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ABSTRACT: Interfacial interactions between the polymer and graphene are
pivotal in determining the reinforcement efficiency in the graphene-
enhanced polymer nanocomposites. Here, we report on the dynamic
process of graphene-induced oriented interfacial crystals of isotactic
polypropylene (iPP) in the single fiber polymer composites by means of
polarized optical microscopy (POM) and scanning electron microscopy
(SEM). The graphene fibers are obtained by chemical reduction of graphene
oxide fibers, and the latter is produced from the liquid crystalline dispersion
of graphene oxide via a wet coagulation route. The lamellar crystals of iPP
grow perpendicular to the fiber axis, forming an oriented transcrystalline
(TC) interphase surrounding the graphene fiber. Various factors including
the diameter of graphene fibers, crystallization temperature, and time are
investigated. The dynamic process of polymer transcrystallization surround-
ing the graphene fiber is studied in the temperature range 124−132 °C. The Lauritzen−Hoffman theory of heterogeneous
nucleation is applied to analyze the transcrystallization process, and the fold surface free energy is determined. Study into
microstructures demonstrates a cross-hatched lamellar morphology of the TC interphase and the strong interfacial adhesion
between the iPP and graphene. Under appropriate conditions, the β-form transcrystals occur whereas the α-form transcrystals are
predominant surrounding the graphene fibers.
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■ INTRODUCTION

Graphene is a single-atom-layer of sp2-hybridized carbon in a
two-dimensional (2D) lattice, exhibiting exceptional mechan-
ical, electronic, and thermal properties.1−3 One of the most
promising applications is to serve as a reinforcing agent in the
polymer matrices for the production of functional nano-
composites.4−10 Because of the molecular sized dimension and
large specific surface areas, a small amount of graphene can
substantially enhance mechanical performance, gas barrier,
rheological properties, thermal behaviors, and electrical
conductivities of the polymer matrices.11−13 Interestingly, the
graphene-reinforced polymer composites often exhibit un-
precedented intriguing properties due to the synergistic effects
of their components,7 which are expected to overcome the
fundamental limitations of current energy storage and
conversion.
It has been recognized that the interfacial interactions

between the host polymer and nanofillers are pivotal in
improving the interfacial adhesion and thereafter the physical
properties of resulting nanocomposites.14−17 Recently, large
efforts have been made to improve interfacial bonding between
the polymer and graphene using both chemical and physical
methods.18−20 In particular, graphene in semicrystalline
polymer matrices can serve as a heterogeneous nucleating

agent for accelerating polymer crystallization.10,21−24 The
resulting interfacial crystalline structures and morphologies
are significantly different from those in the bulk in terms of the
crystal size, chain conformation, chain packing, and chain
mobility.24 Such interfacial crystallization offers an effective way
to enhance the interfacial adhesion and stress transfer.25−27

However, it remains challenging to directly visualize the
interfacial morphology on the nanofillers without high
resolution experimental methods.
The fiber-reinforced polymer composites have been well-

investigated. The most commonly used method for studying
the interfacial morphology between the polymer and fibers via
optical microscopy is to fabricate single fiber polymer
composites.28−33 Typically, a single fiber is embedded in the
polymer matrix, followed by isothermal melt crystallization.
The fiber surfaces force the polymer crystal growth
perpendicular to the fiber axis. The resulting oriented interfacial
crystals form a columnar layer around the fiber, which is termed
as a transcrystalline (TC) layer.28 It is evident that polymer
transcrystallization not only improves the interfacial adhesion
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and stress transfer, but also changes polymer crystal
structures.28 Recent advances in graphene allow the fabrication
of macroscopic graphene oxide (GO) fibers that can be
transformed into reduced graphene oxide (rGO) fibers or
graphene fibers via thermal or chemical reduction.34−36

Graphene fibers provide new ways to study interfacial
interactions between the polymer and graphene for producing
high performance graphene-enhanced polymer nanocompo-
sites. However, to the best of our knowledge, there have been
no reports on polymer transcrystallinity induced by the
graphene fibers. In this work, we report on the dynamic
process of transcrystallization of iPP surrounding the graphene
fibers by means of polarized optical microscopy (POM) and
scanning electron microscopy (SEM).

■ EXPERIMENTAL SECTION
Synthesis of Graphene Oxide. Graphene oxide (GO) was

synthesized from natural graphite flakes via a modified Hummers
method.37,38 Typically, 1.0 g of graphite flakes was mixed with 40 mL
of the acid mixture of 98% H2SO4 and 70% HNO3 at a volume ratio of
3:1 under stirring at room temperature for 24 h. The acid-treated
graphite flakes were then rinsed with deionized (DI) water to get pH =
5. The dried sample was heat-treated in a furnace at 1050 °C for 10 s
to get expanded graphite (EG) flakes. The EG flakes and 200 mL of
98% H2SO4 were mixed and stirred at 0 °C, and then 10 g of KMnO4
was added. The mixture was then heated to 40 °C and stirred violently
for 4 h. The system was then transferred to an ice bath, and 200 mL of
DI water was added to the mixture, followed by dropwise addition of 3
mL of 30% H2O2. The resulting dispersion was centrifuged with 1.0 M
HCl solution to produce a bright yellow paste. The paste was further
washed with DI water until the pH became about 5. After
centrifugation, a gel-like dispersion of GO was received.
Wet Spinning of Graphene Oxide Fibers. A 10 mg/mL

aqueous dispersion of GO was loaded into a syringe and extruded by a
syringe pump at ∼3 mL min−1 into the bath of 5% Zn(NO3)2 in
ethanol. The fibers were then collected on the Teflon rod outside the
bath and dried under infrared (IR) light. The dried GO fibers were
immersed into an aqueous solution of 30% hydroiodic acid (HI) at
room temperature overnight. The reduced graphene oxide (rGO)
fibers were then rinsed by DI water and ethanol, and dried under
infrared light.
Preparation of Single Fiber Composites. The rGO fibers were

introduced into the film of isotactic polypropylene (iPP) and hot
pressed at 200 °C for 5 min to erase thermal history of the sample.
The sample was then cooled at a rate of 20 °C min−1 to the isothermal
crystallization temperature that was in the range from 124 to 132 °C.
Characterization. Fourier transform infrared (FTIR) spectra of

GO and rGO were obtained on a Nicolet iS10 FT-IR spectrometer in
an attenuated total reflection (ATR) mode at a resolution of 8 cm−1 of

1000 scans. Thermogravimetric analysis (TGA) data were collected on
a TA Instruments Q500 in air at a heating rate of 10 °C min−1. The X-
ray analysis was taken on reflection geometry Siemens D5000
diffractometer with a 1.54 Å Cu Kα radiation source. The liquid
crystal textures were evaluated on a Leica DM2500P polarized optical
microscope (POM). The Leica ICC50 HD video camera was applied
to record the dynamic transcrystallization process under the
microscope connected with a Linkam LTS420 hot-stage. The hot-
stage was programmed using the Linksys32 software to control the
temperature. Scanning electron microscopic (SEM) images were
received on a FEI Quanta 200 microscope operated at an acceleration
voltage of 20 kV. To reveal the transcrystalline morphology under
SEM, the samples were etched for 2 h with a 1.0 wt % solution of
KMnO4 in a 2:1 acid mixture of 98% H2SO4 and 85% H3PO4 under
ultrasonication. The etched samples were then coated with a fine gold
layer by sputtering.

■ RESULTS AND DISCUSSION

We synthesized the exfoliated GO sheets from natural graphite
flakes using a modified Hummers method.37,38 The resulting
GO sheets possessed a variety of oxygen-based functional
groups, including carboxylic acid, hydroxyl, and epoxy groups.
The chemical structure of GO sheets was evidenced by the data
of FTIR and TGA (Supporting Information Figure S1). As-
prepared GO sheets were then dispersed in DI water with
various concentrations. Interestingly, the phase transition from
isotropic to liquid crystalline (LC) phases was observed under
POM when the concentration was above 3.5 mg/mL. Figure 1
shows representative optical images of aqueous dispersions of
GO sheets at 10 mg/mL. The strong optical birefringence with
black brush patterns demonstrates typical Schlieren textures of
a polydomain LC phase.39 Upon 45° rotation of the crossed
polarizers, the bright and dark regions change alternately
resulting from the relative alignment of the LC director and the
polarization vector of the light (Figure 1a,b). The observed LC
behavior of aqueous dispersions of GO sheets is consistent with
recent literature reports.34,37,40,41

Figure 2a illustrates the schematic of LC spinning of GO
fibers via a wet coagulation route. Typically, the LC dope was
extruded by a syringe pump through a long capillary spinneret
into a coagulation bath of 5% Zn(NO3)2 in ethanol. During the
extrusion, the GO sheets in the LC phase were forced to align
by the pressure-driven flow. As a result, the polydomain LC
dope was transferred into the single domain gel fiber
(Supporting Information Figure S2). In the coagulation bath,
the water rapidly diffused out of the extruded fiber into the bath
with ethanol back-diffusing into the fibers. The ethanol-swollen

Figure 1. Liquid crystalline (LC) textures of aqueous dispersion of GO sheets at 10 mg/mL under polarized optical microscope: (a) 0° rotation and
(b) 45° rotation. The LC polydomains become bright and dark as the crossed polarizers rotate. The scale bar represents 200 μm.
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GO fiber was then removed out of the coagulation bath and
dried under infrared (IR) light. As-spun GO fibers are 30−80
μm in diameter depending on the spinning conditions, and GO
sheets are wrinkled as revealed under SEM (Figure 2b). The
fibers are flexible and readily knotted by hand (Figure 2c). This
knotting property is important for the weaving and knitting of
technical textile fibers. The GO fibers were then reduced by
30% HI. The resulting reduced GO fibers (here it is referred as
graphene fibers) inherited the morphology of the GO fibers
(Supporting Information Figure S3), and their structures were
confirmed by FTIR and TGA measurements (Supporting
Information Figure S1).
Figure 3 displays typical optical images of a single graphene

fiber/iPP composite in the quiescent melt at 132 °C. The
oriented crystalline lamellae surrounding the graphene fiber are
apparent, which is identified as a transcrystalline (TC)
interphase.28 Upon rotation of the sample in the presence of
a retardation plate under the crossed polarizers, the blue and
orange contrast of the mixed birefringence TC interphase
changes accordingly. Away from the graphene fiber, the
spherulitic structures of iPP in the bulk are predominant.
This TC morphology bears the resemblance to those obtained
in the single carbon fiber composites28 and single CNT fiber
composites.42,43 As a comparison, the single GO fiber/iPP
composites were prepared and isothermally crystallized under
the same conditions. As expected, the GO fibers failed to
promote the TC microstructures of iPP (Supporting
Information Figure S4). In this case, the weak capacity of the
GO fibers for nucleating iPP may be attributed to the mismatch
of the surface energy between the hydrophilic GO sheets (62
mJ/m2)44 and the hydrophobic iPP matrix (30 mJ/m2).45

Figure 4 shows the TC textures of iPP with different size
graphene fibers that were treated under the same conditions.
With increasing size of graphene fibers, the fiber surface
becomes rough, which is evidenced by SEM images
(Supporting Information Figure S3). On the other hand, the
larger fibers possess smaller surface-to-volume ratios. Interest-
ingly, polymer transcrystallization occurs in all cases regardless
of the fiber size. Further investigation is warranted in this
context.
To understand the formation mechanism of the TC

interphase in the single graphene fiber/iPP composites, the
dynamic process of polymer transcrystallization has been
investigated at 132 °C using in situ POM (Figure 5). It is
evident that the graphene fiber promotes fast iPP nucleation,
forming a bright layer of TC nuclei (Figure 5b). This
observation is indicative of the high nucleating capacity of the
graphene fiber toward the iPP matrix.42 Over time, the aligned
crystalline lamellae grew perpendicular to the fiber axis, forming
a TC interphase surrounding the graphene fiber (Figure 5c−f).
Finally, the growth of the TC interphase was interrupted by the
iPP spherulites grown in the bulk (Figure 5f). To this end,
video microscopy was employed to record the TC interphase
during the isothermal crystallization at different crystallization
temperatures. The thickness of the TC interphase was then
analyzed using ImageJ to study the transcrystallization kinetics.
Figure 6a shows the growth of the TC interphase over time

in the temperature range 124−132 °C. The linear relationship
between the thickness of the TC interphase and time was found
over the entire temperature range investigated. In this regard,
the growth rate (G) of the TC interphase at each temperature
was obtained from the slope of the plot. As expected,
decreasing temperature promotes the nucleation with smaller
induction time and thus accelerates the transcrystallization
process with a high growth rate.46

According to the Lauritzen−Hoffman theory of heteroge-
neous nucleation,47 the growth rate (G) is determined by eq 1
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where G0 is the pre-exponential constant that contains all
temperature-independent parameters, U* represents the
activation energy for the polymer transport across the phase
boundary, R is the universal gas constant, Tc denotes the
isothermal crystallization temperature, T∞ = Tg − 30 (Tg is the
glass transition temperature), ΔT = Tm

0 − Tc (Tm
0 is the melting

Figure 2. Wet coagulation of GO fibers spun from the LC dispersion:
(a) schematic diagram of a homemade fiber setup, (b) SEM image of
the GO fiber, and (c) SEM image of tying knot of the GO fiber. The
scale bar represents 20 μm.

Figure 3. Optical micrographs of a single graphene fiber/iPP composite crystallized at 132 °C for 30 min. Transcrystals surrounding the graphene
fiber under crossed polarizers: (a) without and (b) with the retardation plate. The scale bar represents 200 μm.
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temperature at equilibrium), and Kg is the nucleation constant
that is determined by the fold surface free energy. The first
exponential term in eq 1 represents the diffusion process of the
polymer chain segments in melt, while the second exponential
term is associated with the thermodynamic driving force of
chain-folding during the heterogeneous nucleation process.47

For polymer transcrystallization, the second exponential term is

predominant over the first one.42,46 In this regard, the growth

rate (G) of the TC interphase is mainly dependent on 1/

(TcΔT). Equation 1 is then simplified and expressed by eq 2

= −
Δ

+G
K

T T
ln constant

g

c (2)

Figure 4. Polarized optical micrographs with retardation plates of iPP transcrystals crystallized at 132 °C surrounding the graphene fibers with
different diameters: (a) 30, (b) 50, and (c) 70 μm. The scale bar represents 200 μm.

Figure 5. Series of polarized optical micrographs with retarding plates of iPP transcrystal evolution surrounding a single graphene fiber at 132 °C
with different crystallization times: (a) 0, (b) 3, (c) 6, (d) 12, (e) 18, and (f) 30 min. The scale bar represents 200 μm.

Figure 6. Kinetics of transcrystallization of iPP induced by the graphene fibers. (a) The plots of transcrystal (TC) thickness versus time at different
crystallization temperatures Tc as shown in the figure, and (b) the plot of the growth rate (G) of transcrystals versus 1/(TcΔT). ΔT = Tm

0 − Tc, and
is the supercooling degree, and Tm

0 is the melting temperature at equilibrium.
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Figure 6b shows the plot of ln G versus 1/(TcΔT). The best-
fit straight line was apparent. From the slope of the straight line,
the Kg of 2.62 × 105 K2 was then calculated. The Kg is the
energy term for the formation of crystal nuclei with the critical
size and is determined by eq 3

σσ
=

Δ
K

b T
k h

4
g

0 e m
0

B f (3)

where b0 denotes the thickness of molecular monolayer in the
polymer crystals, σ and σe represnt the lateral and fold surface
free energies, respectively, kB is the Boltzmann constant, and
Δhf is the heat of fusion per unit volume of the polymer
crystals. It has been reported that, for α-form crystals of iPP,48

b0 is 6.26 Å, σ is 1.10 × 10−2 J m−2, Tm
0 is 458 K, and Δhf is 209

J g−1. From these values and eq 3, the σσe was calculated to be
6.24 × 10−4 J2 m−4, and thus, the σe was 5.42 × 10−2 J m−2. This

value of the fold surface free energy is in good agreement with
that (6.8−7.6 × 10−2 J m−2) of the single CNT fiber/iPP
composites42,43 and that (4−11 × 10−2 J m−2) of single carbon
fiber/iPP composites.49

It is interesting to note that some fan-shaped domains were
frequently observed in the TC interphase as indicated by an
arrow in Figure 7a. Significantly, such fan-shaped domains
display much stronger optical birefringence compared to the
surrounding TC interphase and are thus identified by the β-
form crystals of iPP.50 The preliminary data of XRD analysis
confirmed the existence of the small amount of the β-form
crystals of iPP in the predominant α-form crystals of iPP in the
transcrystallized sample (Supporting Information Figure S5).
Close examination on the growth front of the TC interphase
indicates that the β-form crystals of iPP grow faster than the α-
form counterpart (Figure 7a). This observation is consistent
with the literature report.51 When the transcrystallized iPP

Figure 7. Polarized optical micrographs of the polymorphous transcrystals of iPP surrounding a single graphene fiber. The sample was isothermally
crystallized at 132 °C for 30 min with subsequent quenching to room temperature: (a) as-prepared sample with a retarding plate, (b) the same
sample from part a at the selective melting temperature of 155 °C with a retarding plate, (c) the same sample from part a at the selective melting
temperature of 161 °C with a retarding plate, and (d) the same sample as that from part c without a retarding plate. The arrows show the β-form
transcrystals. The scale bar represents 200 μm.

Figure 8. SEM images of transcrystallized polypropylene surrounding the graphene fiber after chemical etching: (a) overall morphology of single
graphene fiber/polypropylene composite, (b) the transcrystalline interphase, and (c) the boundary between the transcrystalline interphase and bulk
spherulites. TC and S represent transcrystals and spherulites, respectively. The scale bar represents 10 μm in part a and 800 nm in parts b and c.
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sample was heated up close to 155 °C, the optical birefringence
of both α- and β-form crystals increased significantly (Figure
7b). Remarkably, the blue and orange contrast of the mixed
birefringence TC interphase changes into the predominant
orange contrast of the negative birefringence TC interphase
(Figure 7b), indicating a reorientation process of polymer
chains at the elevated temperature. As a result, the polymer
chains become mainly parallel to the fiber axis, leading to the
uniform radial lamellae in the negative birefringence TC
interphase.43 Further increasing the temperature up to 161 °C
yielded the melting of the β-form crystals of iPP but no change
in the α-form crystals of iPP (Figure 7c,d). This selective
melting behavior of the fan-shaped domains further confirmed
the β-form crystals of iPP.50 This observation has not been
reported in the single CNT fiber/iPP composites42,43 or single
carbon fiber/iPP composites.49 It is well-known that the β-form
crystals of iPP exhibit the excellent impact strength and
toughness that play an important role in fabricating high
performance iPP products.28,52 However, the β-form crystals of
iPP are difficult to achieve under the normal processing
conditions. Our work indicates the great promise of graphene
as an effective reinforcing agent to fabricate strong and tough
iPP composites.
To directly visualize microstructures of the TC interphase

under SEM, the samples were chemically etched to remove the
amorphous regions. Figure 8 displays the typical SEM images of
the TC interphase of iPP surrounding the graphene fiber after
chemical etching. It is evident that the crystalline lamellae in the
TC interphase are oriented perpendicular to the graphene fiber
axis while the crystalline lamellae in the bulk spherulite grow
radially from the nucleus center (Figure 8a). Close examination
of higher magnification images revealed the details of lamellar
architectures in both the TC interphase and bulk spherulites
(Figure 8b,c). Interestingly, the crystalline lamellae in the TC
interphase display interwoven microstructures (Figure 8b),
which is termed as a cross-hatched morphology.42 It is believed
that the mother lamellae nucleate on the fiber surface and grow
perpendicular to the fiber axis whereas the daughter lamellae
(arrows in Figure 8b) epitaxially grow onto the mother
lamellae.42 The epitaxial angle is about 80°. This observation is
consistent with those of the single CNT fiber/iPP composites42

and the single carbon fiber/iPP composites.49 Figure 8c shows
the boundary between the TC interphase and the bulk
spherulite, demonstrating the orientation difference of crystal-
line lamellae between the two.
It should be noted that the graphene fibers are wetted well

into the iPP matrix (Figure 8a), implying good interfacial
adhesion. However, we did observe some spacing between the
TC interphase and the graphene fiber (arrows in Figure 8a).
This may be attributed to the mismatch of thermal expansion
between the iPP and graphene. During the solidification, the
iPP matrix shrinks significantly, producing some spacing
between the TC interphase and the graphene fiber. Further
investigation is warranted in this context.

■ CONCLUSIONS
In summary, we have reported polymer transcrystallization of
iPP induced by the graphene fibers in the single fiber polymer
composites. The graphene fibers are spun from the LC phases
of GO sheets followed by chemical reduction. The graphene
fibers serve as orientation templates and heterogeneous
nucleating agents for promoting the growth of oriented
lamellar crystals of iPP perpendicular to the fiber axis. The

Lauritzen−Hoffman theory of heterogeneous nucleation is
utilized to study the dynamic process of transcrystallization, and
the fold surface free energy of transcrystals is calculated to be
5.42 × 10−2 J m−2. The microstructural analysis reveals a cross-
hatched morphology of the TC interphase and strong
interfacial adhesion. Under the appropriate conditions, the β-
form crystals of iPP appear in the predominant α-form
transcrystals. Our work addresses an important fundamental
issue regarding the interfacial interactions between the polymer
and graphene. These results may serve as guidance for the
fabrication of effective graphene-enhanced polymer nano-
composites for various emerging applications.
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