing groups or
absorbed moisture [37]. A broad diffraction peak appears centered
at 21.4°, giving an interlayer distance of 0.42 nm for the graphene
reduced by hydrazine hydrate, indicating that the graphene nano-
sheet stacks again due to the strong Van der Waals’ forces in the

Al

a: Pristine graphite

b: Graphite oxide

¢: Graphene
\ d: PP latex
e: PP-coated graphene
d-
d=0.34nm (26.5") ™
e—

d=0.42 nm (21.4°) >L
_C_

il d=0.80nm (11.0%
AN

Relative intensity (a.u.)

f’”‘—ﬁr

I

n .llﬂx i .115. P leoa P .25- i1 -3“
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Relative intensity (a.u.)

neat PP

5. PR .llo. PR .lls. PR .zlo. PR .2I5. PR .30
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Fig. 3. XRD patterns (A) of (a) pristine graphite, (b) graphite oxide, (c) graphene, (d) PP
latex, and (e) PP-coated graphene; (B) PP/graphene nanocomposites with various
graphene loadings.

interlayer. Almost no diffraction peak is observed in the XRD
patterns of dry PP latex and PP-coated graphene, inferring that PP
latex is totally amorphous and cannot crystallize, and the complete
exfoliation of graphene without stacking together again due to the
presence of PP latex. For PP/graphene nanocomposites with various
graphene loadings, no diffraction peaks are observed except the
crystalline diffraction peaks of the PP matrix (Fig. 3B), indicating
that graphene is basically exfoliated into individual sheets and
well-dispersed in PP matrix. It is readily observed that the presence
of graphene sheets affects the crystallization behaviors of the
matrix to some extent from the changes of the {(110), (040),
(130) } crystal face [41—43]. To investigate the effects of graphene
on the crystallization dynamics of PP, DSC tests were carried out. As
shown in Fig. 4, compared with neat PP, the non-isothermal crys-
tallization peak temperature (Tp) gradually increases with
increasing graphene loading level, which demonstrates that the
graphene nanoplatelets can act as seeds for faster nucleation (see
Table 1). However, Torkelson et al. [27] observed that the presence
of graphite resulted in a wider and shallower exothermic curves,
while in our PP/graphene systems the presence of graphene seems
not to affect the shape of exothermic curves; this is likely due to the
difference in the kind of PP resin, the fillers (graphite and gra-
phene), and the fabrication method. The crystallinity of PP and its
nanocomposites can be calculated by DSC (the enthalpy of 100%
crystallinity of PP is 109 J/g [44]). An increase in graphene leads to
an increase in the crystallinity of PP, indicating that the graphene
can also act as seeds to induce the crystallization of PP.

3.2. Mechanical properties of PP/graphene nanocomposites

Since TEM observations and XRD results reveal that graphene
sheets are basically fully exfoliated in the presence of PP latex,
a considerable enhancement in the mechanical performance of PP
matrix will be expected by incorporating the graphene sheets with
large aspect ratio. Fig. 5A presents the typical stress—strain plots of
PP/graphene nanocomposites as a function of graphene loading,
with the detailed data listed in Table 2. Clearly, incorporation of
graphene nanosheets results in a significant enhancement in the
mechanical strength and Young’s modulus at low graphene loading,
herein, not exceeding 1.0 wt%. Simultaneously, the elongation at
break of the nanocomposites reduces with increasing graphene
loading level. Upon incorporating 0.1 wt% graphene, the yield
strength, tensile strength and Young’s modulus are increased up to
30MPa (by 36%), 33MPa (by 38%), and 1.25GPa (by 23%),

o
= ‘V neat PP ]
— PPG-0.1
K=l :
= ﬁﬁ PPG-0.5
= ‘
2 : PPG-1.0
=)
™ PPG-2.0
)
3 PPG-5.0 -
I

........ L gy Pl o gogss 1 @y s 4 g

80 100 120 140 160
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Fig. 4. Non-isothermal (10°C/min) curves for neat PP and PP/graphene
nanocomposites.
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Fig. 5. (A) Representative stress—strain behavior of PP/graphene nanocomposites with
various graphene loadings. With only 1.0 wt% graphene, the yield stress and tensile
stress of the composite increased by 73% and 54% relative to the parent polymer,
respectively. (B) Experimental Young’s modulus of the nanocomposites, calculated
results obtained from the Halpin—Tsai model under the hypothesis that graphene
sheets randomly dispersed as 3D network, and graphene aligned parallel (2D) to the
surface of the nanocomposites. (C) Typical stress—strain curves of PP/PP latex as
a function of PP latex loading level with detailed data presented in the figure.

respectively. Furthermore, the elongation at break is nearly
unchanged, indicating no reduction in the toughness of the nano-
composite. As the graphene loading reaches 1.0 wt%, all mechanical
strengths and modulus also reach the maximum values. The yield

strength (38 MPa), tensile strength (37 MPa), and Young’s modulus
(1.76 GPa) are enhanced by 75%, 54%, and 74%, respectively. While
Torkelson recently observed that addition of up to 2.5 wt¥% graphite
leads to an about 60% increase in yield strength and a 100% increase
in Young’s modulus relative to neat PP by using solid-state shear
pulverization (SSSP) technique at loading [12]. These enhance-
ments are attributed to the homogeneous dispersion of graphene
nanosheets and effective load transfer from the matrix to graphene
due to their strong interfacial adhesion. However, with further
increase in graphene loading above 2.0 wt% in this study (see
Table 2), all mechanical indexes reduce gradually. Zhang et al. [22],
in their PVA/graphene nanocomposites, considered that there is
a critical point of the mechanical properties or “mechanical
percolation” similar to electrical or rheological percolations [45].
Namely, lower than this point, the graphene sheets can be fully
exfoliated in the polymer matrix and effective reinforcement can be
achieved, while further loading will cause the stacking together
again of graphene nanosheets due to the strong van der Waals’
force between the nanosheets. While in our experiments, the
critical point of so-called “mechanical percolation” seems not to
take place since no new diffraction peaks appear in the XRD results
of both PPG-2.0 and PPG-5.0. Thus, the phenomenon is more likely
attributed to the plasticization effect on the mechanical properties
caused by the presence of low molecular PP latex (interfacial
compatibilizer) due to its very lower mechanical strength and
modulus in comparison with the host PP matrix. If the magnitude of
enhancement in the mechanical properties conferred by incorpo-
rating graphene cannot compensate for that of reduction in the
mechanical properties due to the presence of PP latex, the
mechanical performance will decrease with increasing graphene
loading since the amount of PP latex also simultaneously increases.

Halpin—Tsai equation is widely used to approximately predict
the modulus of unidirectional or randomly dispersed filler-
reinforced composites [21,22,46,47]. For randomly oriented or
unidirectional graphene sheets in the polymer matrix, the Young’s
modulus of the nanocomposite with randomly distributed gra-
phene sheets (E.) and the Young’s modulus of the nanocomposite
with graphene sheets aligned parallel to the surface of the sample
film (Eparar) are given as follows:

e
Evart = En[ 70 @
N T @
Em = WpEp + wpyiEp (3)

where Eg and Ep, represent the Young's modulus of the graphene
and the polymer matrix, and Ep and Ep, are the Young’s modulus of
the PP and PP latex, respectively assuming that E, has a linear
addition relationship with Ep and Epy, as written in Eq. (5). vg is the
volume fraction of graphene. w;, and wp, are the mass fraction of PP
and PP latex, respectively. Since the parameter ¢ depends on the
geometry and boundary conditions of the effective fiber [48], the &
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can be expressed as Eq. (6), where [, w, and ¢t represent the average
graphene sheets length, width, and thickness. The Young’s modulus
(E) of the chemically reduced graphene sheet, PP matrix, and PP
latex is around 0.25 TPa [34], 1.02 GPa, and 0.05 GPa (also deter-
mined by tensile test), respectively, and their corresponding
density (p) is 2.2 g/cm?, 0.9 g/cm?, and 0.93 g/cm?. The statistical
average value of [, w, and t is 1.0 um, 0.7 um, and 0.75 nm, respec-
tively, as determined by AFM and TEM observations. According to
Egs. (1)—(5), two kind of predicted Young’s modulus can be
calculated under two hypotheses, namely graphene randomly
distributed as 3D network throughout the polymer matrix, and
graphene sheets aligned parallel to the surface of sample film
[21,22]. As shown in Fig. 4B, as the graphene loading not exceeding
2.0 wt%, the experimental modulus agrees well with the theoretical
simulation for the hypotheses that graphene sheets are aligned
parallel to the surface of nanocomposite, indicating tensile load can
be effectively transferred from the polymer matrix to graphene
nanosheets. However, as shown in Table 2 and Fig. 4B, with further
increasing graphene loading, the Young’s modulus gradually
approaches the theoretical simulation for the random dispersion of
graphene sheets. This change, on one hand, can be attributed to the
so-called critical point [22], e.g. 1.0 wt% (0.42 vol%) for our systems,
and on the other hand, to the plasticization effect of PP latex still
remains, even its modulus is taken into account. What's more, the
statistical errors of graphene size are also responsible for the
modulus change.

To investigate the potential effect of PP latex including plasti-
cization, the tensile measurements of PP/PP latex blends with

Crazing

tension direction

Graphene
Effective load transfer

4007

various PP latex contents were performed. The typical stress—strain
curves of PP/PP latex blends are shown in Fig. 5C, it is clear that the
presence of PP latex causes the reduction in all mechanical
parameters. For instance, 4 wt% PP latex leads to a reduction by
~20%, ~50%, and 60% for tensile strength, Young’s modulus and
elongation at break, respectively, relative to neat PP. The reduction
in the tensile strength and Young’s modulus is primarily attributed
to low strength and modulus of PP latex, as well as the small
molecule surfactants and other additives, namely their plasticiza-
tion effects. In the case of the elongation at break, the polar
surfactant and additives in PP latex are mainly responsible for the
decrease in the elongation. Because the amount of them will double
with increasing graphene loading, their adverse impacts on the
mechanical properties of composites will be much larger.

To clarify the reinforcement mechanism and load transfer from
the polymer matrix to the filler, SEM images are employed to
observe the micro-morphology of fracture surface of tensile
sample. As shown in Fig. 6, section A and section B are, respectively,
the fracture cross-section and side face of the nanocomposite with
1.0 wt% graphene after tensile measurement. For the fracture cross-
section, SEM-A image clearly indicates that most of graphene are
well-dispersed in the PP matrix (marked by white arrows), and
SEM-A1/A2 images (the magnification of parts in SEM-A) show that
the majority of graphene nanoplatelets are coated by PP latex
(marked by black arrows), and some few-layers can also be
observed. Upon drawing, the tough PP matrix will generally be
oriented first along the tension direction, and then the crazing will
evolve in the vicinity of weak interfaces until the material is

tension direction

) ]
$ #‘-&i

[

—

Fig. 6. (A) SEM cross-section images of the nanocomposite with graphene loading of 1.0 wt% after tensile test, (A1, A2) sectional magnification in A, and the arrows point to the
graphene nanoplatelets; (B) SEM profile of the composite with graphene loading of 1.0 wt% after tensile test, (B1, B2) sectional magnification in B, (B11) sectional magnification in
B1, and the black and white arrows point to the graphene sheets and tension direction; (C) Schematic representation of the structure of graphene/PP latex/PP matrix.
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completely destroyed. SEM-B image clearly shows the evolution of
crazing along the tension direction on the side face of tensile
sample. SEM-B1/B11 images (the magnification of parts in SEM-B)
indicate that the protruding graphene sheets coated by PP which
are parallel to the tensile surface. Furthermore, SEM-B2 can more
clearly display that the strong interfaces exist between graphene
sheets and the polymer matrix, and the tensile load is effectively
transferred from the PP matrix to the graphene sheets from the
protruding graphene sheets pointed by arrows in Fig. 6B2. On the
basis of SEM observations, a schematic model of the structure and
load transfer is proposed and presented in Fig. 6C. The PP-coated
graphene can be uniformly dispersed in PP matrix, and the
tensile load can be effectively transferred from the PP matrix to the
PP latex and then to graphene nanosheets due to strong interfacial
adhesion among them. However, with increasing graphene loading,
the plasticization effect of PP latex gradually overwhelms the
reinforcement effect of graphene sheets, thus the mechanical
performance starts to decrease.

3.3. Thermal properties of PP/graphene nanocomposites

Due to its characteristic of sheet structure analogous to layered
silicates, graphene sheets will affect the dynamic of polymer chains
and the thermal properties to some extent. Fig. 7 presents the
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Fig. 7. (A) Storage modulus and (B) loss factor of PP/graphene nanocomposites with
various graphene volume fractions. °Ty: glass transition temperature, which was
determined from the temperature of tan ¢ peaks obtained from DMA tests.

storage modulus and loss factor plots as a function of temperature.
As shown in Fig. 7A, the storage moduli of PP nanocomposites
increase with increasing graphene loading below 1.0 wt% loading of
graphene, while further increasing loading of graphene leads to
a slight reduction in the modulus in the whole range of tempera-
ture. This trend agrees well with that of Young’s modulus due to the
plasticization effect of low modulus of PP latex. As the graphene
loading is 1.0 wt%, the storage modulus reaches the maximum
value (ca. 1.63 GPa) which is ~36% higher than that of neat PP
(1.2 GPa). The magnitude of increase of storage modulus is lower
than that of Young’s modulus, which may be due to the difference
of the measurement modes and the resolution of instruments. The
glass transition temperature (Tg) is widely determined by the tan ¢
peak temperature in DMA [14,49,50]. As shown in Fig. 7B, there is
aslight increase in Ty (ca. 2.5 °C) at 0.041 vol% (0.1 wt%) of graphene
than that of neat PP, indicating the movements of polymer chain are
restricted to certain degree. However, the magnitude of increment
gradually reduces with increasing graphene loading, with only
a 2.5% increment of T observed for the nanocomposites with 2.1 vol
% (5.0 wt%) of graphene. The results can also be explained by the
plasticization effect of PP latex. At a low graphene loading of 0.1 wt
%, the mass fraction of PP latex was only 0.2 wt%, its plasticization
can be ignorable relative to the restriction of graphene to the
polymer chains. With increasing graphene loading, the content of
PP latex doubles, as a result, the increment of T, gradually reduces.

Suspended graphene was reported to have a very high thermal
conductivity of ca. 5000 W/mK [51], while neat PP is of low
thermal conductivity about 0.2 W/m K [52]. Thus, to investigate the
effect of the presence of graphene on the thermal conductivity of
PP, the thermal conductivity neat PP and its graphene nano-
composites were performed and the results are shown in Fig. 8. As
expected, the presence of graphene can significantly enhance the
thermal conductivity of PP, and the conductivity monotonously
increases with increasing graphene loading. For example, a loading
of 5.0 wt% (2.1 vol%) graphene results in a thermal conductivity of
0.396 W/mK, about 2 times of that of neat PP (0.201 W/mK).
Kalaitzidou et al. [52] incorporated 3.0 vol% exfoliated graphite
nanoplatelets into PP and also obtained a close value of ~0.4 W/
mK, relative to ~0.2 W/m K of neat PP. Additionally, the graphene
obtained by chemical reduction of graphene oxide is rather defec-
tive, which will adversely affect the improvement of thermal
conductivity of PP.

The thermal behaviors of pristine graphite and its derivatives, as
well as dried PP latex in air are presented in Fig. 9. It is clear that
pristine graphite is very thermally stable, only 4.8 wt% mass loss
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Fig. 8. Thermal conductivity of PP and its nanocomposites as a function of graphene
loading.
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Fig. 9. TGA curves of graphite, graphite oxide, graphene, PP latex and PP-coated gra-
phene in air condition. °T; and Ty, represent the initial degradation temperature
where 5wt% mass loss occurs, and the maximum mass loss temperature where
maximum loss rate takes place; the mass residue is obtained at 600 °C.

occurs upon heating to 600 °C. After oxidation, it starts to degrade
from 77 °C, indicating the loss of some unstable oxygen containing
oxygen groups or the absorbed water. It experiences a two-step
degradation and maximum weight loss takes place at 221 °C and
444 °C, respectively, leaving a char residue of 24.4 wt%. After
reduction, graphene turns thermally stable relative to GO, and
starts to degrade at 246 °C due to the presence of oxygen, and
maximum weight loss occurs at 497 °C, leaving a char residue of
28.9 wt¥%, indicating the presence of oxygen containing groups and
some other defects. For pure PP latex, it degrades from 227 °C due
to the oxidation degradation, and is also subjected to a two-step
degradation, but only leaving a residue of 8.2 wt% due to the
presence of highly stable chemicals like sodium ions introduced by
the fabrication of PP latex. For PP-coated graphene, the curve of its
thermal degradation is near that of PP latex below 450 °C. However,
it is unexpected that its residue ( ~38.7 wt%) is much higher than
that of graphene, because its theoretical residue is 15.0 wt%. The
increasing char residue may be due to the thermal protection of
char residue from the PP latex on the surface of graphene, since the
graphene was coated by the PP latex.

Several studies [20,21] have demonstrated that incorporation of
graphene sheets can enhance the thermal stability of PVA to
different degree under nitrogen atmosphere, while Jeong’s studies
[18,19] revealed that incorporating functionalized graphene sheets
accelerated the thermal degradation of polyurethane (PU) under
inert condition. Since the polymeric materials are commonly used
under air condition, it is much more important to investigate the
effect of graphene sheets on thermal oxidation stability of the
polymeric materials. As shown in Fig. 10, compared to the PP
matrix, both initial degradation temperature (T;) and maximum
mass loss temperature (Tmax) are monotonously shifted up to
higher temperatures with increasing graphene loading, inferring an
significant improvement of the thermal oxidation stability of PP
due to the barrier effects of its sheet structure like clay planets. Neat
PP starts to degrade at 244 °C (T;) and Tax occurs at about 347 °C.
After incorporation of 0.1 wt% and 1.0 wt% graphene, T; values are
increased by 13 °C (257 °C) and by 26 °C (270 °C), respectively.
Moreover, the Tphax values are also enhanced by 5 °C for 0.1 wt%
graphene and by 19 °C for 1.0 wt% graphene loading, respectively.
Wakabayashi et al. [12] observed that addition of 0.8 wt% graphite
enabled the T; (5 wt% mass loss) of PP to be delayed by ~15°C in
nitrogen condition, without determining the effect of graphite on
the thermal oxidative degradation of PP in this study. Whatever,
graphene has a great potential to enhancing the thermal stability of
PP in air condition.
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Fig. 10. (A) TGA and (B) DTG curves of PP/graphene nanocomposite with various
graphene loadings, T; and Ty, represent the initial degradation temperature where
5 wt% mass loss occurs, and the maximum mass loss temperature where maximum
loss rate takes place.

4. Conclusions

In summary, we have successfully fabricated the PP/graphene
nanocomposites with well-dispersed exfoliated graphene nano-
sheets using an eco-friendly method, namely, first using latex
technique and then via melt-blending technique. Considerable
enhancement of the mechanical properties of PP is achieved by
incorporating very low loading of graphene. The practical Young's
modulus is consistent to that predicted by the Halpin—Tsai model at
relatively low graphene loading, and the majority of graphene sheets
are aligned parallel to the surface of nanocomposite. The experi-
mental modulus deviates the predicted value at high loading of
graphene because of the plasticization effect of low molecular
weight PP latex overwhelming the reinforcement effect of graphene
sheets. The external tensile load can be effectively transferred from
the polymer matrix to graphene nanosheets through effective
interfacial phase. The presence of graphene sheets to some extent
restricts the movement or relaxation of the polymer chains, as evi-
denced by increased glass transition temperature. The thermal
oxidative stability of PP is significantly improved by the addition of
graphene sheets due to the barrier effect of lamellar structure.
Though the mechanical properties of PP are improved remarkably, it
still has the place to enhance the reinforcement effect of graphene
sheets, and much work remains to be done, for example, how to
choose and optimize the amount of the interfacial compatibilizer.
Whatever, we provide an eco-friendly and effective strategy for
fabricating high-performance graphene-based PP nanocomposites.
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