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Abstract. Poly(acrylonitrile) (PAN) electrospun nanofibres were stabilized at 285°C in surrounded conditions for 1 h
and then carbonized at 900°C for 1 h in inert nitrogen (N) at 10 psi. The resulting carbonized PAN nanofibre films were
fabricated into square pieces and exposed to several classification procedures. Raman spectroscopy analysis was used to
stretch approximately 920 cm-1 of the designated construction of the G-band of the carbonized nanofibres. Energydispersive X-ray (EDX) spectroscopy was used to examine the chemical structures and elemental distribution of the
carbonized PAN nanofibres. EDX spectroscopy revealed the PAN carbon core at roughly 61%. After annealing, the PAN
carbon nanofibres were 89% carbon weight (atomic %), with N and minor quantities of Ni and O. The structure was
confirmed by X-ray diffraction for bulk PAN and carbonized PAN nanofibres. Examination of the outcomes may be
valuable for improving the use of various smart nanofibre materials in the industry and for water treatment sensor
applications.
Keywords.

1.

Superhydrophobic; carbonized nanofibre; Raman spectroscopy; ionic liquid; energy-dispersive X-ray.

Introduction

Poly(acrylonitrile) (PAN) is generally the existing precursor
in the large-scale production of effective carbon nanofibres
[1,2]. Carbon nanofibres have been receiving significant
attention because of their outstanding properties, including
high mechanical strength and the Young moduli, high
electrical and thermal conductivity, good resistance in terms
of corrosion, fatigue and strength, high resistance of creep
and superior stiffness. As a result, carbon nanofibres are
being used extensively in applications involving heat
treatment, extreme temperature catalysts, sensors, membrane based-filtration or absorption, photonics and nanoelectronics [3]. This study aimed to use the electrospinning
technique with added PAN carbon nanofibres and heat
treatment to eliminate non-carbonaceous material and to use
them as sensors for various industrial applications. The
main application of carbon nanofibre has been its synthesis
for electrospinning, where PAN nanofibres can be used as
the main polymeric precursor as the source of carbon [3,4].
Carbon nanofibres have great strength and stiffness as
well as excellent electrical conductivity and thermal conductivity properties; consequently, they have been used in
an assortment of applications in various fields, including

structural components, lithium-ion batteries, medical use,
electronics and membranes [1,5]. Furthermore, the oxidization process and carbonization are supported at a
maximum level of annealing (700–3000°C) in inert air [6].
The stage of the carbonization temperature, which is
determined by the type of carbon nanofibre is essential.
Carbon fibre properties depend on the nature of the precursor nanofibres and the parameters of the process handled
in the oxidization and carbonization processes [6].
In this experiment, electrospun PAN nanofilm fibres were
changed into carbon nanofibres via oxidizing and then
carbonizing at the maximum level of annealing, which
resulted in a material with maximum strength because the
carbon content increased. PAN is comprised of approximately 61% carbon weight and after annealing, the carbon
core increases rapidly to approximately 89% weight. The
primary goal of this experiment was to produce electrospun
PAN nanofibres by annealing them to eliminate noncarbonaceous materials and subsequently examine their
structural, electrical, thermal and possible surface properties
in smart material applications.
The novelty of this research study is that both the ionizing process and heat treatment (annealing temperature at
900°C) are used simultaneously for the first time to enhance
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the conductivity and sensor ability of the microsize and
ultra-thin fibres. The result suggests the enhancement of
50% in the values of prepared PAN fibres which is also
reported for the first time in this study. The electrospinning
technique is promising for the fabrication of carbon
nanofibres with PAN as the precursor of the polymer [7,8].
There are numerous novel procedures in the electrospinning
process, which is a simple, upfront approach to produce
nanofibres within sub-micron to nanometre diameter ranges
[9–13]. However, these procedures produce lessstable PAN-derived nanofibres with lower mechanical
properties. In this study we have used oxidation and carbonization procedures and it is possible to produce nanofibres with the highest mechanical strength achieved from the
exact bonds of C=C. The oxidation process of PAN
nanofibres is critical to producing high-quality carbon
nanofibres [13]. During oxidation, the precursor PAN
nanofibres are heated to a temperature of around 380°C.
During this time, some chemical reactions, such as dehydrogenation, cyclization, cross-linking, oxidation and
aromatization occur because of the C:C bonds shifting
into C=C bonds and the formation of a ladder-like aromatic
cyclic structure [9,14–16].
Rafique et al [17] observed electrospinning fabrication
and heat treatment of PAN by electrospinning and the
heated process temperature was around 350°C for stabilization and around 750°C for the carbonization process.
The electrospinning set up was slightly different from the
present study and the challenge was to fabricate nanofibres
by electrospinning with two different approaches such as
aligned and horizontal production nanofibres [17]. The
authors examined the electrospinning variables and the
nanofibre diameter and the objective of this study is to
suggest the ideal conditions for minimizing the produced
nanofibre diameter [18]. In this study the objective is to use
the ionic process for the PAN nanofibres production which
was not used in both studies mentioned.

2.
2.1

Experimental
Materials

Dimethylformamide (DMF) (approximately 8 g mol-1,
99.7%), hydrochloric acid (HCl) (CAS no. 7647-01-0,
100 ml) and PAN (approximately 2 g, 0.3% molecular wt%
± 53 g mol-1) were ordered from the Sigma Aldrich Corporation and utilized without any further modification.

2.2

Methods

2.2a Fabrication technique: PAN was dissolved in a
polar DMF solution at a 15:85 weight ratio and the stirrer
was mechanically excited by using a sonicator on a hot
surface plate at a speed of 450 rpm for 1 h at a temperature

Bull Mater Sci (2020)43:246
of 60°C. The PAN polymeric solvent was cooled down to
room temperature before sending it to an electrospinning
machine by transferring it to an 8 ml plastic needle with an
inner diameter of 0.45 mm. Copper wire material with an
outer diameter of 0.25 mm was attached to the associated
end tip of the plastic syringe, and the electrode end was
clamped to a maximum power supply of direct current. The
electrospinning system was applied with 25 kV of the direct
voltage at a feeding rate of 1 ml h-1, and the 20-cm
spinneret was aimed at the aluminium target. The
experiments were conducted at room temperature 23°C
under surrounding conditions temperature.
The electrospun method involved using a syringe pump
(KD Scientific) to provide a continuous mass flow rate
(1 ml h-1), and the target screen was made of aluminium
mesh with aluminium foil placed on the top. A DC high
voltage power (Spellman, 0–30 kV, 300 lA) was used to
supply power during this study. Once the plastic needle was
mounted on the syringe pump, an electrode from the DC
supply was connected to a syringe needle. The syringe
pump was programmed for 1 ml h-1, and the DC supply
was used to switch the syringe pump on and a continuous
flow of fibre jets emerged. The process continued until the
plastic needle containing the polymeric solution was completely consumed. Figure 1 illustrates the synthetic process
for the PAN/DMF samples before and after carbonization.
2.2b Heat treatment technique: The PAN nanofibres
produced with the electrospinning machine were
transformed into maximum-purity carbon nanofibres,
initially via oxidizing them under O2 conditions at 285°C
for 1 h and then carbonizing them at 900°C in a surrounding
nitrogen-purging environment for 1 h. The fabricated PAN
carbon nanofibres were comprised of approximately 89%
carbon, and the annealing was 900°C.
2.2c Ionic liquid technique: For the ionic liquid strain
sensing performance carbonized treatment of the nanofibres
(activation process), a HCl solvent was prepared by mixing
3.5 g of HCl into 100 ml of deionized (DI) water and
combined with the nanofibre samples for about 2 h.
Following activation, the nanofibres were dried in a
conventional furnace at 110°C for 24 h. Then the
dehydrated samples were further dehydrated at 380°C,
surrounded by N in an electric oven for approximately 2 h.
Next, the samples were washed with DI water several times
until water-soluble alkalinity was achieved and
subsequently dried at 90°C for 24 h in a vacuum.
2.2d SEM technique: Scanning electron microscopy
(SEM JEOL, JSM Model-6500) and field emission
scanning electron microscopy (FESEM) were used.
MEYEB specimen fracture surfaces were glazed in gold
(10 nm thick), enabling imaging by applying an ion beam
sputter coater Hummer VII to get maximum resolution
images (below 1 lm). 15-kV beam energy was used on the
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Schematic illustration of synthetic process carbonizing PAN/DMF samples.

samples (approximately 2 mm thick) inside the chamber
which was continually under a vacuum.
2.2e X-ray diffraction (XRD) technique: Energy
dispersive X-ray (EDX) spectroscopy was also employed
to determine the basic composition of the PAN fibre
samples. This method detects X-rays emitted from the
samples when an electron beam is used to bombard
electrons on those samples. The X-ray detector in EDS
measures the relative abundance of X-ray vs. their energy.
When the sample is bombarded in the SEM, the electrons
are ejected from the sample. The electrons in a higher
energy state then fill the electron vacancies by releasing
their energy in the form of an X-ray, which is detected as
the signal from a specific element of the sample. X-rays
generated from various elements of the sample depend on
the energy the bombarded electron needs to eject the
electron from the atom. The X-rays of those elements are
specific to the elements present in the sample. The detector
of EDS is capable of detecting those X-ray energies with
high accuracy and better resolution. In order to minimize
the noise level and identify closely packed X-ray peaks, the
accepted practice is to specify the EDS resolution at MnKa
(energy, crystal). EDS was performed in SEM using the
AMTEK EDAX, Model: Octane value 60 mm2 detector.
The detector has a 130 eV at MnKa resolution. The X-ray
peaks were collected from the pre-specified points on the
sample SEM image at the maximum 15 kV SEM electron
beams.
2.2f DSC
technique: A
differential
scanning
calorimeter (DSC), (A Q1000-TA Instruments) was
interfaced to a desk computer to read and detect the
thermal properties of the fibres. DSC flow of heat and

annealing were adjusted to within an indium standard. The
rate of heating was set at 5°C min-1 with a nitrogen rating
flow of 50 ml min-1. Sample fibres were isolated in
TzeroTM (TA Instruments). The thermal steadiness of the
fibres was recorded by using a thermogravimeter (TA
Instruments) Q500. The thermogravimetric analysis
(TGA) was conducted on the PAN fibre from 30 to
400°C with N 60 ml min-1 flow rate and 5°C min-1
heating rate. The measurement started at around 30°C and
was ramped to 400°C in a platinum pan. Fourier transform
infrared (FTIR) analysis was completed with a Bruker
spectrometer. Infrared spectra were observed in the
wavenumber range 400–3500 cm-1.
2.2g Raman spectroscopy technique: The Raman
spectroscopy technique is a useful tool for examining
microelement structures. Raman capacities were supported
by applying a Kaiser HoloProTM spectrograph that included
CCD camera Princeton Instruments. It functioned at
875 nm and a 40 mW power supply was applied as the
source of excitation. The light of the laser was focused on
the fibres and then back dispersed at 170° and recorded by
an f/1.7 collection lens. The HoloProTM grating
spectrograph dispersed the light scattered into several
frequency apparatus and the CCD array detector
distinguished them. In the strain sensing test, the
specimen was sanded at locations where the probes were
attached. The probes were staked at those positions, and a
silver conductive epoxy was applied to the surface in order
to avoid contact resistance. A small current was applied
along the axial direction through outer probes, and the
equivalent voltage drop was measured between internal
probes for several strains along the axial plane. The
specimen was subjected to stress and strain continuously.
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EDX and SEM investigation of carbonized PAN fibres.

A load of 1 mm min-1 was applied, and the displacement
was recorded under quasi-static loadings. Due to this
loading, the change in voltage because of changes in
current was measured and plotted.

3.
3.1

Results and discussion

Table 1. EDX spectroscopy examination of elements in carbonized PAN nanofibres.
Element

wt%

Atomic%

Error (%)

C
N
O
Au

60.13
32.42
5.36
2.09

65.30
30.19
4.37
0.14

3.15
10.16
10.19
6.26

EDX and SEM analyses

An EDX spectroscopy investigation of the carbonized PAN
nanofibres was performed to examine their elemental morphology. Figure 2 shows the results of the EDX spectroscopy and SEM examination of the carbonized PAN
nanofibres and table 1 displays the number of elements in
the carbonized PAN nanofibres.
The EDX spectroscopy of the carbonized PAN nanofibres
indicates the presence of a high percentage of carbon, as
shown previously in figure 2 and table 1. A supplementary
element existing in a high amount was applied nitrogen, due
to the occurrence of nitrile groups C:N in the PAN. Some
impurities were also shown to exist in minute quantities, for
example, sodium, gold and copper. However, the oxygen
percentage was 2 wt% and also existed in a substantial
amount of 5.0 wt%. The occurrence of a large amount of
carbon was due to the removal of non-carbonaceous substances through the carbonization process. The stretch
shown in figure 2 is a result of the high carbon content. The
analysis indicates that C and N were the main elements of
the carbonized PAN. The EDX examination did not display

any other substantial stretches, as shown in figure 2. However, some minor stretches can be seen, which indicates the
occurrence of a small number of other elements. After the
oxidization and carbonization processes, the diameter size
of the PAN nanofibre decreased to between 10 and 20%.
Figure 3 shows the SEM images of electrospun PAN
nanofibre images before and after carbonization at 900°C.
Figure 3a shows that before carbonization, the average
diameter of the PAN nanofibres was approximately 480 ±
40 nm, and figure 3b shows that after carbonization, the
fibre diameter decreased to 390 ± 40 nm, along with the
absorbent morphology and profile. This shrinkage can be
separated into the chemical and entropic parts. The
shrinkage involved in entropy is caused mostly by the peaks
retraction polymer orientation connected chains, whereas
the shrinkage of the chemical bonding structure is produced
mostly with the solid structure formations and subsequently
the chemical reactions [19].
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Figure 3. SEM images of electrospun PAN nanofibres: (a) before carbonization and (b) after carbonization at
900°C [19].

The shrinkage involved in entropy is created by physical
modifications and is independent of the heating rate,
although chemical shrinkage could be enhanced by the
heating rate [20]. Micro-combustion and the PAN nanofibres’ pyrolysis revealed that the carbonized nanofibres
included approximately 89% C, 3.93% N, 3.08% O and a
minute amount of H (0.33%) [21]. The existence of N is
because of the C–N type of bonds that are initiated in the
PAN after the heat treatment process at a temperature less
than 2000°C and after the reactions of the molecular
entrapments occur [22].
PAN EDS measured and obtained micro-polymers and
nanofibres can be used in a variety of applications and the
EDS Carbon element was found to be 60.13% weight,
adjacent to Baskan et al [23] EDS carbon element which
was obtained at 69.52% weight.

3.2

DSC analysis

A thermoanalytical system (TA Instruments, Q1000) was
used for characterization in order to produce DSC thermograms during an annealing rate of 5°C min-1 from 50 to
380°C. Pre-determined individual sample weights were
determined in this experiment. The DSC flow of heat and
annealing was adjusted with ordinary indium. An assumed
sample of approximately 4 mg was wrapped in a platinum
plate and exposed to temperatures in the range of 60–380°C.
The DSC heat flow and annealing were adjusted with an
indium standard. Figure 4 displays the DSC thermograms of
PAN nanofibres carbonized at 900°C. The two sets of curves
represent both the heating and processes involved in DSC.
Initially, with PAN in the presence of a semi-crystalline
polymer, an amorphous stage that includes a glass transition
(Tg) temperature is predictable [24]. The Tg annealing
temperature of the carbonized PAN occurred in a small
range at about 94.84°C, whereas the Tg annealing temperature of pure PAN was approximately 95°C. This increment
in Tg annealing might be associated with the existence of

Figure 4.
900°C.

DSC thermogram of carbonized PAN nanofibre at

the polar solvent DMF setups that are present in the voids
and pores of the nanofibres, which might be a source of
dipole–dipole force connections including the groups of
nitriles existing in the PAN structure. Figure 4 shows a
broad exothermal peak blue line at 320°C. The maximizing
exothermic stretch might be because of the cyclization
process. The groups of nitrile cyclization are highly
exothermic and directly relate to chains of polymer disintegration due to the rapid heat accumulation in the experiment, which does not dissipate quickly [25]. Avilés et al
[26] determined the PAN melting temperature (Tm) as
320°C using a sequence of experimentations with PAN in
c-butyrolactone and DMF. The nitrile dipole of the solid
changes, which is the main cause of the PAN’s maximum
melting point [27]. The individual stretch of exothermic
heat detected in DSC thermograms could be related to the
cyclization of PAN molecular chains [28]. Therefore, it is
very well recognized that the step of cyclization responses
in PAN is based on free radicals and introduces maximum
annealing [29].
Therefore, the presence of one individual exothermic
peak in PAN could be qualified into the cyclization of free
essential touching surface besides the supplementary
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exothermic responses that could act at maximum annealing
numbers [29,30]. Cyclization is a highly exothermic procedure that is followed by a great quantity of heat flow,
which could be the source of the nitrile group in the
cyclization of PAN [29]. The intermolecular oligomerization of nitrile groups is directed to the structure of crosslinking and it is probably more significant than the response
of the intramolecular leading to the ladder-like structure at
maximum annealing in PAN [31]. Besides, the oligomerization of nitrile groups at high temperatures (over 200°C)
could be a radical mechanism.
For the focal connect carbon-to-carbon bonds, which are
not the strongest bonds in PAN, a nomolytic major connection splitting exists during the annealing treatment, and
the designed radicals develop oligomerization of the nitrile
groups [31]. From DSC thermograms, the melting temperature of pure PAN nanofibre is 306.29°C.

3.3

TGA analysis

The gravimetric thermal stability of the PAN nanofibres
was determined through TGA (TA Instruments, Q500).
TGA was performed on PAN nanofibre samples from 30 to
400°C at a N flow rate of about 60 ml min-1, and then a
heating rate of 5°C min-1. TGA is mainly affected by the
exact condition and the heating rate. TGA provides a
volatile measurable analysis of compounds and the amount
of moisture existing in the nanofibres, the loss of weight and
the breakdown of the thermal properties which contribute to
determining the mechanism of degradation. TGA experiments have been used to define the PAN nanofibre’s weightloss patterns as a function of the annealing process.
Figure 5 shows the TGA and derivative thermogravimetry (DTG) curves of PAN-derived carbonized
nanofibres. The preliminary weight loss at around 150.56°C
(*2–3 wt%) might be because of the moisture absorbed by
PAN and DMF [32]. A substantial amount of weight is lost
at 270°C. Similar to other major experiments, the loss of
weight at oxidization annealing (285°C) is because of the
development of HCN groups [32–34]. Also, it has been
found that the maximum heating rates contribute to weight
loss [32]. Therefore, the maximum rate of heating results in
a faster exothermic rate since PAN is not a decent conductor. Thus, the maximum rates of heating lead to overheating and PAN decomposition [32]. A weight loss of
between 275 and 330°C might be attributed to PAN
nanofibre pyrolysis and partial PAN decomposition [35].
The existence of weight loss after 330°C suggests overall
PAN decomposition.
Table 2 provides data relative to the crystalline transition
associated with mass changes in the range of PAN and
carbonized PAN nanofibres. Figures 6 and 7 illustrate the
TGA and DTG thermogram curves of this crystalline
transaction under two conditions: PAN without any further
characterization and PAN after carbonization, involving
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Figure 5. TGA and DTG thermograms of PAN-derived carbonized nanofibre [36].

materials engaged with the annealing process at a maximum
temperature of 900°C. In this study, the temperature range
of 200–300°C showed changes in terms of decomposition,
phase and so on.

3.4

Raman analysis

Figure 8 illustrates a typical Raman spectrum of bulk PAN
and carbonized PAN nanofibres. As can be seen, the stretch
at 1700 cm-1 intensity could be attributed to oxidization at
285°C. This stretch resulted from a graphite tangential
vibration displayed as supplementary cross-linking. The
G-band structure and the graphitic structure are twodimensional. The Raman spectroscopy peak at approximately 896 cm-1 led the G-phase formation in the carbonized PAN nanofibres. The highest CH2 group stretching
peak was in the range of 190–210 cm-1 for the carbonized
PAN nanofibres. Also, the C=N vibration stretch group was
in the spectra at 1425 cm-1.
Figure 8 displays a stretch at 1380 cm-1 and the
D-stretch in the carbon materials does not have an arranged
structure. The D- and G-stretches that enhance the carbonization annealing likewise improved, leading to maximum carbonization annealing, which helped the carbon
fibres to form a logical state arrangement [37]. The turbostratic structure of the D-band is associated with the
G-band, which is associated with the ordered graphite
structures. This situation of two bands does not apply to
their ratio and the annealing had a recognized ‘R-value’,
which designates graphite crystallites to the amount of
existing arrangement of carbonaceous materials [38]. The
Raman intensities corresponding to the G-band and D-band
ratios were determined as a group for defining the graphite
phase. These two intensity ratios lower the value and
indicate minor defects, the low amount in the amorphous
phase and the compounding in the maximum graphite
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Table 2. Significant data findings from the TGA range between
carbon fibre and PAN.

Total weight loss (wt%)
Critical temperature (°C)

PAN–DMF
film

Carbon fibre–PAN
film

9.94
64.53

57.83
35.52

Figure 8.

Figure 6. TGA and DTG thermograms of PAN-derived carbon
nanofibre.
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Figure 7. TGA and DTG thermograms of PAN–DMF film
(200–300°C) of PAN-derived carbon nanofibre section range
(25–50°C).

phase. In addition, the Raman spectra are useful in providing information about the crystalline excellence of the
graphite materials [38]. The Raman spectra of PAN-derived
carbon nanofibres carbonized at 900°C indicate that the
G-band is defective because of the C=C crystallite peaking
vibrations of the graphite, and the D-band is the result of the
disordered turbostratic carbonaceous material [38].
As shown in figure 8, the carbonized Raman spectrum of
the PAN nanofibres at 900°C displays the G-band because
of the C=C vibration behaviour of stretching in a phase of
the graphite, as well as the D-band because the

Raman spectrum of carbonized PAN nanofibres.

carbonaceous materials were disordered as the result of
turbulence. Figure 8 also shows that the G/D stretch and
temperature were enhanced correspondingly as the carbonization improved. The line of carbonization with no
stretch indicates that the sample is saturated with carbon.
Also shown is a carbonization curve with no stretch since
the sample becomes carbon or an entirely black sample.
Consequently, the black sample displays stable curve
reactions with no stretches for the PAN nanofibre carbonized samples. Also, there was high-pitched stretch
behaviour, which is consistent with (002) directional planes
for the PAN carbonized nanofibres [39].

3.5

FTIR analysis

FTIR spectroscopy is a beneficial tool for determining the
interaction of chemicals through the annealing of PAN
nanofibres. With assistance from FTIR analysis, the spectra
results are likely to determine the relaxation between
strength and chemical changes [40]. Figure 9 shows the
results of FTIR spectroscopy before and after PAN
nanofibre carbonization.
As can be seen in figure 9, the vibration characteristic of
the PAN nanofibres indicates individuals in the group of
nitriles consistent with 1668 cm-1, then stretching concentrations at 1094, 1451 and 2243 cm-1 allocated into the
different modes of aliphatic CH group vibration existing or
located at OH, CH and CH2 correspondingly. Equivalently,
the band at 1988 cm-1, because of C=O peaks, although
peaking consistently to 1668 cm-1, is because of the nitrile
stretching, thus demonstrating the occurrence of
acrylonitrile.
The PAN molecule contains nitrile (C=N) and methyl
(CH3) groups in a lined arrangement [41]. At the stabilizing
stage, new mixtures such as carboxylic acid, ketones and
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Figure 9. FTIR spectra of PAN nanofibres before carbonization
and after carbonization at 900°C.

aldehydes were formed. The PAN carbonization procedure
resulted in the evolution of volatile compounds, leaving
behind hydrogen molecules and primarily carbon in the
carbon nanofibre structure. However, a 100% alteration of
the PAN polymer to carbon might not be possible because
of the existence of other compounds [41]. Different changes
in the absorption stretch of characteristics in the FTIR
spectra were the result of carbonization in some locations
[42].
Interestingly, the strongest and sharpest stretches disappeared after carbonization (shown later in figure 10). The
most active stretch from the group of nitriles was detected at
1668 cm-1 (figure 9), which is nearly gone after carbonization, completed at 900°C. Therefore, the stretch at
1668 cm-1 declined because of the reaction of the group of
nitriles through the cyclization to begin the C=N group of
conjugates [42]. No stretching at 1668 cm-1 is detected at
900°C carbonization, indicating that no stretching in the
group of nitriles occurs and no subsequent ladder-like

structure forms. Comparable performance is detected in the
900°C spectrum, although numerous very minor stretches
are observed because of noise or the machine’s sensitivity.
The stretch connected through the group of hydroxyls at
2922 cm-1 is entirely eliminated as the result of carbonization. The stretch consistent with 1452 cm-1 displays
a stretching line CH2 set of vibrations (figure 9). The FTIR
spectrum shows that subsequent carbonization at 900°C
displayed different stretches consistent with 1093 and
1452 cm-1 in addition to 1668 cm-1 resulting from CH2
and C=H formations of the set, correspondingly. Although
carbonization enhanced at 900°C, different stretches are
absent in the FTIR spectrum. The evaporation of these
stretches could be allocated to the progression of vapours in
addition to minor liquid mixtures and alterations in the
carbonaceous materials.
Figure 9 also shows that in the carbonization stage at
900°C, stretches in the FTIR spectrum exist between 1093
and 1700 cm-1, indicating that the PAN nanofibres were
not completely carbonized or that major responses could not
be completed. The lack of peaks in this in-between range at
the 1988°C line reveals that the PAN nanofibres have
almost been entirely carbonized. The reappearance of minor
stretches recorded at the 1668°C line is possibly the result
of noise or equipment sensitivity conditions. Therefore, the
peak magnitudes remain constant with the nearly complete
carbonization of the PAN nanofibres present or the noise
and equipment sensitivity. The minor wriggling realized at
900°C could be allocated to the minute variations in width
in a changed illustration. The illustration width was between
0.52 and 0.63 mm. PAN has a tendency to absorb moisture
from the atmosphere and the wriggling at 900°C could be
the result of vapour absorbed from water. The rate of
heating of about 5°C min-1 was applied through all of this
research work.

3.6

XRD analysis

Figure 10 shows typical XRD patterns of bulk PAN and
carbonized PAN nanofibres. The broad peaks appearing at
25° for carbonized PAN nanofibres can be assigned to
d(002) layers of graphitic crystallites. In calculation, comparatively weak and broad peaks performing between 32
and 42° might be allocated to d(101) layers, resultant to the
bulk PAN plane [43].

3.7

Figure 10. Typical XRD patterns of bulk PAN and carbonized
PAN at 900°C.

Ionic liquid strain sensing performance

Figure 11 presents a graph of the current (mA) vs. voltage
(mV) for the electrospun carbonized PAN nanofibres. As
can be seen, the initial rise in voltage occurs at 0.11 mA or
0.12 mV.
Nanofibres might not be composed of homogeneous
materials; therefore, the data presented here mostly
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Figure 12.
nanofibres.
Figure 11. Current vs. voltage for electrospun carbonized PAN
nanofibres at 900°C.

demonstrates non-ohmic behaviour. Even after annealing at
less than 1000°C, the nanofibres are not completely composed of carbon; other elements remaining in the carbon
nanofibre structure could substantially cause heterogeneity,
hence the reason for observing non-ohmic behaviour. Once
the PAN nanofibres were heat-treated between at 300 and
900°C, they acted more like conductors. Therefore,
heterogeneity was the essential factor in defining the
properties.

3.8

Surface wettability of PAN carbon nanofibres

The hydrophobic and hydrophilic polymer surface properties are revealed through a water contact angle machine that
arranges water droplets on the polymeric nanofibre surface
[44–46]. The contact angle of a droplet on a hydrophobic
surface is more significant than 95°; however, a hydrophilic
film surface causes the water droplet to form a contact angle
smaller than 95° [47]. Polymer film surfaces with water
contact angle values in the range of 1450–160° are called
superhydrophobic surfaces [42]. This phenomenon is
referred to as the ‘lotus effect’, which indicates anti-contamination features and self-cleaning [48–50]. Figure 12
shows the water contact angles of PAN nanofibres at various stages of carbonization annealing.
The water wettability contact angle droplet measurement
on high solid surfaces is determined through surface morphology as well as chemistry. The PAN nanofibres revealed
measurements of polarity and a semi-crystalline structure
because of their chain structure, which might affect the
water contact angle values. Previously, the process of carbonization provided PAN fibres with a given water contact
angle measurement of approximately 82°, which might be
the result of the totally absorbed moisture, the occurrence of
beads and the porosity resulting from the electrospinning
procedure. These material damages are expected and PAN
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has the ability to absorb water in regular situations and
consume moisture directly from air. Through the process of
carbonization, the surface morphology and surface chemistry of PAN nanofibres are naturally transformed. Specifically, the beads and pores and the polarity of the material
are decreased, because of the essential connection to the
significant chain that removes the composition of non-carbonaceous material. Carbonized PAN nanofibres are considered to be in the range of superhydrophobic materials,
with water contact angles between 150 and 157°. The carbonized PAN nanofibres at 900°C had a regular water
contact angle reading of about 151.60° (±2.83°), although
the nanofibre carbonization temperature at 900°C gave the
maximum average water wettability contact angle of 157 ±
1.85°. The advantage of this is that the typical water wettability contact angle dropped to 150 ± 1.64° when the
temperature of carbonization was improved to 900°C,
despite remaining in the superhydrophobic range. Figure 12
shows that the carbonized PAN nanofibres at 900°C display
the maximum water contact angle measurement. This can
be accredited to the absence of any essential component in
the PAN nanofibres.
The FTIR spectroscopy results for 900°C (figure 9)
indicate no wriggling in this black line, although the other
black line at 900°C demonstrated some spears in the FTIR
results. Similarly, the contact angle values for one sample
(900°C) showed a decreasing tendency because of a few
outstanding elements occurring on the nanofibre surface.
PAN can take on suspended evaporated moisture and
moisture from the air which corresponds directly to the
illustrations of heterogeneity and the contact angle measured values of minor root differences and a few wriggling
and spears in the FTIR results in the spectra. Despite small
variances in the contact angle measurements, each sample
is composed of PAN-derived carbon nanofibres taking on
the appearance of superhydrophobicity relative to any
material structures, appearing as smart materials because
of their piezoresistive features and excellent electrical
conduction.
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Conclusion

PAN-based nanofibres were fabricated utilizing electrospinning and the use of precursors to manufacture PANderived carbonized nanofibres for thermal treatment,
including oxidization in an oxidative environment of 285°C
and then carbonization in inert air at 900°C. The
microstructure and surface morphology of these nanofibres
before and after carbonization were examined using SEM
images, which revealed that the fibres decreased in diameter
by approximately 30–40% after carbonization at higher
annealing. PAN-derived carbonized nanofibres were also
characterized using TGA, Raman, FTIR and DSC analyses
to define their thermal and mechanical properties. All of the
experiments revealed that carbonized PAN nanofibres are
crystalline and have excellent thermal and mechanical
properties. XRD confirmed the structure of bulk PAN and
carbonized PAN nanofibres. The heterogeneity was the
essential factor in defining the properties. Nanofilms could
not be collected from homogeneous materials; therefore, the
data presented here mostly demonstrates non-ohmic
behaviour.
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