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ABSTRACT: Graphite-nanoplatelet (GNP)-decorated polymer nanofiber
composites with hierarchical structures were fabricated by the combination
of electrospinning and ultrasonication. It was found that GNPs could be well
attached or embedded onto the nanofibers when their size was comparable to
the nanofiber diameter. X-ray diffraction results indicated that ultrasonic
treatment exerted no influence on the carbon crystal layer spacing. Fourier
transform infrared spectra and Raman spectroscopy revealed the existence of
interfacial interaction between GNPs and polyurethane nanofibers. The
prepared nanofiber composite showed enhanced thermal stability and
hardness, which originated from uniform dispersion of GNPs as well as
strong interaction between GNPs and the nanofibers. The electrical
conductivity was significantly improved, derived from the formation of a
conductive percolation network in the nanofiber composite. During ultra-
sonication, cavitation bubbles may be formed in liquid, and microjets and
shock waves were created near the GNP surface after collapse of the bubbles. These jets, causing sintering of GNPs, pushed
GNPs toward the nanofiber surface at very high speeds. When the fast-moving GNPs hit the nanofiber surface, interfacial
collision between GNPs and the nanofibers occurs, the nanofiber may experience partial softening or even melting at the impact
sites, and then GNPs could be uniformly anchored onto the nanofibers. This method opens a new door for harvesting GNP-
based nanofiber composites with improved material properties.
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1. INTRODUCTION

Electrospun polymer nanofiber (EPNF) have attracted much
attention recently because of their wide applications in many
fields such as catalysis, scaffold, and sensors.1−5 However, the
pure polymer nanofibers lack sufficient thermal stability,
electrical conductivity, etc., severely limiting their applications.
Therefore, nanosized fillers are often incorporated into the
nanofiber in order to improve their comprehensive perform-
ances. Carbon nanotubes (CNTs) are good candidates because
of their superior properties.6−10 Nevertheless, CNTs are very
expensive, and it is thus desirable to seek alternatives. Graphite
nanoplatelets (GNPs) seem to be a good choice because they
possess excellent thermal, mechanical, and electrical properties
and can be obtained at low cost.11−15 GNPs are usually
obtained by so-called “chemical intercalation−hot expansion−
ultrasonication”16−19 and have a large ratio of width to
thickness (aspect ratio) and a unique layered structure with
nanoscale thickness (from several nanometers to 100 nm).11,20

GNPs are often dispersed in both thermoplastics and
thermosetting polymers for the fabrication of composite
materials, which have many potential applications including
piezoresistive materials,21 barrier layers,22 electromagnetic
interference shielding,23 electrodes,24 etc. However, to the
best of our knowledge, GNPs are seldom employed as fillers in
the EPNF, presumably because of their large plane size. On the
other hand, good dispersion of GNPs in polymer solution is

still a challenge. Mack et al. incorporated GNPs into
electrospun polyacrylonitrile nanofibers, and the composite
nanofibers displayed a modest increase in thermal stability with
increasing weight percent of the GNPs.25 However, GNPs are
easily aggregated in the polymer solution, which is detrimental
to the improvement of the material performance and even
deteriorates their original quality. In addition, the superior
properties, especially the electrical conductivity of GNPs, could
not be fully explored when they were wrapped by a layer of
insulating polymer.
In fact, GNPs could be located on the nanofiber surface

rather than remain inside the nanofibers, which could also
improve the properties of the EPNF mat, especially the
electrical conductivity and hardness. In our previous work,
CNTs were successfully decorated onto the polymer nanofiber
surface based on ultrasonition.26 Here, in this paper, ultra-
sonication was also employed to induce GNP decoration onto
the nanofiber surface, in order to obtain the GNP-anchored
nanofiber composite. Ultrasonication serves not only to
guarantee good dispersion of GNPs in the solution but also
to drive GNP adsorption toward the nanofibers. It is an
efficient and energy-saving method because the decoration
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process could be completed within several minutes. Further-
more, it is a surfactant-free method, and good dispersion of
GNPs could be preserved on the nanofiber surface during
ultrasonication. The interfacial interactions between GNPs and
polyurethane (PU) nanofiber were proved by Fourier transform
infrared (FTIR) spectra and Raman spectroscopy. The
prepared nanofiber composite exhibited enhanced thermal
stability and electrical conductivity. GNP decoration also
contributed to the large increase in the hardness of the
nanofiber film. This approach provides a new strategy for
harvesting GNP-based nanofiber composites with improved
material properties.

2. EXPERIMENTAL SECTION
2.1. Materials. The graphite intercalated compound (GIC) in the

experiment was an expandable sulfuric acid intercalated graphite (code
220-50 N) and was purchased from GrafTech International Ltd.
(Parma, OH) with a particle size of about 50 mesh. Here, mesh is a
measure of the spacing of the strands of a mesh or grid, defined as the
distance between strands for coarse meshes or a number of strands per
unit length for fine meshes. In fact, the size for the exfoliated GNPs is
about several micrometers. The onset temperature for the release of
sulfuric acid for the GIC is 220 °C, and the expansion volume at 600
°C is 200 cm3/g. The thermoplastic PU (TPU; code Desmopan 385S)
was provided by Bayer (Hong Kong, China). The melting point and
decomposition temperature for the TPU are 220 and 250 °C,
respectively, and the bulk density is 500−700 kg/m3.27 N,N-
Dimethylformamide (DMF) was provided by Sigma-Aldrich Corp.
(St. Louis, MO) and used as received.
2.2. Preparation of GNPs. The as-received GIC was heated at 600

°C for several seconds to obtain an expanded graphite (EG). In the
EG, their dimension in the c direction, i.e., the direction perpendicular
to the planar direction of the nanoplatelet, was several hundred times
that of the original dimension for the GIC. The EG was then dispersed
in water and treated using an ultrasonic probe for 6 h to obtain
exfoliated GNPs, and the GNP size was about several micrometers.
GNPs with sizes of about several hundred nanometers (comparable
with the diameter of the electrospun nanofibers) were prepared by
extending the ultrasonic time to 24 h. The ultrasonication power is
40% of the maximum power (i.e., 40% of 450 W), and the frequency is
20 kHz.
2.3. Preparation of Electrospun Nanofibers. A certain amount

of PU was dissolved in DMF (a good solvent for PU) at a

concentration of 13 wt %, and the polymer solution at this
concentration possesses a proper viscosity for electrospinning. The
PU solution was subjected to mechanical stirring for 8 h before
electrospinning, in order to obtain a homegeneous solution. The
prepared polymer solution was then loaded into a plastic syringe and
fed through a metallic nozzle at a feed rate of 1 mL/h. The applied
voltage was 12.5 kV, and the distance from the metallic needle to the
surface of the rotating drum was 12.5 cm. A feed rate of 1 mL/h, a
voltage of 12.5 kV, and a distance of 12.5 cm could guarantee the
formation of long and uniform electrospun nanofibers. The nanofibers
were collected on aluminum foil, which was attached to the rotating
drum.

2.4. GNP Decoration onto the Electrospun Nanofiber. A total
of 25 mg of GNPs was dispersed in 40 mL of deionized water, and
then the suspension was subjected to ultrasonication for 1 h. After
that, the nanofiber mat was immersed into the GNP solution and
experienced ultrasonicaion in an ultrasonic bath for about 3 min. The
power and frequency for ultrasonication were 150 W and 20 kHz. The
GNP-decorated nanofiber membrane was washed out with deionized
water several times, in order to remove the unabsorbed CNTs left on
the mat surface. The later experiments demonstrate that this
procedure works well. Finally, the gray-black composite mat was
dried at 50 °C in an oven for 24 h.

2.5. Characterization. The gold-sputtered GNP-decorated EPNF
mat was examined by field-emission scanning electron microscopy
(FESEM; FEG JSM6335). Electrospun nanofibers were also directly
deposited onto a copper grid for a few seconds during electrospinning
for transmission electron microscopy (TEM; Philips FEG CM200)
observation. X-ray diffraction (XRD) patterns were recorded on a
Philips 220 X′pert diffractometer with Cu Kα radiation (λ = 1.54178
Å). FTIR spectra were recorded on a Perkin-Elmer 100 spectrometer.
Raman measurements were performed at room temperature using a
Renishaw inVia Raman microscope. The 514 nm radiation from a 20
mW air-cooled argon-ion laser was used as the exciting source. The
error is usually within the symbol size and is therefore not depicted for
the XRD, Raman, and FTIR curves. Thermogravimetric analysis
(TGA) was carried out on a TA Instrument (TGA Q50) system with a
scanning range from 25 to 600 °C and a heating rate of 10 °C/min in a
nitrogen atmosphere. The electrical conductivity was measured by a
four-probe method. We first obtain the resistance of the nanofiber film
(R); R is calculated as R = (V/I), which is based on Ohm’s law. V and I
are the voltage and current, respectively. Then the electrical resistivity
could be obtained Rs = R(S/L), where L is the length and S is the
cross-sectional area of the nanofiber film. The electrical conductivity is
the reciprocal of the resistivity. Nanoindentation tests were conducted

Figure 1. (a) Schematic demonstration of GNP decoration onto electrospun nanofibers. (b) Photograph of the electrospun PU nanofiber mat after
GNP decoration. (c and d) SEM and (e and f) TEM images of the PU nanofiber and GNP-anchored PU nanofiber composite. Scale bars: (c and d)
1 μm; (e) 100 nm; (f) 200 nm.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am401420k | ACS Appl. Mater. Interfaces 2013, 5, 7758−77647759



at room temperature using NanoIndenter XP (MTS Cor.) with a
triangular diamond indenter at a loading rate of 0.05 mN/s. During a
nanoindentation test, the triangular diamond indenter would touch
and press down on the thin nanofiber mat at a certain speed, and the
hardness could be obtained at each displacement. Three regions in the
same sample were measured to obtain the average hardness of the PU
nanofiber and GNP-anchored nanofiber mat.

3. RESULTS AND DISCUSSION

GNPs are usually fabricated by a so-called “chemical
intercalation−hot expansion−ultrasonication” method. First,
the natural graphite flakes are intercalated with a high
concentration of acids to prepare the GIC. The obtained
GIC experiences rapid expansion at a high temperature to
produce EG. The GNPs could finally be obtained by ultrasonic
treatment of the EG dispersed in a certain solvent. GNPs used
in our experiment possess a layered structure and were
prepared through exfoliation of the GIC, and the thickness of
the GNPs was about a few tens of nanometers.27 Figure 1a is a
schematic demonstration for ultrasonication-induced GNP
decoration onto the nanofiber surface. GNPs are attached or
embedded onto the nanofiber surface after ultrasonication. The
pure electrospun nanofiber mat was white; however, the
nanofiber mat became completely gray-black after GNP
decoration (Figure 1b; the minimum unit of the ruler is
millimeters), indicating that the nanofibers were successfully
decorated by GNPs. The pure PU nanofiber, with a diameter of
around 350 nm, possessed a smooth surface, which can be
observed from the SEM and TEM images in Figure 1c,e (part e
is a magnified TEM image for a single PU nanofiber). However,
the nanofiber surface became very rough after GNP decoration,
and many GNPs were attached or anchored irregularly onto the
nanofiber surface. Some GNPs were tightly attached on the
fiber surface (see the solid blue arrows), while others were
deeply embedded onto the nanofiber (see the dotted blue
arrows), leaving a section of GNPs protruding out of the
nanofiber (Figure 1d,f). Here it is proven that GNPs not
attached are successfully removed by our preparation. During
ultrasonication, cavitation bubbles may be formed in liquid, and
the collapse of these bubbles creates a transient temperature of
around 5000 K and a pressure of around 1000 atm with a
cooling rate above 108 K/s.28,29 Gedanken and co-workers used
ultrasound irradiation to coat noble-metal nanocrystals on silica
and polystyrene (PS) spheres. The gold nanoparticles were
bonded to the silica surface, which was related to the microjets
and shock waves generated near the solid surfaces after collapse
of the bubbles. These jets, causing sintering of metallic particles,
push the nanoparticles toward the silica surface at very high
speeds. When these nanoparticles hit the silica surface, they can
react with free silanols, or even Si−O−Si bonds, which may
lead to the formation of Au−O−Si bonds.30,31 However, the
mechanism of coating nanoparticles on PS spheres might be
different because their surfaces and the chemical interactions
between the particles are different. PS spheres did not form
chemical bonds but rather got coated because of sintering of
the particles and/or interparticle collisions between PS and the
metal nanoparticles. As a result, the polymer melted or
softened, and the metallic particles thus “dissolved” partially
in the polymer.32 Similarly, in our experiment, microjets and
shock waves can be generated near the GNP surfaces after
collapse of the bubbles during ultrasonication. These jets
possessing large energy can push the GNPs toward the
nanofiber at high speeds. When the fast-moving GNPs hit the

nanofiber surface, interfacial collision between the GNPs and
nanofibers occurs. As a consequence, the polymer nanofiber
may become softened or even partially melted at the impact
sites. Here, the melting or softening is an instantaneous
behavior and only happens at the GNP impact site (a very small
contact area), and finally GNPs could be decorated onto the
nanofibers. Note that the whole polymer nanofiber could not
be damaged under an instantaneous impact from the GNPs.
It was reported that ultrasonication could not only exfoliate

graphene oxide sheets but also cut them into smaller sheets by
the mechanical shock waves and shear forces created by the
collapse of cavitating bubbles.33,34 In our experiment, the GNP
size could also be tuned by controlling the ultrasonication time.
Figure 2 displays SEM images of anchored nanofiber

composites with different GNP sizes. It is found that the
GNP size plays an important role in determining the final
morphology of the GNP-anchored nanofiber composite. GNPs
cannot be well anchored onto the nanofiber surface when their
size was much larger than the fiber diameter, as shown in Figure
2a,a′ (the GNP size was more than 1 μm). The large GNPs
stack together, occupying the pores between the nanofibers in
the mat. However, when the GNP size was comparable to the
diameter of the nanofiber (about 350 nm), the separated GNPs
were uniformly attached or embedded onto the fiber surface.
Fortunately, the pores between the individual nanofibers were
preserved even after GNP decoration, which made it possible to
take advantage of the large number of interconnected pores in
the nanofiber membrane. Fewer GNPs were capable of
contacting the nanofiber surface with an increase in their size.
On the other hand, the energy causing GNP to keep moving
remains the same at constant ultrasonication power. GNPs with
larger size correspond to larger weight, and it is understandable
that GNPs possessing the same energy have decreased moving
velocity if their size and thus their weight increase. As a result,
the ultrasonication-induced GNP impacting the nanofiber
became weaker.
Figure 3 displays the XRD patterns of the PU nanofiber and

GNP-anchored PU nanofiber composite. The scattering
patterns show the position and intensity of characteristic
peaks of crystal or semicrystalline materials, which could

Figure 2. SEM images of the GNP-anchored PU nanofibers with
different GNP sizes: (a) larger than 1 μm; (b) several hundred
nanometers. (a′ and b′) Magnified images of parts a and b. Scale bars:
(a and b) 10 μm; (a′ and b′) 1 μm.
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provide information about the size and crystalline structure of
the PU nanofiber and GNP-anchored nanofiber composite. In
fact, the backgrounds for both TPU and the nanofiber
composite were not flat, and there are some small fluctuations,
which may come from the instrument error. Fortunately, the
main information, i.e., the characteristic peaks, can be clearly
observed from the XRD curves. The pure TPU nanofiber
shows a very strong broad diffraction peak ranging from 12 to
30° and centered at about 2θ = 19°, referring to the reflection
plane of (110) with an interchain spacing of 0.442 nm.35 This
peak also indicates the existence of short-range regular-ordered
structures of both hard and soft domains along with a
disordered structure of the amorphous phase of the TPU.36

However, the peak disappears after GNPs were decorated onto
the nanofibers. It was reported that the TPU peak became
broadened and the intensity decreased with the addition of
CNTs. It was assumed that the aggregation/agglomeration
dynamics of both soft and hard segments of the TPU matrix
was significantly disordered, which might be caused by the
presence of strong interfacial interactions between CNTs and
the TPU matrix. In addition, the resulting steric hindrance
effect of the individual or bundle nanotubes also affected the
well-organized accumulation of the soft and hard phases of the
TPU matrix.36 In our experiment, the interaction between
GNPs and the nanofiber may have damaged the well short-
range microstructural phases of TPU, which finally led to the
disappearance of the peak in the GNP-anchored nanofiber
composite. For the nanofiber composite, there is a sharp peak
around 2θ = 26.6° [(002) diffraction peak of GNPs], which
corresponds to a d spacing of 0.335 nm. As mentioned in the
Experimental Section, the GNPs were obtained by ultra-
sonication treatment of the EG, and the EG possesses one
major diffraction peak at 26.68°.27 The sharp (002) peak with
almost the same intensity is also found for the GNP-anchored
nanfiber composite, indicating that the ultrasonic treatment
exerted no influence on the carbon crystal layer spacing.
The interactions between PU and GNPs were studied by

FTIR (Figure 4). The FTIR spectra for GNPs could be found
elsewhere.37 For the pure PU nanofiber, the peak at 3328 cm−1

is the characteristic N−H stretching band of urethanes, and the
two strong vibrations at around 1730 and 1596 cm−1 belong to
free and hydrogen-bonded carbonyl groups in the urethane
linkage (−H−N−COO−). Furthermore, the peak at 1596
cm−1 is assigned to N−H in the plane-bending mode, and the

peak at 1530 cm−1 is associated with the combination of N−H
bending and C−H stretching. In addition, the stretching C−O
and C−O−C bands are present at 1170 and 1078 cm−1,
respectively.38 No evident changes of the PU bands are
observed when GNPs were introduced onto the nanofiber
surface except that the position of the N−H stretching band
gradually shifts from 3328 cm−1 in the pure PU nanofiber to
3332 cm−1 in the PU/GNPs nanofiber composites, which
might suggest the existence of chemical interactions between
the N−H group of PU and the functional groups of GNPs. The
interfacial interaction between PU and GNPs is benefical to the
reinforcement capacity of GNPs and, consequently, to the final
properties of PU/GNPs nanofiber composites.
The possible interactions between GNPs and the PU

nanofiber were also investigated by Raman spectroscopy, as
shown in Figure 5. PU’s characteristic vibration bands,

including δ(C−H) at 1445 cm−1, ν(CC) at 1620 cm−1,
ν(CO) at 1734 cm−1, and ν(CH2) at 2932 cm−1, could be
observed.38,39 The average bond enthalpies for C−C, C−H,
CC, CO, and O−H are 438, 413, 614, 799, and 463 kJ/
mol. For GNPs, three typical peaks at about 1340, 1580, and
2692 cm−1 were present, corresponding to the D, G, and 2D
bands, which are the signatures of graphite-like structure.40,41

As is known, the D band is related to the defects introduced

Figure 3. XRD patterns of the PU nanofiber and GNP-anchored PU
nanofiber composite.

Figure 4. FTIR spectra of the PU nanofiber and GNP-decorated
nanofiber composite.

Figure 5. Raman spectra of GNPs, the neat PU nanofiber, and the
GNP-decorated nanofiber composite.
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into the structure, whereas the G and 2D peaks correspond to
the in-plane C−C bond stretching in GNPs. It was found that
the intensity of the D to G peak is very small (ID/IG = 0.15),
indicating a small amount of defects present in the as-prepared
GNPs. It was worth noting that the characteristic polymer
bands become less obvious and even disappear after GNP
deocration to the PU nanofiber surface. On the other hand, the
characteristic D and 2D bands are up-shifted from 1340 and
2692 to 1360 and 2719 cm−1 by 20 and 27 cm−1, indicating
interactions between the PU nanofiber and GNPs that may be
due to interfacial stress transfer.42 We do not know the exact
reason in terms of the small signal fluctuation for the nanofiber
composite, but the position and intensity of the characteristic
can be clearly identified in spite of the small signal fluctuation.
The Raman spectroscopy provides some sensitive information
about the chemical interactions between GNPs and TPU
caused by the presence of carboxylic and hydroxy groups and/
or additional disorder-related defects on GNPs. These
interactions may be responsible for the improved material
properties, which will be discussed in the following sections.
The thermal stability of the GNP-decorated nanofiber

composite was investigated by TGA, which can be observed
in Figure 6. The weight ratios of the residual for the PU

nanofiber mat and GNP-anchored PU nanofiber composite mat
after thermal degradation are about 9.5% and 14.1%
respectively. Here, we assume that the weights for GNPs
absorbed onto the nanofibers and the pure polymer nanofibers
are mg and mp, respectively. The total weight of the nanofiber
composite is mt = mg + mp. On the basis of the TGA results,
14.1%mt = mg + 9.5%mp, finally the weight ratio of GNPs
absorbed onto the nanofiber composite, i.e., mg/mt × 100%, is
calculated as about 5.1%. It is also found that the TGA curve for
the nanofiber composite shifted toward the zone of high
temperature, suggesting that the thermal stability of the PU
nanofiber membrane was enhanced. Moreover, the temperature
for the maximum weight loss rate increased from 360.7 to 403.4
°C. The improved thermal stability might originate from good
dispersion of the GNPs as well as strong interaction between
the GNPs and nanofibers. During ultrasonication, the GNPs
could be separated from each other, and the individual GNPs
could be uniformly decorated onto the nanofiber surface, which
could be observed from the SEM image in Figure 1d. On the
other hand, GNPs hit the nanofiber strongly under ultra-

sonication, causing the softening or even partial melting of the
TPU at the impact sites, and GNPs could thus adhere to the
nanofiber tightly, leading to the strong interaction between
them.
To improve the conductivity and decrease the percolation

threshold, conductive fillers such as carbon black, CNTs, and
graphene were selectively located on the interface of the
polymer matrix particles instead of being randomly distributed
in the whole system, i.e., construction of a segregated structure
in the composite.43−46 In a microfibrillar blend composite,
when the content of the conductive filler was beyond the
maximun packing fraction (φmax), the filler could migrate to the
surface of the microfibrils and thus a continuously conductive
network was built in the composite.47 To reach φmax, a large
amount of conductive filler must be incorporated into the
microfibrils, and most of them just stayed inside the
microfibrils, contributing little to the conductivity. Therefore,
the conductive fillers are often controlled to be distributed on
the surface of the microfibrils, in order to obtain the conductive
polymer composite with a low percolation threshold. It was
reported that the conductive pathway was formed when the
CNTs were selectively located on the microfibrillar surface.48 In
our experiment, the conductive filler, namely, the GNPs, was
designed to be located on the fiber surface, and the conductivity
of the GNP-decorated nanofiber mat was about 3.8 × 10−1 S/
m, exhibiting a good electrical property (the conductivity of the
pure PU nanofiber mat is 10−12 S/m). Electrospun nanofibers
became conductive elements after GNP decoration, and the
conductive nanofibers with high aspect ratios were beneficial to
formation of the conductive network.49 In addition, the
conductive pathway had low junction resistance because of
the presence of many contact points of GNPs. High
conductivity cannot be achieved if GNPs were incorporated
inside nanofibers because there was a layer of nearly pure
polymer on the nanofiber surface, which offered resistance to
electron transportation. Therefore, ultrasonication-induced
GNP decoration is a promising technique to improve the
electrical performance of the nanofiber membrane.
Nanoindentation was carried out to measure the hardness of

the nanofiber mat, which is shown in Figure 7. Displacement
Figure 6. TGA curves for the pure PU nanofiber and GNP-anchored
PU nanofiber.

Figure 7. Hardness of the PU nanofiber and GNP-decorated nanofiber
composite as a function of the displacement. The GNP content in the
nanofiber composite as derived from our TGA is 5.1 wt %. Three
different positions in the nanofiber mats were chosen to measure the
hardness, and the inset displays the average hardness for the two
samples.
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here refers to the distance of the indenter movement, which can
be accurately controlled in the range of subnanometers, and the
hardness could be obtained at each displacement. It could be
observed that the hardness decreases quickly and then gradually
reaches an equilibrium value. The hardness of GNP-decorated
nanofibers (60 MPa) was more than 8 times higher than that of
the pure nanofiber (7 MPa). The significantly improved
hardness might result from good dispersion of the GNPs on
the nanofiber surface as well as strong interaction between the
GNPs and nanofibers. Generally, dispersion of nanofillers such
as CNTs should be very good in the polymer matrix, in order
to realize the enhancement of most of the nanocomposite’s
properties;50 otherwise, the fillers tend to aggregate to form
large agglomerates, and bad dispersion would probably
deteriorate the comprehensive properties of the materials. To
this end, a surfactant is often utilized to assist their dispersion.
However, it was reported that the use of dispersant could lower
Young’s modulus of the electrospun fibers.51 On the other
hand, the interfacial bonding between the filler and polymer
matrix was very important for improving the mechanical
properties of the composite fiber because the load can
effectively transfer to the fillers if good interfacial interaction
is achieved.52 In our experiment, GNP adsorption was a
surfactant-free process, and the well-dispersed GNPs benefiting
from ultrasonication were inherited after the adsorption process
and uniformly anchored onto the nanofibers, which can be
observed from the SEM image in Figure 1d,f. GNPs hit the
nanofiber strongly during ultrasonication adsorption, causing
the softening of TPU at the impact sites; therefore, GNPs could
be attached onto the nanofiber tightly, leading to strong
interaction between the CNTs and nanofibers. Moreover, the
oxygen-containing groups on the GNPs and amino group of
PU promoted the interfacial interaction, which was illustrated
by FITR and Raman spectroscopy. As a result, the TPU
nanofibers were wrapped by the rigid GNPs, leading to a great
improvement of the hardness.

4. CONCLUSION

In summary, we have proposed a facile method, i.e., the
ultrasonication-induced uniform decoration of GNPs onto the
polymer nanofiber surface, to obtain the GNP-anchored
nanofiber composite. Ultrasonication serves not only to
guarantee good dispersion of GNPs in the solution but also
to drive GNP adsorption toward the nanofiber. When the GNP
size was comparable to the nanofiber diameter, GNPs could be
well attached or embedded onto the nanofiber. XRD results
indicated that ultrasonic treatment exerted no influence on the
carbon crystal layer spacing. FTIR and Raman spectroscopy
revealed the existence of interfacial interaction between the
GNPs and PU nanofibers. The GNP-anchored nanofiber
composite showed enhanced thermal stability and hardness,
which originated from the uniform dispersion of GNPs and
strong interaction between the GNPs and polymer nanofiber.
The conductivity was significantly improved because of
formation of the conductive network as well as the low
junction resistance in the composite. This method opens a new
door for harvesting GNP-based nanofiber composite with
improved material properties.
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