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Abstract: The flexible conductive nanofiber membrane is
widely used in the field of wearable electronics. High tensile
properties of electrospun nanofiber membranes are essential
for their successful commercial application. With cellulose
nanocrystal (CNC) as the reinforcement, the flexible
conductive polyacrylonitrile (PAN)/CNC @ carbon nanotube
(CNT) nanofiber membrane is electrospun from the PAN
solution containing suspended CNC and impregnated with
the CNT solution. The structure and properties of nanofiber
membranes are studied. The results show that with the
increase of the PAN mass fraction, the viscosity of the
electrospinning solution increases, leading to an increase in
the nanofiber diameter. When the mass fraction of PAN is
12%, PAN/CNC nanofiber membranes at different CNC
mass fractions are successfully prepared. The structure and
properties of PAN/CNC nanofiber membranes are affected
by the addition of CNC. As the CNC mass fraction
increases, the nanofibers become thicker, the nanofiber
diameter distribution widens, and the tensile strength first
increases and then decreases. When the mass ratio of PAN
to CNC is 4:1, the tensile strength of the PAN/CNC
nanofiber membrane is the highest, and it is higher than that
of the PAN nanofiber membrane. After impregnating the
PAN/CNC nanofiber membrane with CNTs, the tensile
strength of the nanofiber membrane increases to 3.12 MPa
and the surface resistivity is 64 €/cm’. The flexible
conductive nanofiber membranes would be used in energy
storage and sensing fields, and the study might provide a
strong base for their future development.
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0 Introduction

Flexible and stretchable wearable electronics have
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significant application potential in various fields, such as
bioelectronics'"*' | human-computer interaction "', smart
living™ | electronic skin'™ and  healthcare"” .
However, conventional microelectronics manufacturing
processes brittle semiconductor materials and is not
suitable for the fabrication of flexible and stretchable
wearable electronics' "',  Electrospinning, a simple,
universal and low-cost technology, emerges as a versatile
and cost-effective solution and is used for preparing
continuous nanofibers'""’. Electrospun flexible nanofiber
membranes have been extensively used in biomedicine,
filtration and protection, energy storage and energy
catalyst'™"’. Li et al.""®’ prepared the biocompatible poly
(lactic acid )/wool keratin/carbon nanotube ( CNT) @
CNT fiber membrane via electrospinning and immersion
for a pressure electronic sensor with flexibility and
conductivity. CNTs have excellent properties, such as
high conductivities and high elastic moduli. Zhang
et al."™ prepared the polyacrylonitrile (PAN)/LiFePO,
precursor/CNT membrane via electrospinning, and the
membrane was used as the cathode of the lithium-ion
battery after heat treatment. PAN membranes have
gained significant attention due to their exceptional
properties. They are synthesized via fabrication
techniques such as phase inversion and
electrospinning, and possess excellent mechanical
properties, thermal stability and chemical resistance.
PAN membranes have been extensively studied for
various applications like oil-water separation, heavy
metal ion removal, water purification, hemodialysis
and lithium-ion batteries '’ .

Cellulose nanocrystal (CNC) is extracted from plant
fibers and has received a tremendous amount of interest in
recent years due to its unique properties and potential
applications' ™. CNC is a class of fascinating bio-based
nanoscale materials, and possesses high strengths,
rigidity, high moduli, adaptable surface chemistry, low
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densities, bio-compatibility and renewability, making it
an attractive nanomaterial for use in various fields such as
renewable energy, electronics, biomedical engineering
and pharmaceuticals' "', Specifically, CNC is a needle-
shaped or rod-like nanoparticle, and exhibits a high
aspect ratio and high tensile strength. Surface hydroxyl
groups on CNC could provide active sites for hydrogen
bonding with the hydroxyl groups of hydrophilic polymer
matrices and physical interlocking with the non-polar
matrices, to induce the reinforcing effect in the polymer.
The large interfacial area and strong interactions between
the reinforcement and the polymer matrix would enhance
nano-confinement effects that substantially improve
mechanical properties . CNC has been successfully
used to reinforce various electrospun  polymer
nanofibers. Dong et al. ** produced uniform fibers
composed of poly( methyl methacrylate) (PMMA) and
CNC by electrospinning. Xiang et al.'*' improved the
tensile strength of the electrospun nanofiber membrane
by the incorporation of CNC into poly (lactic acid).
Besides, the abundant hydroxyl groups on the CNC
surface enable the material to possess high reactivity,
contributing to the possibility of extensive chemical
modification*" .

In this study, based on the principle of
electrospinning, CNC reinforced PAN (PAN/CNC )
nanofiber membranes are prepared. After CNT
impregnation, the flexible conductive PAN/CNC @ CNT
nanofiber membranes are prepared. The effects of CNC
addition and CNT impregnation on the structure and
properties of electrospun nanofiber membranes are
studied.

1 Materials and Methods

1.1 Materials

PAN ( the weight-average molecular mass is
150000 g/mol) was provided by Sigma Aldrich, USA.
N, N-Dimethylformamide (DMF) was provided by
Shanghai Richjoint Chemical Reagents Co., Ltd., China.
CNC was provided by Shansi Technology Co., Ltd.,
China. CNTs were provided by Nanjing XFNANO
Materials Technology Co., Ltd.,, China. Sodium
dodecylbenzene sulfonate (SDBS) was provided by
Beijing Tong Guang Fine Chemicals Company, China.
1.2 Sample preparation

1.2.1 Preparation of electrospinning solution

PAN electrospinning solutions at PAN mass fractions
of 10%, 12% and 14% in DMF were prepared at 60 C
with magnetic stirring by an S10-3 stirrer ( Shanghai Sile
Instrument Co., Ltd., China) for 24 h.

PAN/CNC electrospinning solutions at PAN/CNC
mass ratios of 2:1, 3:1, 4:1 and 5:1 were prepared as
follows by adjusting CNC mass fractions. CNC solutions
in DMF were prepared by a KQ-500DE ultrasonic device

( Kunshan Ultrasonic Instrument Co., Ltd., China) for
2 h, and then stirred by the S10-3 stirrer for 2 h. The
PAN solution (a mass fraction of 12% ) was mixed with
the CNC solution by the VORTEX3 vortex mixer (IKA,

Germany ) .
1.2.2 Preparation of  electrospun nanofiber
membranes

PAN and PAN/CNC nanofiber membranes were
prepared by using high-voltage electrospinning. The
electrospinning solution was loaded into a 10 mL syringe
with a capillary tip (a diameter of 0. 51 mm). The flow
rate of the solution was 1 mL/h. A variable high-voltage
power supply (EST804A, Tianjin Dongwen, China) was
used to provide an electric potential of around 15 kV.
The tip-to-collector distance was 15 cm. The nanofibers
were collected on a flat and nonstick release paper. The
nanofiber membrane was removed from the release paper
and then dried in a DHG-9035A oven ( Shanghai Yiheng
Technology Instrument Co., Ltd., China) to remove the
residual solvent.

1.2.3 Preparation of flexible conductive PAN/CNC @
CNT nanofiber membranes

The electrospun PAN/CNC nanofiber membrane was
impregnated in the CNT solution to obtain the flexible
conductive PAN/CNC@ CNT nanofiber membrane.

1) Preparation of the CNT solution. The electrospun
nanofiber membrane of a certain size was prepared and
weighed. Deionized water was weighed according to a
certain bath ratio(1:100 and 1:50). The mixed solution
of SDBS (100 mg/mL) and CNT (2 mg/mL) was
prepared with the KQ-500DE ultrasonic device for 1 h
and then mixed on the VORTEX3 vortex mixer to form a
homogeneous solution.

2) Functionalization of the electrospun nanofiber
membrane. The prepared electrospun nanofiber membrane
was fixed on the tin paper with a long-tailed clip. The
nanofiber membrane was placed near the nozzle of the
plasma. The plasma treatment was carried out on the
front and back sides of the nanofiber membrane.

3 ) CNT impregnation. The plasma-treated
electrospun nanofiber membrane was placed in the
CNT solution for 1-h ultrasonic processing, and then
put into the oven at 80 ‘C for drying.

1.3 Testing and characterization

1.3.1 Morphology

The morphology of electrospun nanofiber membranes
before and after CNT impregnation was evaluated by a
JSM-6701F scanning electron microscope ( JEOL Ltd.,
Japan). The voltage was 5 kV, and the current was
10 pA.
1.3.2 Nanofiber diameter

The nanofiber diameter of the electrospun nanofiber
membrane was analyzed by using the Imagel] software
( American National Institutes of Health, USA) according
to the scanning electron microscopy (SEM) images.
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1.3.3 Membrane thickness

The thickness of the electrospun nanofiber membrane
was measured by an SD-201-1 thickness gauge
(Dongguan Shenliang Measuring Instrument Co., Ltd.,
China) .
1.3.4 Tensile property

The tensile properties of electrospun nanofiber
membranes before and after CNT impregnation were
tested by using an LT350 tensile testing platform
(Linkam Scientific, UK).
1.3.5 Conductivity

The conductivity of electrospun  nanofiber
membranes before and after CNT impregnation was tested
by using an RTS-9 four-probe tester ( Guangzhou Four
Probe Technology Co., Ltd., China). The parameters of
the tester were set to be a square resistance with a current

Fig. 1

of 10 mA.
2 Results and Discussion

2.1 Morphology and nanofiber diameter of PAN
nanofiber membranes

SEM images and the corresponding nanofiber
diameter distribution of PAN nanofiber membranes are
shown in Fig. 1. It can be seen that PAN nanofibers can
be successfully electrospun from PAN solutions. The
diameters of the nanofibers are relatively uniform and
consistent. There is no beading or sticking. All
nanofibers are continuous and straight, forming three-
dimensional porous network structures. The diameters of
nanofibers increase gradually with the increase of the
PAN mass fraction in the electrospinning solution.

100

80

60

40

Percentage/%

20

0
100 150 200 250 300 350 400
Diameter/nm
(b)
100

80

60

40

Percentage/%

20

0
100 150 200 250 300 350 400
Diameter/nm
(d)

100

80

60

40

Percentage/%

20

0
100 150 200 250 300 350 400
Diameter/nm

®

SEM images and corresponding nanofiber diameter distribution of PAN nanofiber membranes at different PAN

mass fractions; (a)—(b) 10%; (¢)—(d) 12%; (e)—(f) 14%
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The relationship between the average nanofiber
diameter and the PAN mass fraction is shown in Fig. 2,
where R reflects the degree of the linear correlation
between the average nanofiber diameter y, and the PAN
mass fraction x,. R} is close to 1, indicating a linear
relationship between the average nanofiber diameter and
the PAN mass fraction.
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Fig. 2 Relationship between average nanofiber diameter and
PAN mass fraction of PAN nanofiber membranes

When the PAN mass fraction is 10%, 12% and
14% , the average nanofiber diameter is 141, 253 and
322 nm, respectively. The nanofiber diameter increases
with the increase of the PAN mass fraction.

In theory, the tensile strength of the electrospun
nanofiber membrane does not increase with the increase
of the PAN mass fraction. Thicker nanofibers may
increase the contact area between nanofibers, enhancing
friction forces, which could improve the tensile strength of
the electrospun nanofiber membrane. However, thicker
nanofibers are generally less flexible and more prone to

stress concentration during stretching, which could lead to
a decrease in the tensile strength. Besides, the nano-
reinforcement CNC would be added to the
electrospinning solution. The addition of CNC greatly
affects the solution viscosity and the electrospinning
process. Adding a small amount of CNC would make
the electrospinning process difficult when the PAN mass
fraction is too high. When the PAN mass fraction is too
low, CNC addition would easily lead to the poor
nanofiber diameter uniformity. Thus, in the follow-up
study, the PAN mass fraction is set to be 12% to
electrospin the nanofiber membrane.
2.2 Morphology and nanofiber diameter of PAN/
CNC nanofiber membranes

SEM images and the corresponding nanofiber
diameter distribution of PAN/CNC nanofiber membranes
are shown in Fig. 3. The nano-reinforcement CNC can be
well wrapped by the PAN nanofiber. The PAN/CNC
nanofibers at different CNC mass fractions are uniform,
and there is no serious beading, filament or adhesion
phenomenon. The nanofiber membrane also exhibits a
three-dimensional porous network structure. As the CNC
mass fraction increases, the difficulty of electrospinning
increases.

The addition of CNC could affect the nanofiber
diameter. The nanofiber diameter of the PAN nanofiber
membrane (a PAN mass fraction of 12% ) without CNC
addition is distributed in 200 -300 nm. After the CNC
addition, the diameter uniformity of the nanofibers
becomes poor, and the nanofiber diameter distribution
becomes wide. With the increase of CNC mass fraction,
the nanofiber diameter has an increasing tendency.
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Fig. 3 SEM images and corresponding nanofiber diameter distribution of PAN/CNC nanofiber membranes at different
PAN/CNC mass ratios: (a)—(b) 5:1; (c¢)—=(d) 4:1; (e)—=(f) 3:1; (g)—(h) 2:1

Table 1 shows the average nanofiber diameters of
PAN/CNC nanofiber membranes. The nanofiber diameter
increases after the addition of CNC. When CNC is added
with a low content, there is little effect on the diameter of
the nanofibers. The average nanofiber diameter is 255 nm
when the mass ratio of PAN to CNC is 5:1. The average
nanofiber diameter tends to increase significantly as the
mass fraction of CNC increases. This may be due to that
the addition of CNC affects the properties of the
electrospinning solution and thereby affects the nanofiber
diameter.

Table 1 Average nanofiber diameters of PAN/CNC nanofiber
membranes at different PAN/CNC mass ratios

PAN/CNC mass ratio

Average nanofiber diameter/nm

5:1 255
4:1 272
3:1 316
2:1 325

2.3 Effect of electrospinning time on thickness of
PAN/CNC nanofiber membranes

With the speed, voltage and distance from the needle
to the collection all being fixed, the relationship between
the thickness of the PAN/CNC nanofiber membrane ( a
PAN mass fraction of 12% and a PAN/CNC mass ratio of
4:1) and the electrospinning time is shown in Fig. 4,
where R reflects the degree of the linear correlation
between the nanofiber membrane thickness y, and the

electrospinning time x,.

When the electrospinning time is shorter, the
membrane is thinner. When the electrospinning time is
extended from 4 h to 5 h, the thickness of the PAN/CNC
nanofiber membrane increases from 0.040 mm to
0. 085 mm by 112. 5%. When the electrospinning time is
extended from 4 h to 8 h, the thickness of the PAN/CNC
nanofiber membrane increases from 0.040 mm to
0.411 mm by 927.5%. R. is close to 1, indicating an
approximately linear relationship between the membrane
thickness and the electrospinning time.

0.8
,=0.096 4x,-0.367 7
0.6 - 2

. R}=0.9829
£
vi
8 04r
£
2
‘E:: 02 -

0

3 4 5 6 7 8 9 10 11

Electrospinning time/h

Fig. 4 Relationship between membrane thickness and electrospinning
time of PAN/CNC nanofiber membranes

2.4  Morphology of PAN/CNC @ CNT nanofiber
membranes

SEM images of PAN/CNC and PAN/CNC @ CNT
nanofiber membranes at a PAN/CNC mass ratio of 4 :1
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are shown in Fig. 5. It is evident that CNTs can be
electrospun

effectively loaded onto the nanofiber

membrane. CNTs contribute to the stable conductive
network, and improve the conductive performance.

Fig. 5 SEM images of nanofiber membranes; (a) PAN/CNC; (b) PAN/CNC@ CNT

2.5 Tensile properties of PAN, PAN/CNC and
PAN/CNC@ CNT nanofiber membranes

The tensile stress-strain curves of PAN, PAN/CNC
and PAN/CNC @ CNT nanofiber membranes are shown in
Fig. 6. The tensile strength of the PAN nanofiber
membrane is 0. 81 MPa. The addition of CNC affects the
tensile properties of the PAN nanofiber membrane. With
the increase of the CNC mass fraction, the tensile
strength of the PAN/CNC nanofiber membrane first
increases and then decreases. When the mass ratio of PAN
to CNC is 4:1, the tensile strength reaches the maximum,
which is 2. 13 MPa. The result shows that the addition of
CNC could enhance the tensile strength of nanofiber
membranes. The strong interfacial interaction between
CNC and the compatible polymer results from hydrogen
bonding and enables the effective stress/load transfer
between the reinforcement and the matrix, resulting in
high stretching resistance as well as high performance of
nanocomposites > /. The tensile strength of the PAN/
CNC @ CNT nanofiber membrane at a PAN/CNC mass
ratio of 4:1 increases to 3. 12 MPa. Compared with that
of the PAN nanofiber membrane, the tensile strength of
the PAN/CNC@ CNT nanofiber membrane increases by
about 285%. This indicates that CNTs can further
improve the tensile properties of PAN/CNC nanofiber
membranes due to the high elastic modulus and tensile
strength of CNTs.
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Fig. 6 Tensile stress-strain curves of electrospun nanofiber membranes

2.6 Conductivity of PAN/CNC and PAN/CNC @
CNT nanofiber membranes

The surface resistivity of PAN/CNC and PAN/CNC@
CNT nanofiber membranes at a PAN/CNC mass ratio of
4:1 is shown in Table 2. PAN is an insulating material,
and CNC is also an insulating or semiconducting
material. The PAN/CNC nanofiber membrane has a very
low conductivity and it may not be measurable by the
four-point probe method. After CNT impregnation, the
surface resistivity changes to 64 /cm’. This is because
the surface of the PAN/CNC nanofiber membrane is
loaded with a certain amount of CNTs which have a high
conductivity. Therefore, the flexible PAN/CNC @ CNT
nanofiber membrane has a higher conductivity.

Table 2 Surface resistivity of PAN/CNC and PAN/CNC @
CNT nanofiber membranes

Surface resistivity/ ( /cm?)
PAN/CNC —
PAN/CNC@ CNT 64

Nanofiber membrane

3 Conclusions

CNC reinforced PAN nanofiber membranes were
successfully prepared by electrospinning.  Flexible
conductive PAN/CNC@ CNT nanofiber membranes were
successfully prepared by impregnating PAN/CNC
nanofiber membranes with CNTs. With the increase of
the PAN mass fraction, the viscosity of the
electrospinning solution increases and the nanofiber
diameter becomes larger. The PAN/CNC nanofiber
membranes can be successfully prepared with the addition
of nano-reinforcement CNC at a PAN mass fraction of
12%. The addition of CNC affects the structure and
properties of electrospun nanofiber membranes. With the
addition of CNC, the nanofiber diameter increases and
the nanofiber diameter distribution widens. When the
mass ratio of PAN to CNC is 4:1, the tensile strength of
the PAN/CNC nanofiber membrane is the highest, and it
is higher than that of the PAN nanofiber membrane. After
CNT impregnation, the tensile strength of the flexible
conductive =~ PAN/CNC@CNT nanofiber —membrane
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increases from 2. 13 MPa to 3. 12 MPa, and the surface
resistivity changes to 64 /cm®. The flexible conductive
nanofiber membranes could be used in energy storage and
sensing fields, and this study might provide a strong base
for their future development.
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W OE. WS ERYORA AR ] R TR A SR A AR Rz, T R R R L 2 K £ 4
MR ALR L PEREZ —, LALTHER 9K (cellulose nanocrystal, CNC) A H{sR AR, il i % & CNC 1Y
PAN TR B L 25 22 M 2K 48 (carbon nanotube, CNT) /KAMGR IR BACER , Nl 45 T 22 S i R U
ii (polyacrylonitrile, PAN)/CNC @ CNT G REFYEEE, XTZAUREF eI Z5F FTERESE A TFGY . 45K, B
BEYi2L W PAN B /80BN, 2522 EEERG N, LR 4 EARRG N, 4 PAN i 80N 12% 8}, 1l )
il 44 AN ] CNC 501 PAN/CNC KEF4EfE . CNC IIES TN PAN/CNC G0k 2T 4 B i 45 K b RE = A T
S, R CNC BTt BUyan, £r4e gasim, BEARMMIuEA S, hifhsm g et mERI%, 4 PAN 5
CNC MTiE bR 4 1 18F, PAN/CNC KL i, WS T PAN 9KREF4ERR, 2840 CNT 7KK
WAL IS 21 PAN/CNC@ CNT GUKEF AR PRI N % 3. 12 MPa, RETFHREA 64 Q/cm®, ok
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