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Abstract

Polyimide (PI) nanofiber membranes (NFMs) via electrospinning demonstrate widespread applications with an intrinsic
drawback of lower mechanical performance, which could be improved with multi-wall carbon nanotubes (MWCNTs). PI
NFMs was fabricated via a simple thermal induced imidization of polyamic acid (PAA) NFMs and MWCNTs/PI composite
NFMs were also investigated on the effect of MWCNTSs on morphology, mechanical performance, and its possible carboniza-
tion. Such simply thermal induced imidization of PAA demonstrates successfully to be PI, and small amounts of MWCNTs
could reduce the diameter and distribution of MWCNTs/PI nanofibers, and coarse and granular-like surface appeared on
MWCNTs/PI composite nanofibers as the MWCNTSs was increased up to 1.0 wt.%. Notably, addition of MWCNTSs improved
thermal stability and mechanical performance of MWCNTSs/PI composite NFMs, but it lowered the mechanical performance
of such composite NFMs at higher carbonization temperatures, which makes its carbonized NFMs even more inclined to

be fragile and fracture.
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1 Introduction

Electrospinning is the process of jet spinning a polymer
solution or melt in a strong electric field. Under the action
of an electric field as a critical voltage is reached, the sur-
face tension of the polymer at spinneret tip is counter bal-
anced by localized charges generated by the electrostatic
force, then the droplets at the tip of the needle will change
from spherical to conical (Taylor cone) and extend from
the tip of the cone to obtain fibrous filaments [1]. In recent
years, many different types of nanoscale fibers have been
prepared through electrospinning or electrospun [2, 3],
which is proved to be one of the most convenient, fast and
effective, and a versatile and viable technique for generating
ultrathin fibers [4]. Nanofibers from variable materials were
the center of attention for industries and researchers due to
their simplicity in manufacture and setup [3]. Among those,
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polyimide (PI) is a kind of polymer with imide ring on the
main chain possessing specific unique characteristics, such
as higher density of aromatic ring on the molecular chain
[5], good high and/or low temperature and radiation resist-
ance, excellent mechanical properties, and good chemical
stability [6]. As of those performances, PI is widely used
in engineering plastics, high-temperature filtration, thermal
protective clothing, adhesives, batteries, microelectronic
devices, and high-value ones in certain fields [7-10].

The electrospun PI nanofiber membrane (NFMs) [11-13]
has the advantages of large specific surface area, small pore
size, and simple preparation process. As of that, such elec-
trospun PI fiber materials have attracted more and more
attention, which is accomplished by two ways via electro-
spinning technology. The first is by transforming polyim-
ide acid (PAA) solution-based NFs through thermal imide
treatment to PI solution, while the PAA solution is obtained
by the synthesis of pyromellitic dianhydride (PMDA) with
4,4-diaminodiphenyl ether (ODA) as raw materials to pre-
pare electrospun nanofibers. The inevitable shortcomings
are the complexity of this synthesis process of PAA and
the degradation phenomenon during the spinning process,
as well as the problem of easy formation of micropores on
the fiber surface and incomplete thermal amination [10,
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13]. Due to the characteristic of PI with high solvent resist-
ance, the second method is directly dissolving PI powder
in organic solvents [11] as a proper solution for PI nanofib-
ers electrospinning. This method is simple process, easy to
apply and uniform surface of the as-prepared fibers, thus
having been widely used into practices. For example, PI
directly dissolved in organic solvent N-methyl-2-pyrrolidone
(NMP) for obtaining exhibited smooth and hydrophobic sur-
face NFMs for gas filtration. Alternatively, PI powder-based
inks are directly electrospun into nanofibers acting as the
surface layer of the fiber membrane improving the friction
properties significantly [14]. However, the current electro-
spun PI nanofiber membrane has low strength of nanofibers
and weak bonding points between fibers, resulting in NFMs
exhibiting poor mechanical properties.

So far, quite a lot of attempts are explored and mostly
used are nanofillers to enhance PI-based nanocomposites
[15-17], and polyamide composite nanofibers through
electrospinning also be of some help to address mechanical
performance defects. For example, a toughened and self-
healing carbon/epoxy composites using electrospun thermo-
plastic polyamide nanofibers as the matrix and found that
this composite material can quickly and repeatedly repair
damaged areas [18]. Christian Harito et al. electrospun
and chemically converted the colloidal dispersion of titan-
ate nanotubes and PAA in dimethylformamide (DMF) into
PI-titanate nanotubes composite nanofibers with a diam-
eter of 500-1000 nm, which improved the glass transition
temperature of the composite materials [19]. In addition,
a simple method to synthesize PI films by embedding part
of imide PI/SiC nanofiber networks into PAA solutions has
been proposed, which exhibits an enhanced dimensional
stability, high mechanical properties, and optical transpar-
ency. In addition, compared with solution cased films, the
self-filled PI films with nanofiber networks show excellent
mechanical properties, high transparency retention rate, and
much lower coefficient of thermal expansion [20]. Further-
more, rigid inorganic particle titanium dioxide has been
explored to improve the mechanical strength of PI fiber
membrane, and the chemical and thermal properties of PI
fiber membrane are enhanced to a certain extent because of
the excellent electrolyte wettability, acid—base property and
thermal stability of titanium dioxide particles [21]. However,
these preparation processes are relatively complex and dif-
ficult in the view of practical production.

Chemically speaking, PI has a regular rigid chain and an
imide ring structure, with a carbon content of up to 70%.
In addition, the aromatic heterocycles produce a conjugate
effect, making the carbon accumulation in the carboniza-
tion process greater, which is conducive to the formation
of graphite structure, and can be used as a good carbon pre-
cursor material [5]. Therefore, carbon nanotubes [22] could
be used for enhance thermal and mechanical properties of
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PI-based composites [17], due to the high strength, good
conductivity and thermal conductivity, specifically multi-
walled carbon nanotubes (MWCNTs) have been utilized to
improve the mechanical properties of the fiber membrane
[23-25] via composite electrospinning with polyamide
acid to form a film. MWCNTSs/PI were prepared by thermal
amination, followed by carbonization to obtain MWCNTs/
PI composite fiber carbonized films, leading to a mechani-
cal properties and thermal stability improved MWCNTs/PI
composite fiber membranes an compared that of pure PI
fiber membranes [26, 27], which is enhanced by approxi-
mately 81% in tensile strength and 88% in Young’s modulus
of carbonized MWCNTs/PI composite fibers than pure PI
fibers, respectively [28]. Besides, carbon fiber/polyimide
(CF/PI) composite membrane has been prepared and found
that PI, as a carbonization precursor, has high carbon con-
version, good mechanical properties and thermal stability
[29]. In addition, it was reported that the interface bond-
ing performance of carbon fiber reinforced polyimide resin
composite was poor, and a new surface treatment agent was
designed and prepared to improve the interface strength by
covalent bond between CF and PI matrix, thereby improv-
ing the mechanical properties of CF/PI composite to a cer-
tain extent [30]. All those together implied carbon-based
materials, especially MWCNTs, could be of great help to
improve the mechanical and thermal properties of polymeric
nanofibers.

In this study, polyimide (PI) nanofiber membranes
(NFMs) were prepared by the simple thermally induced
imide reaction of electrospun polyamide acid (PAA) NFMs
and tried to use MWCNTSs as additives to improve the
mechanical properties of PI NFMs. Herein, the effects of
MWCNTs loading amount on its PI-based composite NFMs
regarding the morphology, mechanical properties, and pos-
sible carbonization process of MWCNTs were studied for
possible applications requiring high-temperature resistance
and maintaining some mechanical support.

2 Experiment
2.1 Materials

A 15 wt.% polyamic acid solution in DMF (PAA, Jiangsu
Teyue Plastic Ltd., Co.) was used as the precursor for poly-
imide (PI) synthesis. Multi-wall carbon nanotubes (MWC-
NTs, outer diameter is about 5-25 nm, average length via is
2.5 um, and the specific surface area is ~300 25 m?%/g) was
used as additives and purchased from Knorth Technology
Ltd., Co.

The electrospinning platform was assembled in-house
using these three major units, including a high voltage direct
current power supply (DW-P303-1ACDFO, Hengbo Power
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Scheme 1 Procedure of fabricating PAA, PI and its corresponding carbonized nanofiber membrane

Ltd., Co.), reciprocating motion platform and low-speed
collection drum (Benning Electrospinning Equipment Ltd.,
Co.), and high-precision micro dual channel electrospinning
syringe pump (Dylan Electrical Technology Ltd., Co.).

Chamber resistance furnace (SX2-4-10A, Shaoxing
Shangyu Daoxu Kexi Equipment Company, Zhejiang,
China) for imidization of PAA upon heating. Tube furnace
(TF/200-40S, Shanghai Micro-X Furnace Ltd., Co.) for
carbonization was carried out under vacuum at different
temperatures.

2.2 Electrospinning Fabricated Nanofiber
Membranes

The procedure of PAA, PI and its corresponding carbonized
nanofiber membrane is briefly illustrated in Scheme 1. First,
the PAA solution and its corresponding electrospinning
nanofiber membrane is prepared as the following. Certain
amounts of MWCNTs powder were added to the solution
of 15 wt.% PAA in DMF, as the weight of MWCNTs based
on PAA is 0.1 wt.%, 0.5 wt.% and 1.0 wt.%, and a homo-
geneous MWCNTSs/PAA solution in DMF was obtained via
mechanical stirring at ambient for 24 h, which is ready for
the electrospinning for PAA and MWCNTs/PAA nanofiber
membranes.

After several trials, the parameters for electrospinning
were carried out at voltage of 18 kV running for 20 h, and

the solution flow rate is adjusted to be 0.2 mL/h with the
gauge between syringe tip and the collection drum is 18 cm,
and the rotating speed of collection drum is 110 rpm. The
PAA nanofiber membranes with varied loading amount of
MWCNTs were obtained for further experiments.

Polyimide (PI) is produced by imidization of polyamic
acid (PAA) through the dehydration in air under thermal
treatment [31, 32]. Hereby, in the chamber resistance fur-
nace with being preheated to 100 °C, PAA and MWCNs/
PAA composite nanofiber membranes under imidization
upon heating were conducted with the chamber with a heat-
ing rate of 5 °C/min and holding at 100 °C for 1 h followed
by to 200 °C and holding for 1 h, continues to 250 °C and
maintain the temperature for 30 min and followed by further
heating up to 300 °C with a isothermal for 1 h [33]. Then,
cooling down to room temperature naturally and samples are
labeled as PI and MWCNTSs/PI composite nanofiber mem-
branes and ready for characterization.

The as-prepared Pl and MWCNTs/PI composite nanofiber
membranes were under carbonization process, which is con-
ducted in the tube furnace under vacuum. After the nanofiber
membranes was placed in position, a pretreatment is heating
at 5 °C/min to 400 °C and maintained for another hour, and
then carbonization starts at different temperatures (500 °C,
600 °C, 700 °C, 800 °C, 900 °C and 1000 °C) for 1 h rises
from 400 °C. Afterwards, the tube furnace was cooled down
to room temperature naturally.
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2.3 Characterization

The surface morphology of nanofiber membranes was
carried out using scanning emission microscopy (SEM,
Hitachi S-4800, Japan) under an accelerated voltage of
2 kV after the gold plate sputter coating, and the diam-
eter and its distribution of nanofiber was measured by the
associate software and counted up to 100 for the fineness
measurement.

Attenuated total refraction Fourier Transform Infra-
red Spectrometer (ATR FTIR Spectrometer, IR Affinity-
1S, SHIMADZU) was explored for the chemical struc-
ture analysis of as-spun PAA and its corresponding PI
nanofiber membranes in the range of 4000-400 cm™! with
averaging 16 scans under a resolution of 4 cm™".

Thermogravimetric Analysis (TGA, TG209 Fl,
Netzsch, Germany) was used for evaluating thermal stabil-
ity of all the nanofiber membranes and the corresponding
carbonized one from room temperature to 900 °C with
a heating rate of 10 °C/min under argon atmosphere of
50 mL/min.

Universal material testing system of Instron® 3400 was
applied on the mechanical performance evaluation of all
the PI nanofiber membranes under ambient conditions
with a fixed elongation rate of 20 mm/min with a sample
gauge of 160 mm. The as-spun nanofiber membrane was
cut into 20 mm in width by 200 mm in length, and the
load—displacement curves for comparison were reported.

3 Results and Discussion
3.1 Membranes Surface Morphology Analysis

Figure 1 demonstrates the appearance and surface morphol-
ogy of PAA and PI NFMs and the SEM images are used for
the fiber diameter measurement, and Fig. 1a is for the PAA
NFM and Fig. 1b shows the PI one after thermal induced
imidization of PAA in chamber furnace at desired tem-
perature for required period. The color difference between
the two figures is obvious. The PI nanofiber membrane
after high temperature treatment is yellowish, while the
PAA nanofiber membrane is light in color. As can be seen
from Fig. lc that the diameter distribution of as-spun PAA
nanofibers is from 275 to 575 nm with an average one of
426 nm, while that of PI nanofiber after imidization is of
315 nm averaged from 140 to 500 nm in Fig. 1d. Overall,
PI nanofiber is significantly thinner by 111 nm in average
than its precursor PAA ones, and that could be ascribed to
the evaporation of DMF solvent residue induced shrinkage
combined with polycondensation releasing small molecules
such as water during the imidization process, the latter of
which seems contributed more, since two water molecules
come along with such imidization.

Figure 2 manifests the optical appearance and surface
morphology of MWCNTSs/PI composite NFMs with differ-
ent loading amounts of MWCNTS, and its corresponding
nanofiber diameter distribution. As the loading amount of
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Fig. 1 Observation photos, SEM images and fiber diameter distribution of the as-made (a, ¢) PAA and b, d PI electrospinning NFMs
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Fig.2 Observation photos, SEM images and fiber diameter distribution of MWCNTSs/PI composite NFMs with varied MWCNTs loading

amount: a,d 0.1 wt.%, b, e 0.5 wt.% and ¢, £ 1.0 wt.%

MWCNTs is 0.1 wt.%, all the nanofibers possess a quite
smooth surface with less variation in shape and diameter
as back up by Fig. 1a, d. As the MWCNTs loaded up to
0.5 wt.%. there are many noticeable tiny beads-like irregular
on the surface of nanofiber along its longitude direction,
leading to some kind of twist or bend here and there and
exhibiting larger differences in the nanofiber diameter dis-
tribution as illustrated in Fig. 2e. As further increase MWC-
NTs amount of 1.0 wt.%, much more granules and small
beads-like emerged on the surface of nanofibers, making
the surface no longer smooth, frankly speaking the surface
is quite coarse and even some unexpected to be irregular-
shaped nanofibers as perceived in Fig. 2c, and in diame-
ter distribution is even larger from 50 to 400 nm than that
in nanofibers with MWCNTs of 0.1 wt.% (Fig. 2f). Such
quite coarse surface of 1.0 wt.% MWCNTSs/PI nanofiber,

especially those surface area attached big granular are highly
possible due to the self-aggregation of MWCNTs from the
solution/dispersion making step, which is unlikely to be seen
or noticed by naked eyes at that time. However, these MWC-
NTs/PI composite nanofiber with such coarse surface with
overloaded MWCNTs could exhibit some tradeoff between
the specific surface area and the diameter of the resulted
nanofibers, which might also change the porosity distribu-
tion of this type of PI-based composite NFMs, and other
functionalities might of further interesting to be pursued in
the future.

Figure 3 exhibits the optical photos and SEM images of
0.5 wt.% MWCNTSs/PI composite NFM before and after
carbonization. As the color change from yellow to black
suggests the some chemical reaction happened at the tem-
perature of 500 °C and above. Besides, as can be seen from
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Fig. 3 Optical photos and SEM images of 0.5 wt.% MWCNTSs/PI composite NFM a before and b after carbonization in tube furnace

Fig. 3b that much more nanofibers with broken cross sec-
tions were noticed and observed as compared to that in
Fig. 3a of nanofiber before carbonization. The most likely
possible reason is the linamide bonds in PI also broken dur-
ing such carbonization process resulting in the fragile of
nanofiber in carbonized membranes (as indicated by red
arrows in SEM image of Fig. 3b), and such carbonized fiber
length reduce happened in carbon fiber production and might
be due to the high-temperature activation that contributes to
the removal of the volatile low molecular weight fractions
[34], which also leading to some the thermal residual stress
upon heat treatment type carbonization that may affect the
strength of fiber, fiber damage and eventually failure of the
continues fiber morphology-like broken structure. This is
also felt a little bit lighter by transferring the carbonized
membranes out of the tube furnace and some black debris
was noticed left in the sample holding boat.

3.2 Structure Analysis on Imidization Reaction

We were trying to minimize the possible energy for thermal
induced imidization of converting PAA to be PI [35], and
the temperature are key to affect the structural and properties
[36-38], such as physico-chemical, mechanical, thermal [39]
and electrical properties of such PI [40, 41]. Herein, ther-
mally imidization was starting and holding at 200 °C for 1 h
in chamber furnace, and FTIR spectrum, as shown in Fig. 4
that only partial imidization was achieved resulting a PAA/
PI composite with the characteristics FTIR bands at both
1716 cm™! and 1665 cm™! comes from PAA with a new peak
at 1370 cm™! ascribed to PI. Then, further increase the tem-
perature just up to 300 °C, interestingly as noted in Fig. 5 that

heatmg
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Fig.4 FTIR spectrum of PI NFM via partial imidization of PAA at
200 °C

new FTIR peaks at 1774 cm™! and significantly increased at
1722 cm™! with vanished ones at 1712, 1644 and 1539 cm™',
indicating the cyclization between the carboxylic acid group
and its adjacent amide and PAA was fully converted to
be PI. Furthermore, the peaks of 1774 and 1722 cm~! are
assigned to C—O asymmetric stretching, and the sharp one at
1370 cm™! is belong to the C-N bond, suggesting the show-up
of new imide functional group. Then, the imidization reac-
tion could be accomplished at 300 °C, and even higher one
could also lead to the imidization, but it would come along
with some degree of carbonization leading to darken the color
of nanofiber membrane and increases the brittleness, which
is better to be avoided as much as possible to minimize the
potential surface carbonization and possible oxidation [42].
The PAA is thermally or chemically converted into PI through
dehydration and cyclization reactions as Eq. (1).

:;@f;_@@%» ey
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Fig.5 FTIR spectrum of PAA
and PI NFMs via imidization of Mo
PAA @ 300 °C PAA
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with varied loading amount
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3.3 MWCNTs/PI Composite NFMs Analysis
3.3.1 Thermal Stability Analysis

The thermal stability evaluation of all the NFMs via TGA
under argon atmosphere are shown in Fig. 6. As can be
implied from Fig. 6a is that thermal stability profile of PAA
exhibits two thermal decomposition phases, which is the pre-
cursor of PI, and the first continuous one in the temperature
range of 90 to 240 °C is most like the evaporation of solvent
DMF residue, since the major component weight of DMF is
around 85 wt.% and its boiling point is about 153 °C. As the
temperature further increases and approaching to 280 °C,
there is no more weight loss forming a plateau with barely
noticeable slope, indicates the imidization of converting
PAA to PI was occurring and finished around 540 °C. This
could be regarded as circumstantial evidence for the partial
imdization as manifested by FTIR spectrum, as illustrated in
Fig. 4, and it also likely to recommend doing the imidization
at least at 300 °C as backed up by the FTIR data in Fig. 5.

300 400 500 600 700 800

Temperature/°C

Table 1 Thermal properties of PI composite NFMs with varied
amount of MWCNTs

TGA sample MWC- *Tsq/ °C *Tjpe/ °C  Residue
NTs/wt.% mass @900C/
wt.%
b 0.0 500 573 53.42
c 0.1 473 553 51.65
d 0.5 519 575 56.71
e 1.0 578 593 62.12

“Note: Tsq, and T, are stand for the temperature that about 5 wt.%
and 10 wt.% weight loss occurred, respectively

On the other hand, Fig. 6b—e shows thermal decompo-
sition profiles of PI-based composite NFMs with varied
loading amount of MWCNTs, and key thermal evaluation
parameters are summarized in Table 1. All thermal profiles
of MWCNTSs/PI composite NFMs are in the very similar pat-
tern [43], regardless of MWCNTs loading amount. In addi-
tion, there is only a tiny amount of weight loss around 3-6%
in the MWCNTSs/PI composite NFMs in the temperature
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range of 100 °C through 300 °C, which might be the rea-
son the drain out the tiny residue of DMF solvent in such
porous membranes and partially thermal decomposition of
functional group such as hydroxyl and carboxylic acid on
the surface of the MWNCTs explored. In addition, the major
thermal decomposition for all the MWCNTs/PI composite
NFMs are in the temperature range of 550 to 850 °C, leaving
roughly of 57.5 wt.% residue for loading 0.5 wt.% MWC-
NTs and about 68 wt.% residue for MWCNTs amount of
1.0 wt.%.

Specifically, MWCNTs amount of 0.1 wt.% in the PI
composite nanofiber membranes, its Tsq and T, points
are both lower by 27 °C than that of pure PI one, and less by
about 2.1wt.% residue mass at 900 °C, as listed in Table 1,
which might because of lower amount of MWCNTs is
insufficient to improve the thermal stability of PI nanofiber
membrane[44], and possibly the addition of such tiny MWC-
NTs could deteriorate the PI molecular aligned aggregates
resulting from the localized pi—pi stacking between its aro-
matic rings, since the longer MWCNTs could break those
alignments and further worsen its aggregations and bonding
between PI molecular, thus weaken the thermal stability and
accelerate thermal decomposition of such 0.1 wt.% MWC-
NTs/PI composite nanofiber membranes. Further continu-
ously increases the amount of added MWCNTs up to 0.5
wt.% and 1.0 wt%, the corresponding Tsq, and T}, points
are even higher than that of PI membrane, and so does for
the residue mass at 900 °C (Table 1).

All those together implies that higher addition of MWC-
NTs improves thermal stability of its PI composite NFMs.
There might be two possible reasons. As more MWCNTs
was added into the PI matrix, each one of MWCNTs could
offer as a molecular anchor joint and in total would be quite
a lot such joints through the PI matrix [45], as such restraint
the PI molecular vibrations upon heating, leading to more

(@)

Ultimate load

thermal energy is needed to start the decomposition of PI,
and then the thermal stability of MWCNTSs/PI composite
NFMs is enhanced. In addition, another one is that the ther-
mal conductivity of MWCNTs is much higher than that
of PI matrix, and inherited even greater thermal stability,
and more MWCNTSs could forming a percolation network
through the PI matrix and conduct the heat out of PI matrix,
lower the temperature of PI molecules at least those adjacent
to the MWCNTs and reduce the thermal accumulation rate
among the PI molecules, which is kind of way to keep PI
matrix from thermal decomposition upon heating and further
strengthening the thermal stability of MWCNTSs/PI compos-
ite nanofiber membranes.

3.3.2 Mechanical Behavior and Performance Analysis

Here, load—displacement curve measures the extrinsic proper-
ties of a specimen (ultimate load, yield points, and possible
energy absorbing performance) [46, 47] under varied mechan-
ical testing [48] as shown in Fig. 7a, and the main parameters
are stiffness, work to failure as highlighted in the shaded area,
and ultimate load and displacement, which is not the same as
that of stress—strain curve that is usually normalized for the
sample dimensions. The tensile evaluation of MWCNTSs/PI
composite NFMs with varied loading amount of MWCNTs
are exhibited in Fig. 7b. Initially without any MWCNTs as
noted of 0.0 wt.% curve, that is the pure PI NFM, the load is
continuously increasing slowly as the displacement goes at the
rate of 20 mm/min till it reach the ultimate load without any
noticeable yield point as usually observed and followed by the
broken quickly in about 1 min. As the addition of MWCNTSs
is 0.1 wt.%, there is a clearly linear region within the dis-
placement of 40 mm, which suggests a clear improvement in
the stiffness, and a noticeable yield point along with a higher
ultimate load as mostly ascribed to even such tiny amount of

Load
~

D 40

Stiffness = L/D

Displacement

-------------------------

Displacement (cm)

Fig.7 a Load-displacement curves of b MWCNTSs/PI composite NFMs with varied loading amount of MWCNTs: 0.0 wt.%, 0.1 wt.%, 0.5 wt.%

and 1.0 wt.%
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MWCNTs and then goes to a region that is kind of parallel
to that without MWCNTSs, and lastly reaches to the broken
with longer elongation ratio through a bumpy process in about
2 min (curve noted as 0.1 wt.%). As the MWCNTs further
increased up to 0.5 wt.%, a quite enhancement in the stiff-
ness is observed with a clearer yield point, increased breaking
strength and elongation at break are almost twice as that of
pure PI NFM, as indicated from Table 2. As similar increase-
ment in the stiffness was noticed as the MWCNTs increased
to be 1.0 wt.%, but the ultimate load and strength is as close as
that of 0.5 wt.% MWCNTs/PI composite NFM (Table 2), but
exhibit an even quick bumpy broken process as compared to
the rest of the composite NFMs. The common could derived
from Fig. 7b is that the mechanical performance, such as ulti-
mate load, stiffness, strength, and elongation, of MWCNTSs/
PI NFMs are improved with the addition of MWCNTs due to
the intrinsic higher strength and larger length/diameter ratio
of MWCNTs as additives.

Besides, the higher specific surface area of MWCNTs pro-
viding much more anchor area with PAA and/or PI matrix
[49], and the newly formed interphase and improves interfa-
cial adhesion between the surface of MWCNTSs and PI matrix
would contribute to enhance the mechanical performance of its
composite NFMs. However, the improvements and enhance-
ments on the interphase and interfacial adhesion are greatly
influenced by the homogeneously distribution of MWCNTs
through the whole PI matrix, especially in the precursor PAA
ones that involving the processing of MWCNTs suspension
and electrospinning parameters that deserved a further consid-
eration. Sine there is always a self-aggregation of CNTs [50],
which makes even harder to get uniform size distribution of
nanofiber, and such aggregation could also bring some cavity
or void in the perimeter or interphase adjacent to the polymeric
matrix, which could cause a stress concentration before the
extra load was applied and then deteriorate the mechanical
performance of composite NFMs as expected.

3.4 Carbonization Analysis of Pl and MWCNTs/PI
Composite NFMs

In the process of carbonizing polyimide to prepare carbon

films at different temperatures in the absence of oxygen,

Table 2 Mechanical properties of PI composite NFMs with varied
amount of MWCNTs

MWCNTs/wt.% Breaking strength/MPa Elongation
at break/%

0.0 3.69 37.47

0.1 4.28 43.57

0.5 7.42 76.76

1.0 7.10 64.97

alternatively named pyrolysis by thermally induced chemi-
cal decomposition of organic materials, carbonization tem-
perature is the key to the structural modification of the films
[51] for certain functionalities and applications [52]. PI and
its MWCNTSs/PI composite NFMs are quite thermally stable
in the range of 350 through 550 °C as indicated by the TGA
traces shown in Fig. 6. That suggests PI is highly capable
of affording thermal treatments under 550 °C without any
properties being affected [53]. Hereby, the carbonization
process of 0.5 wt.% MWCNTs/PI composite NFMs was set
as an example of probing the effect of carbonization on the
mechanical performance with the temperatures carried out
at temperature higher than 550 °C, at least of 600 °C, which
is summarized in Fig. 8 and Table 3.

As can be implied from Fig. 8 that the strength and elon-
gation at break decreased significantly as the carbonization
temperature increases, which is supported by the fragile
observation of the carbonized NFMs as the SEM indicated in
Fig. 3b. In addition, the load reached its minimum at the car-
bonization temperature continues increase up to 800 “C, and
then increased up to the highest at 900 “C for carbonization
followed by a close load at 1000 °C as that of carbonization

150

Load (N)

50 °\'\' / .\.

1 1 1 1 ! 1 1 Il 1 1

0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature/°C

Fig.8 Max load of 0.5 wt.% MWNTs/PI composite NFMs under dif-
ferent carbonization temperatures

Table 3 Mechanical properties of 0.5 wt.% MWCNTSs/PI composite
NFMs at different carbonization temperatures

Temperature/°C Breaking strength/MPa  Elongation
at break/%

0 7.42 76.76

600 4.71 13.87

700 3.56 10.31

800 2.63 7.54

900 3.74 7.73

1000 3.15 6.12
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at 700 “C. This observation on the sharp change at 800 C
also matches the barely changes in weight loss at 800°C in
the TGA traces as exhibited in Fig. 6, which could be the
implication that the carbonization could be done at 800 C
for 1 h with a completely done on the interior gas phase out
and new C—C bond formation. At such carbonization tem-
perature of 800 ‘C, along with the emission of various small
molecules [54], the process of carbon microcrystalline have
been formed or organized in order as supposed to be lower
orientation, and increase micropores, cavities and disorder
in the carbonized NFM leading to the changes in or worst
mechanical performance [55].

On the other hand, at a higher temperature of 900 °C for
further carbonization [56, 57], it is possible that the disor-
der results from carbonization at lower temperature would
be improved and transfer to be a status with more carbon
microcrystals with higher orientation and packing closely
with adjacent ones, plus some decomposition residue from
PI at 900 C serves as plasticizer bonding those carbonized
microcrystal regions and this shows noticeable improvement
in mechanical performance, as listed in Table 3. However,
as the carbonization temperature reaches to 1000 ‘C, decom-
position residue from PI at lower temperature would further
being carbonized forming gas phase out of the matrix, which
could leave more cavities, microcracks and micropores, and
thus lowered the mechanical performance of the carbon-
ized NFMs. This result also reached a similar conclusion in
Yang’s research, where the carbonization yield monotoni-
cally decreased from 64% at 700 “C to 53% at 1000 C [58].

4 Conclusions

The polyimide (PI) nanofiber membrane prepared by electro-
spinning has the characteristics of large specific surface area
and small pore size, which has potential application value
in the fields of battery separation film and microelectronic
devices. In this paper, electrospun PAA nanofiber mem-
branes (NFMs) were prepared using polyamic acid (PAA)
solution as precursor, and then converted into PI nanofibers
by thermally induced imidization treatment, and the chemi-
cal structure via FTIR of PI and PAA NFMs confirmed that
PAA NFMs were successfully imimidated into be PI ones
as expected. Then, multi-walled carbon nanotubes (MWC-
NTs) were added in the electrospinning process for enhanc-
ing the thermal and mechanical performances of PI-based
composites NFMs. It turns out that a small amount of addi-
tion can reduce the fiber diameter, but it is easy to cause
agglomeration when the addition amount is too much, result-
ing in larger fiber diameter and coarse bulging surface. The
increase of MWCNTSs content is beneficial to improve the
thermal stability of MWCNTSs/PI composite NFMs, resulting
in gradually increase in the stiffness, the breaking strength

@ Springer

and elongation at break. In addition, after the carbonization
of 0.5 wt.% MWCNTSs/PI composite NFMs at high tempera-
ture above 600 °C, while the fracture strength and elonga-
tion decreased significantly with the carbonization progress,
but details in kinetic changes is not clear so far, which is
worth to be investigation in the future for expanding the
MWCNTs/PI composites and its carbonized NFMs in other
possible realms of requiring an enhanced the thermal stabil-
ity, mechanical properties and longer durability simultane-
ously, such as high-value products, such as ultrafiltration,
high-energy density battery separator and microelectronic
devices.
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