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Anisotropic conductive films based on highly
aligned polyimide fibers containing hybrid
materials of graphene nanoribbons and

carbon nanotubes+
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Anisotropic electrically conductive films (PI-GNR/CNT) consisting of highly aligned polyimide (Pl) com-
posite fibers with graphene nanoribbon (GNR) and carbon nanotube (CNT) (GNR/CNT) hybrids as nano-
fillers have been prepared by electrospinning. The GNR/CNT hybrids used here were prepared by one-step

partial unzipping of multi-walled CNTs, in which, with the residual CNTs bonded on the randomly

arranged GNR sheets, not only the aggregation of GNR sheets was greatly prevented but also an electri-

cally conductive pathway with good conductivity was effectively formed with the CNTs acting as linking

bridges between different GNRs. Due to the three-dimensional (3D) conductive network structure of the

GNR/CNT hybrid and fine dispersion and alignment inside the PI fibers, as well as the good interfacial
interaction between the GNR/CNT hybrid and the Pl matrix, PI-GNR/CNT composite films exhibit a
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1. Introduction

Anisotropic materials, with distinct properties in each direc-
tion, have attracted tremendous attention in recent years
for their important applications such as magnetic devices,
electronic sensors and field-emission devices."™ A typical and
representative example of the anisotropic materials is
magnetic materials, which have already been widely used in
the fields of electricity, optics, and so on."* Recently, polymer-
based anisotropic electrically conductive materials with
hierarchical architecture and excellent anisotropic properties
have been fabricated. Giannelis and coworkers have prepared
graphene-Nafion nanocomposites by a two-step approach of
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unique property of anisotropic electrical conductivity of 8.3 x 1072 S cm™ in the parallel direction along
the fibers and 7.2 x 1078 S cm™ in the perpendicular direction, which may open the way for wide poten-
tial applications of anisotropic conductive nanomaterials in practical production and scientific research

casting and reduction, achieving the successful preparation of
well-aligned graphene nanosheets with excellent anisotropic
electrical conductivity.® Zhu and coworkers have prepared
tailored parallel graphene stripes in a plastic film by shear-
induced self-assembly with almost four orders of magnitude
difference of conductivity in parallel and perpendicular direc-
tions.” However, the complicated manufacturing process and
sophisticated fabricating facilities for preparing anisotropic
materials make it difficult for mass production. Therefore,
developing a simple, low-cost and mass production method
for preparing anisotropic electrically conductive materials is
urgent and of great importance.

Currently, the most investigated anisotropic electrically
conductive composites are usually prepared based on the
polymer matrices such as polyethylene,® polypropylene,” poly-
(dimethylsiloxane),> and copolymers of polystyrene-poly-
(4-vinyl pyridine),® due to their high strength, light weight,
corrosion resistance and insulation properties. Among the
most commonly used polymers, polyimide (PI), which is
considered as a kind of high-performance engineering
polymer, has attracted tremendous interest from researchers
and has been investigated in many practical application
fields due to its superior properties, such as outstanding
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mechanical properties, excellent stability, as
well as low dielectric constant. Pl-based composite
materials with excellent performance are urgently needed in
many practical application fields. Recently, much effort
has been made to improve the performance of PI-based
composites by chemical/physical interfacial modification. For
example, properties such as mechanical strength and tough-
ness, electrical conductivity and thermal stability of PI have
been significantly improved by addition of a small amount of
graphene due to the good dispersion of graphene and the
excellent interfacial interaction between graphene sheets and
the PI matrix.">*°

Carbon nanotubes (CNTs) with small size, high surface
area, large aspect ratio and high electrical/thermal conduc-
tivity have been considered as an attractive option for appli-
cations in sensors,"” field-effect transistors,'®'® energy storage
devices,>*?* and conductive composite materials,>** also
another superb carbon material, graphene, with a single atom
thick layer and hexagonal structural arrangement in a two-
dimensional lattice, has attracted great attention in various
practical application areas for its extraordinary properties such
as large surface area, excellent mechanical flexibility, fast
electron transportation, as well as superior thermal/chemical
stability.>>’ Interestingly, hybrid materials of graphene and
CNTs with appreciatively interfacial interactions have recently
been confirmed to be a very promising type of carbon material
with superior electrical and optical performance to individual
components, CNTs or graphene.”®>° The effective hybridiz-
ation of graphene and CNTs not only can promote the build-
ing-up of a three-dimensional (3D) conductive network, but
also can decrease the tendency of aggregation of both gra-
phene and CNTs. Furthermore, CNTs in the graphene/CNT
hybrid can play an important role in accelerating the electron-
transporting efficiency by acting as conductive bridges
between graphene sheets.?**' Therefore, when used as nano-
fillers, the graphene/CNT hybrids can also increase the electri-
cal and thermal conductivity of the polymer-based
composites,**?* and furthermore markedly increase the dielec-
tric property, toughness as well as thermal stability of the
polymer matrices.***°

In this work, anisotropic electrically conductive films con-
sisting of highly aligned PI-GNR/CNT composite fibers have
been fabricated by electrospinning with 3D hierarchical
hybrids of graphene nanoribbons (GNRs) and CNTs (GNR/
CNT) as conductive nanofillers. Here, GNR/CNT hybrids
have been facilely prepared by partial unzipping of multi-
walled CNTs. When exfoliated from mother-CNTs, the as-
prepared GNR sheets have intact interactions with residual
CNTs. Moreover, with CNTs acting as connecting bridges
between different GNR sheets, an electrically conductive
pathway was effectively built inside GNR/CNT hybrids. There-
fore, the PI-GNR/CNT film shows a unique anisotropic electri-
cal conductivity as well as good mechanical stability, as
a result of the good dispersion of the GNR/CNT hybrid inside
PI fibers and the superior mechanical properties of the PI
matrix.
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2. Experimental section
2.1 Materials

Pristine CNTs (diameter of 20-30 nm, 30 pm in length) were
purchased from Chengdu Organic Chemicals Co. Ltd. Benzo-
phenone-3,3,4,4-tetracarboxylic dianhydride (BTDA), 4,4'-di-
aminodiphenyl ether (DPE), N,N'-dimethylacetamide (DMAc),
sulfuric acid (H,SO4, 98 wt%), phosphoric acid (HzPO,,
30 wt%), potassium permanganate (KMnO,), hydrochloric
acid (HCl, 36 wt%), and hydroiodic acid (HI-H,O, 45 wt%)
were purchased from China Medicine Co. Ltd. All the reactants
were used directly in the experiments without any further
purification. Ultraclean water was used throughout the
experiments.

2.2 Preparation of the GNR/CNT hybrid

The GNR/CNT hybrid was synthesized by partial longitudinal
unzipping of pristine multi-walled CNTs (MWCNTSs) according
to our previous reports.>”*® Typically, 150 mg of MWCNTs
were dispersed in 40 mL H,SO, and moderately stirred for 1 h.
H;PO, (4 mL) was gradually added into the reacting system
and stirred for 15 min at room temperature. 450 mg of KMnO,
was added into the mixture in batches of 150 mg every hour.
Then, the temperature of the reaction system was increased to
70 °C and kept constant for 2 h followed by natural cooling
to room temperature. The cooled mixture was poured into
100 mL of ice-water containing 4 mL of H,O, (30 wt%) and
allowed to coagulate for 12 h. Then, the obtained precipitate
was washed with HCI (20 wt%) 2 times (10 mL each time) and
dialyzed against ultraclean water for 1 week, resulting in the
formation of an oxide GNR/CNT hybrid. The oxide GNR/CNT
hybrid was reduced with HI-H,O (98 °C for 10 h) to remove the
redundant oxygen-containing groups in order to prepare GNR/
CNT hybrid materials. After being washed 5 times, a stable dis-
persion of the GNR/CNT hybrid in DMAc was achieved.

2.3 Fabrication of PI-GNR/CNT composite films

Firstly, poly(amide acid) (PAA), the precursor of PI, was syn-
thesized from BTDA and DPE with an equivalent molar ratio
(as shown in Fig. 1). The mixture of BTDA and DPE was stirred
at 320 rpm in DMAc solution at 0 °C, resulting in the for-
mation of the PAA material by means of polycondensation
reaction with the solid content of PAA in DMAc solution being
about 15 wt%.

For preparation of PAA-GNR/CNT composite materials, the
obtained GNR/CNT hybrids were imbedded into the PAA solu-
tion by rapid stirring, in which the content of GNR/CNT in
the PAA-GNR/CNT composite can be simply but effectively
adjusted by changing the amount of imbedded GNR/CNT
hybrids (0.5 wt% to 9 wt% in this work). The as-prepared
PAA-GNR/CNT composite solutions were used to prepare
PAA-GNR/CNT fibers by the electrospinning technique at an
applied voltage of 15 kv and a feeding rate of 1 mL h™".
A specific rotating collector with a linear speed of 25 m s™*
was set up in order to effectively align the ejected PAA-GNR/
CNT fibers. The obtained PAA-GNR/CNT fiber films were dried

This journal is © The Royal Society of Chemistry 2015


https://doi.org/10.1039/c4nr06117a

Published on 21 November 2014. Downloaded by Fail Open on 7/23/2025 8:57:47 AM.

Nanoscale

S O m O O
° -
e (O Oy O
-

@Oﬁ@+

Fig. 1 Reaction scheme for preparation of PAA and Pl by BTDA and
DPE.

BTDA DPE

at 70 °C for 3 h in order to remove the residual solvent before
being heated to 100 °C, 200 °C and 300 °C (maintained for
30 min at each stage) at a speed of 5 °C min™" to complete the
imidization process, achieving PI-GNR/CNT fiber films.

2.4 Characterization

Transmission electron microscopy (TEM, Jeol JEM2100) with
an accelerating voltage of 200 kV was used to observe the mor-
phology of pristine MWCNTs, GNR/CNT hybrids, as well as PI
and PI-GNR/CNT fibers. Scanning electron microscopy (SEM,
Zeiss, ultra 55) observations were performed on a Zeiss Ultra
55 instrument with an accelerating voltage of 5 kV in order to
study the microstructures of the obtained fibers. X-ray diffrac-
tion (XRD) measurements were conducted using a PANalytical
(X’Pert PRO) X-ray diffractometer with Cu Ko radiation (4 =
0.1542 nm; cathode current, 40 mA; operating energy, 40 keV).
X-ray photoelectron spectroscopy (XPS) observations were con-
ducted on a VG ESCALAB 220I-XL device. Fourier transform
infrared (FTIR) analysis was performed on a Nicolet Nexus 470
FTIR spectrometer with a DTGS detector by signal-averaging
64 scans at a resolution of 4 cm™. The electrical conductivity
of the samples was measured using a Keithley 4200 semi-
conductor system at room temperature. In the head portion of
the tested films, the outer layer PI matrix was removed with O,
plasma, and silver paste was used to coat the exposed surface
of PI-GNR/CNT films to reduce the contact resistance between
the metal leads and the tested samples. Characterization was
performed in a linear sweep from —10 to 10 V, and the size of
the tested film was about 5 mm x 5 mm.

3. Results and discussion

Fig. 2 shows the fabricating process of a PI-GNR/CNT aniso-
tropic electrically conductive film with GNR/CNT hybrids as

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Schematic showing the fabrication of free-standing anisotropic
electrically conductive PI-GNR/CNT films with GNR/CNT hybrid as a
nanofiller.

the nanofiller. Pristine MWCNTs with a length of 30 pm were
partially unzipped, and the obtained GNR sheets by partial
unzipping were exfoliated from the pristine mother-CNTs with
the assistance of ultrasonication. The GNR sheets were co-
dispersed with the residual CNTs in the organic solvent DMAc,
resulting in the formation of 3D hybrid materials of CNTs (1D)
and GNR (2D) sheets with a hierarchical structure. Here,
the residual CNTs with a large aspect ratio were bonded on
different GNR sheets and acted as “connecting bridges”,
forming crosslinked or inter-clocked architectures of CNT/
GNR hybrids, which will effectively facilitate the electron or
charge transfer inside this new carbon material. With the
assistance of electrospinning, free-standing films consisting of
highly aligned PI-GNR/CNT fibers can be prepared on a rotat-
ing roll collector. High content and uniformly dispersed GNR/
CNT hybrid inside PI fibers endows PI-GNR/CNT composite
films with great electrical conductivity along the aligned
PI-GNR/CNT fibers. Furthermore, the outer layer of the PI
matrix plays an important role in packaging the inner conduc-
tive materials, resulting in the effective impediment of the
lateral transfer of electrons. This feature will efficiently
promote the unidirectional transmission of electrons inside
the PI-GNR/CNT fibers, resulting in the formation of PI-based
fiber films with a unique property of anisotropic electrical
conductivity.

Fig. 3 shows the TEM images of pristine CNTs and the
prepared GNR/CNT hybrids. It is noted that pristine CNTs
(Fig. 3a) have a large aspect ratio and relatively smooth edges
with 15-20 side walls, as shown in Fig. 3b. Compared with the
pristine CNTs, GNR sheets with an enlarged width can be
vividly observed beside the residual CNTs, as shown in Fig. 3c.
The prepared GNR sheets were homogeneously co-dispersed
with the residual CNTs without apparent aggregation, with the
residual CNTs linked with GNR sheets or bonded on different
GNR sheets. Detailed information can be obtained from
the image with high magnification (Fig. 3d). By acting as the
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Fig. 3 TEM images of (a) pristine MWCNTSs and (c) GNR/CNT hybrid. (b) and (d) are detailed TEM images of (a) and (c) under high magnifications,

respectively.

connecting bridges, the residual CNTs not only prevent
the aggregation of GNR sheets but also greatly enhance the
electrical conductivity of the hybrid material by facilitating the
charge transfer ability. This internally generated GNR/CNT
hybrids endow themselves with a superior cross-linked hierar-
chical structure and an interfacial interaction between GNRs
and CNTs compared to the physically mixed blend of graphene
and CNTs, resulting in rapid electron transfer inside the GNR/
CNT hybrid and a better interfacial catalyst than graphene or
CNTs or their mixture.’” This structural evolution can be
further confirmed by SEM observations, as shown in Fig. S1.f
The pristine CNTs show uniform tube-like structures without
the other component existing. Compared with pristine
CNTs, the GNR/CNT hybrid apparently consisted of two kinds
of materials: GNR sheets and tube-like CNTs. As a matter of
fact, these results adequately confirm that pristine CNTs were
partially unzipped and the obtained GNR sheets were co-
dispersed with the residual CNTs, resulting in the formation
of 3D hybrid materials with hierarchical structures.

As oxygen containing groups will be inevitably introduced
onto the surface or edges of unzipped GNR sheets and the
residual CNTs, oxide GNR/CNT hybrids were first obtained
after being treated by an unzipping process. X-ray diffraction
(XRD) measurements of pristine CNTs, oxide GNR/CNT and
GNR/CNT hybrids were carried out to detect the structural
evolution of the prepared samples, as shown in Fig. 4. The
pattern of pristine CNTs shows a sharp diffraction peak at
about 20 = 26.1°, corresponding to the good crystalline form of

1040 | Nanoscale, 2015, 7, 1037-1046
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Fig. 4 XRD patterns of pristine CNTs, oxide GNR/CNT, and GNR/GNR
hybrid.

CNTs with an interlayer spacing of 3.4 A. After being partially
unzipped, a new diffraction peak centered at about 26 = 10.9°
was observed, confirming the successful exfoliation of GNR
sheets from pristine CNTs, which is comparable to the result
of graphene oxide reported in the literature.*>*°® Furthermore,
the obtained oxide GNR/CNT hybrid was reduced with HI-H,O
at 98 °C for 10 h. It can be seen that the characteristic diffrac-
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tion peak of oxide GNR sheets disappeared as a result of the
effective removal of oxygen containing groups. The successful
chemical reduction of oxide GNR/CNT can be further con-
firmed by FTIR analysis, as shown in Fig. S2.f All samples
exhibit a broad characteristic absorption peak at about
3440 cm™', which can be attributed to the adsorbed bound
water or the hydroxyl group on the basic sites of the samples.*!
Compared with pristine CNTs, apparent vibration peaks
at 1720 ecm™~"' (C=O0 carboxyl stretching vibration), 1227 em™"
(C-OH stretching vibration) and 1060 cm™" (C-O-C stretching
vibration) were observed in the spectra of the oxide GNR/CNT
hybrid sample. From another perspective, these introduced
oxygen-containing groups can factually demonstrate the un-
zipping of side walls of pristine CNTs. After reduction, the FTIR
spectra of the GNR/CNT hybrid show very weak or diminished
vibration peaks of oxygen-containing groups, which can be
ascribed to the effective reduction with HI-H,O. Furthermore,
the dispersibility of several samples was tested, as shown in
Fig. S3.1 The pristine CNTs were quickly aggregated in water
due to their large number of conjugated structures. The
obtained oxide GNR/CNT hybrid has a favorable dispersion
ability in water, which can be ascribed to the assistance of the
introduced oxygen-containing groups on the surface of GNRs
and CNTs. After being chemically reduced, the GNR/CNT

View Article Online
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hybrid also precipitated, which confirms the efficient removal
of oxygen-containing groups. Interestingly, the obtained GNR/
CNT hybrid has perfect dispersion stability in the solvent
DMAc, which ensures good mixing and sufficient dispersion of
the GNR/CNT hybrid throughout the prepared PAA matrix in
the same solvent.

PI based composite films with unique properties and
hierarchical microscopic structures have been prepared and
reported recently, such as PI/graphene nanocomposite films
prepared by in situ polymerization,** Pl/graphene films with
graphene sheets highly aligned along the film surface,'® as
well as surface-conductive PI films prepared via in situ codepo-
sition of conductive metal salts.*> However, fully anisotropic
electrically conductive PI based films with total wrapping of
conductive nanofillers with the PI matrix have not been pre-
pared. We believe that highly aligned PI nanofibers prepared
by electrospinning with conductive nanofillers can open the
way for fabricating anisotropic electrically conductive PI films.
In this work, the GNR/CNT hybrid was used as a nanofiller
inside PI fibers to fabricate aligned PI-GNR/CNT composite
fibers (Fig. 5). Fig. 5a shows randomly arranged PI-GNR/CNT
fibers obtained via electrospinning. With the assistance of
a rotation disc device, highly aligned pure PI fibers with
uniform diameter and smooth surface were collected, as

Fig. 5 SEM images of randomly arranged PI-GNR/CNT fibers (a), pure PI fibers with high alignment (b), and highly aligned PI-GNR/CNT composite

fibers at low (c) and high (d) magnifications.

This journal is © The Royal Society of Chemistry 2015
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500 nm

Fig. 6 TEM images of pure PI fiber (a), PI-GNR/CNT fibers at low (b) and high (c) magnifications, as well as the cross section of PI-GNR/CNT

fibers (d).

shown in Fig. 5b. The collected PI fiber shows an average dia-
meter of 2 pm, which is much larger than previously reported
polymer fibers by electrospinning.”**® This enlarged diameter
is favorable for preparing conductive PI-GNR/CNT composite
fibers by providing a vast space for the assembly of the 3D
GNR/CNT hybrid. With quick rotation, a film of PI-GNR/CNT
fibers with high alignment was collected, as shown in Fig. 5c
and d. No bead was formed on the surface of the fibers with
the diameter of PI-GNR/CNT fibers uniformly distributed,
which is very important for the preparation of high-perform-
ance PI-GNR/CNT composites by avoiding the emergence of
defects and stress concentration points.

TEM observations were used to further demonstrate the
successful hybridization of the GNR/CNT hybrid with PI fibers.
For comparison, a pure PI fiber showing smooth edges with
no fillers can be observed throughout its intrinsic space (as
shown in Fig. 6a), which proves that the PI matrix used in this
work has good fiber formability. PI-GNR/CNT composite
fibers have also been successfully prepared with the assistance
of the electrospinning technique (Fig. 6b and c). It can be
clearly seen that GNR/CNT hybrid materials were uniformly
dispersed throughout PI fibers with no beads observed. The
excellent dispersion of GNR/CNT hybrids even at high loading
contents can greatly promote the construction of an electrically
conductive pathway inside PI fibers, which further contributes
to the fabrication of anisotropic electrically conductive films
based on PI-GNR/CNT composites. Moreover, the external PI

1042 | Nanoscale, 2015, 7, 1037-1046

matrix can play an important role in tightly wrapping the
internal GNR/CNT hybrid materials, with no integration of the
conductive GNR/CNT hybrids even when two PI-GNR/CNT
fibers were cross-stacked (as shown in Fig. 6d), which are favor-
able features for the preparation of anisotropic conductive
PI-GNR/CNT films.

The electrical conductivity of PI-GNR/CNT composite films
was measured using a Keithley semiconductor measurement
system at ambient temperature. It can be seen in Fig. 7 that
there is a current signal in the parallel direction along the
aligned PI-GNR/CNT fibers, which proves that the successful
introduction of the 3D conductive material of GNR/CNT into
PI fibers provides good electrical conductivity to these
PI-GNR/CNT fibers. The corresponding current density along
the parallel direction of aligned PI-GNR/CNT fibers was gradu-
ally increased with the content of GNR/CNT hybrids increas-
ing, confirming that the electrical conductivity of PI-GNR/CNT
composite films was constructively impacted by the content of
GNR/CNT nanofillers. When the content of the GNR/CNT
hybrid in PI-GNR/CNT composites was increased to 9%, a
high electrical conductivity of 8.3 x 107 S cm™" was achieved,
which is much higher than the inherent electrical conductivity
of the PI material (107'* S em™)."® The greatly enhanced elec-
trical conductivity of the PI-GNR/CNT composite film can be
ascribed to the synergistic and multiple actions of high
content and perfect dispersion of GNR/CNT nanofillers inside
PI fibers, and the excellent electrical conductivity of the 3D

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 I-V curves of pure Pl film and PI-GNR/CNT composite films
with different mass fraction of GNR/CNT fillers from 0.5 to 9 wt%.

conductive network constructed from crosslinked GNRs and
CNTs. Here, the good dispersion of the GNR/CNT hybrid
inside PI fibers can be ascribed to the interfacial interaction
between the GNR/CNT hybrid and the hydroxyl groups on the
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diamine monomer. The good electrical conductivity of the PI-
GNR/CNT fiber film can also be ascribed to the efficient
reduction with HI-H,O of the oxide GNR/CNT hybrid, as con-
firmed by XPS observations in Fig. 8. The oxide GNR/CNT
sample shows apparent oxygen-containing groups, including
C=0 (288.3 eV) and C-O (286.5 eV) groups, which were intro-
duced in the unzipping process.””*® After reducing with
HI-H,0, it can be obviously observed that the C-O/C=0 peaks
were significantly decreased, which means the oxygen-contain-
ing groups were greatly removed and the aromatic structure of
GNRs and CNTs has been recovered.

To confirm the anisotropic conductive property of the
obtained PI-GNR/CNT film, the electrical conductivity of the
PI-GNR/CNT film at two cross-directions (parallel and perpen-
dicular directions, as shown in Fig. 9a) was measured. Fig. 9b
shows the I-V curves of the PI-GNR/CNT (9 wt%) sample
obtained from the Keithley system, with the red and blue lines
representing the current-voltage response at different direc-
tions as shown in Fig. 9a. It can be seen that the corres-
ponding current intensity in the parallel direction is about 6
orders of magnitude higher than that in the perpendicular
direction, which means that this PI-GNR/CNT (9 wt%) film
has significantly different current signals in orthogonal direc-
tions. The calculated electrical conductivity in the parallel
direction of the PI-GNR/CNT film is about 8.3 x 107> § m™",
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Fig. 8 XPS survey spectra of the oxide GNR/CNT hybrid (a and b), and pure GNR/CNT hybrid (c and d), (b) and (d) are the corresponding C 1s

spectra of (a) and (c).
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Fig. 9 (a) lllustration shows the parallel and perpendicular directions of aligned PI-GNR/CNT fibers in the composite film; (b) corresponding I-V
curves of the PI-GNR/CNT (9 wt%) film measured at parallel and perpendicular directions; calculated electrical conductivity from the obtained /-V
curves of highly aligned (c) and randomly oriented (d) PI-GNR/CNT composite fiber films.

which is higher than the antistatic criterion value of 107° S
m~".*° This result proves that the complete embedding of the
GNR/CNT hybrid in PI fibers provides good electrically conduc-
tive property to PI-GNR/CNT fibers by forming a conductive
pathway with interfacial contact between GNRs and CNTSs.
However, insulating behavior is observed from the I~V curve in
the perpendicular direction as the electrical conductivity is
about 7.2 x 10”® S m™". Compared with the high conductivity
value of 8.3 x 107> S m™" in the parallel direction, it is known
that the PI-based film with a unique property of anisotropic
electrically conductivity was obtained. Here, the insulating be-
havior in the perpendicular direction can be attributed to the
tight wrapping effect of the outer PI matrix, as shown in
Fig. S4t (indicated by the arrows). Similar electrically conduc-
tivity tests were also performed on the randomly oriented
PI-GNR/CNT composite fiber films. As shown in Fig. 9d, no
apparent difference of electrical conductivity in different direc-
tions can be observed (3.3 x 107®*Sm™ and 4.9 x 107° S m™"
in two crossed directions, respectively). This result can strongly
confirm the significant contribution of the high orientation of
PI-GNR/CNT fibers to the unique property of anisotropic elec-
trically conductivity of PI-based composite films. Due to the
excellent mechanical properties of the PI matrix,”* > perfect
electrical conductivity of the 3D GNR/CNT hybrid, as well as
good interfacial interaction between the GNR/CNT and the PI
matrix, the conductivity of the PI-GNR/CNT film was scarcely
decreased even after 100 repetitions of bending at 90 degrees,
as shown in Fig. 10. A digital photograph of the flexible
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Fig. 10 The electrical conductivity dependence on the bent cycle
number for a flexible PI-GNR/CNT (9 wt%) composite film during the
bending process, p, and p represent the conductivity of the film before
and after bending, respectively.

PI-GNR/CNT (9 wt%) composite film upon bending is pro-
vided (Fig. S51). All these findings indicate that the prepared
PI-GNR/CNT composite film not only has a good property of
anisotropic conductivity, but also exhibits excellent resistance
to mechanical deformation.
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4. Conclusion

In summary, we succeeded in fabrication of a PI-GNR/CNT
composite film with unique properties of anisotropic conduc-
tivity and good stability by embedding 3D conductive hybrid
materials of GNR/CNT into highly aligned PI fibers. Particu-
larly, the GNR/CNT hybrid used here was simply but efficiently
prepared by one-step partial unzipping of pristine MWCNTs,
achieving the cross-linked conductive network of CNTs
bridged by GNRs, also an interconnected conductive structure
of 3D GNR/CNT can be developed inside PI fibers due to the
high content and perfect dispersion stability of the GNR/CNT
hybrid. This flexible PI-GNR/CNT film exhibits good aniso-
tropic conductive performance with a difference of 6 orders of
magnitude in parallel (8.3 x 107> S m™') and perpendicular
(72 x 107® S m™") directions of the aligned PI-GNR/CNT
fibers. Furthermore, this PI-GNR/CNT composite film can be
mass produced due to the facile electrospinning technology
and efficient method for preparing GNR/CNT hybrids. More-
over, this effective hybridization of the GNR/CNT hybrid
into highly aligned PI fibers opens up good opportunities for
preparing anisotropic conductive materials based on organic-
inorganic systems.
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