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Abstract

Graphene-based materials are currently in the focus of research, but toward any application
a simple and reliable fabrication process is mandatory. To date, graphene nanofibers (GNF)
made via electrospinning have been established, using graphene oxide (GO) as templating
agent. However, relying on GO as a solid insoluble precursor makes the process harder. We
present a method to produce in situ neat GNFs made of solely electrospun polyacrylonitrile
(PAN). Besides heating in an oven up to 1700 OC, the GNFs were heated by self-resistive
heating. For this the nanofibers were placed into an electrical circuit and a rising electrical
power was applied reaching over 3200 OC directly in the nanofibers. The Raman, XPS, and
XRD results show high crystalline GNFs, with little to no defects and high graphitization
degree. Furthermore, the electrical transport measurements revealed an eightfold increase
in the conductivity. The deeper analysis of the 2D-band indicates the graphene structure.
This simple way of electrospun GNFs with a commonly used polymer precursor opens the
door to easier access and broader functional application of said nanofibers.
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ABSTRACT

Graphene-based materials are currently in the focus of research, but toward any
application a simple and reliable fabrication process is mandatory. To date, gra-
phene nanofibers (GNF) made via electrospinning have been established, using
graphene oxide (GO) as templating agent. However, relying on GO as a solid
insoluble precursor makes the process harder. We present a method to produce
in situ neat GNFs made of solely electrospun polyacrylonitrile (PAN). Besides
heating in an oven up to 1700 °C, the GNFs were heated by self-resistive heating.
For this the nanofibers were placed into an electrical circuit and a rising electrical
power was applied reaching over 3200 °C directly in the nanofibers. The Raman,
XPS, and XRD results show high crystalline GNFs, with little to no defects and
high graphitization degree. Furthermore, the electrical transport measurements
revealed an eightfold increase in the conductivity. The deeper analysis of the
2D-band indicates the graphene structure. This simple way of electrospun GNFs
with a commonly used polymer precursor opens the door to easier access and
broader functional application of said nanofibers.
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Introduction

Carbon is one of the most abundant elements on Earth
and has a wide variety of allotrope forms it presents,
due to its four valence electrons and the hybridization
states it can have. Therefore, versatile carbon (nano-)
materials have been the subject of research for a long
time. Various carbon nanomaterials have been synthe-
sized and brought into a broad range of applications
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due to their versatility in properties. Among them the
dependencies the dimension, e.g., fullerenes such as
C60 (0 dimensional), carbon nanotubes (CNT) and
nanofibers (CNF) (1D), or graphene nanosheets (2D)
and diamonds (3D), also influences the usability, as
each of those provide a unique shape, structure, and
therefore characteristic properties[1]. These allotropes
and their combinations are used to synthesize new
hybrid materials with unique properties [2, 3]. Fibers
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made of graphene are uncommon up to today. Addi-
tionally, those graphene fibers (GF) are prepared out
of processing macroscopic graphene oxide (GO) in
an aqueous solution, where the formation of GF took
place upon the reduction of the GO fibers [4]. Another
combination of these is the fabrication of graphene
nanofibers (GNFs) out of electrospun GO in a polyar-
ylenesulfone (PAS) solution, which was then heated
to 3000 °C in an argon flow to get neat GNFs [5]. It is
important to note that those publications use a tem-
plating approach, with a high weight percentage of
GO'’s, for the GNF production and that due to the sheet
structure of the GO the fiber structure is impaired with
all the folds and wrinkles instead of a smooth surface.
This forms a great incentive to use other alternatives
for precursors to use, as GO requires extra precursor
production, which is costly and present an additional
environmental issue, using the chemicals to produce
said GO. Additionally, the use of a single material sim-
plifies the production process, especially for scale-up.

Electrospinning is an uncomplicated, well known,
and cost-effective method to fabricate fibers, with a
potential to scale-up, compared to vapor growth,
spraying, or catalyst supported growth. Although
the typical fibers in this process exceed the 100 nm
range, they are still called nanofibers in the aspect of
engineering and in the industry [6]. In a typical elec-
trospinning process, a potential difference is applied
between a droplet of a polymer solution contained
in a syringe and a grounded collector. In our case,
we use a rotating collector to get highly aligned fib-
ers as it has been previously reported that the bulk
conductivity, the conductivity of CNF paper, and
graphitization degree, the ratio of the D- and G-band
in the Raman spectra, of the nanofibers are depend-
ent on the alignment [7]. Once the Coulomb forces
acting on the droplet overcome its surface tension, a
fiber jet emerges from the apex of the conical menis-
cus known as the Taylor cone [8]. The fiber solvent
vaporizes, and the jet solidifies during the flight to
the collector and the solid nanofibers are then sta-
bilized at 250 °C in an air atmosphere, which is also
known as the cyclization step for PAN and further-
more carbonized to obtain CNFs [7]. With the high
surface-to-volume ratio, good thermal, and electri-
cal conductivity, mechanical properties of the CNF
are highly expected materials in the near future [2].
With their high surface-to-volume ratio and the con-
trollable structure, electrospun nanofibers produced
by electrospinning have been reportedly used in
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biomedical engineering, with higher surface perfor-
mance in post-operative adhesion [9, 10] and can be
explored in smart textile production [11] or in digital
information transport [12, 13].

On the other side is graphene, re-discovered in
2004 [14], as a monolayer of sp>-bonded carbon
atoms ordered in a two-dimensional honeycomb
lattice, which has unique physical properties. It has
a tensile strength over 100 times greater than steel
and is the material with the highest thermal conduc-
tivity known so far. Furthermore, it is an excellent
electrical conductor and is impermeable to gases and
liquids [15, 16]. Due to these properties, graphene
is an important candidate for various applications
such as sensors, transparent electrodes for diodes
or photovoltaics, or composites [17]. Its character-
istics can be analyzed using Raman spectroscopy;
i.e., in the case of a single-layer graphene, two sharp
peaks, the G-band and the 2D-band, are observed.
The 2D-band is, in that case, sharp as well as sym-
metrical, centered around 2700 cm~! [18]. With an
increasing number of layers, the 2D-band broad-
ens and becomes asymmetric, while the full width
at half-maximum (FWHM) is a quantitative guide
to determine the layer numbering of few-layer gra-
phene (FLG)[19, 20].

Typical synthesis of graphene is done either by
mechanical cleavage from highly oriented pyrolytic
graphite (HOPG) [14], reduction of GO, chemical
vapor deposition, or atomic carbon extraction from
HOPG through a metal layer[21], as well as thermal
treatment of polymers [22]. In this paper, we achieved
to synthesize in situ GNFs out of CNFs instead of
using GO as a template and validate our claim using
Raman spectroscopy, X-ray diffraction, and XPS, com-
paring these to typical CNFs. Additionally, 4-point
probe transport measurements were performed to
determine the electrical conductivity of our GNFs. We
show a simple method to create GNFs out of CNF with
just the usage of electrospun PAN as precursor mate-
rial. For this, we take advantage of the self-heating of
the CNFs during the application of electrical power
using gallium as a contacting agent. This step is only
possible after carbonization, as the previous material
iterations are not electrically conductive. PAN was
chosen for its simple use during the electrospinning
process, due to the broad spinning window, with the
concentration ranging from 4 wt% to 14 wt%, and a
voltage window of 6 kV to 30 kV. These GNFs may be
used for advanced composites, electrodes, or catalysts.

@ Springer
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Materials and methods
Materials

Polyacrylonitrile (PAN), as powder form from Sigma-
Aldrich with a molecular weight of 150,000 Mw, was
used as precursor for the carbon nanofiber (CNF) fab-
rication. N,-N Dimethylformamide (DMF) was used as
solvent supplied by Carl Roth. For both carbonization
and graphenization, a mixture of 2 % H,/98 % Ar was
used, supplied by Westfalen AG. For the power sup-
ply, a Voltcraft DPPS-60-15 with a maximum output
of 900 W was used.

Preparation of nanofibers

The complete process for the fabrication of GNFs com-
prises four stages. At first, PAN was dissolved in DMF
by 16 wt% and stirred for 12 h to obtain a homogene-
ous solution. This solution was then electrospun at 18
kV with a rate of 1mL h_l, a needle to collector dis-
tance of 20 cm and a collector speed of 10 ms™.

For the second stage, the spun fibers were stabilized
at 250 °C with a heating and cooling rate of 1 °Cmin™!,
and the 250 °C were hold for 5 h. For the successful
cyclization, the fibers were mechanically strained dur-
ing the process.[7]

The third stage is the carbonization step in which
the nanofibers were pyrolized at 1700 °C for an hour
with a ramp rate of 5 °Cmin~! while being in a reduced
atmosphere of 2 % H,/98 % Ar. As reference typical
CNF with carbonization temperatures at 800 °C and
1700 °C, respectively, were prepared as well.

Lastly, the obtained CNF were placed into an elec-
tric circuit using gallium as contacting agent between
the CNF and the Cu wires. To ensure that no oxygen

Electrospinning Stabilization/Cyclization

Polymersolution
\

Taylor-Cone

PAN Nanofibers

High-
‘,:Vollagc

rotating drum collector

NF mat fixed and creep stress applied

Figure 1 Schematically process of the GNF production.
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was present, a low-pressure (200 mbar) H, /Ar(2%/98%
)-atmosphere was established. To ensure the process-
ing of the CNF is successful, the fibers should contain
as little defects as possible after the carbonization.
Especially bend and partially broken samples were
not suitable to be processed. After that, the voltage
of the power supply was increased in several incre-
ments to get a power of 27 W. This has been hold
for 15 min before increasing to 97,3 W for 2 h. The
temperature uniformity during graphenization was
established during this step, controlled by the obser-
vation of the color of the fibers. Lastly, the power has
slowly been increased to 303,2 W for 10 min before it
was decreased and the power supply was shut off to
retrieve the nanofibers. The whole process is schemati-
cally shown in Figure 1.

Characterization

A micropyrometer from Pyro-Werke Hannover was
used to estimate the temperature inside the CNF dur-
ing the process by direct comparison with a tungsten
wire. It has to be noted that the micropyrometer only
operates to a maximum of 3400 °C and that the esti-
mated temperature coming from the comparison of
the color of both the tungsten wire in the pyrometer
and the CNF’s themselves is not equal.

X-ray diffraction was used for the structural char-
acterization of the GNFs, using a Bruker D2 phaser.
The samples were scanned from 10° — 80° 20 with a
stepping of 0.04° using Cu-K, (4 = 1.5406 A) radia-
tion. The Bragg law dyy, = (4/2 - sin8) calculates the
inter-layer spacing d(002), where 6 the Bragg angle.
Additionally, the crystallite sizes were estimated
using the Scherrer equation L, = (K4/(f cos 8)), with

Carbonization

Resistive heating graphenization

Power supply
(up to 900W)

Ny
niy

Enclosure to ensure low pressure
CNF's after the carbonization
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K as the shape factor (0.89 for L) and g being the full
width at half maximum (FWHM) of the reflex [23].

For the estimation of the number of graphene lay-
ers and to obtain information about the structure,
especially disorder or defects in the GNF samples,
Raman spectra were recorded using a DXR2 from
Thermo Fisher Scientific with a laser wavelength
of 532 nm as excitation source. The spectra were
recorded in the range of 50-2850 ¢c"'m. The D, G,
and 2D-bands of the spectra were deconvoluted
using Gaussian fitting via OriginLab pro software.
From this, the integral ratios of Ip/I; and Lp/Ig
of the respective bands were calculated as well
as the FWHM of the 2D-band. The crystal size L,
of carbon nanostructures has been calculated via
L,=(2.4-107194*I;/I,, with 1 as the laser wave-
length [18, 24, 25].

The degree of hybridization was calculated from
sp? and sp® fraction of the Cls photoemission spec-
trum taken with XPS using the Al-K, emission and
a PHI 5000 VersaProbe III analyzer operating with a
pass energy of 27 eV. After subtraction of the Shirley
background, the Cl1s spectra were fitted using sym-
metric Gaussian-Lorentzian sum functions under the
constraint that the energy difference between sp? and
sp? peak is 0.8 eV[26].

The morphology of the nanofibers was analyzed
by scanning electron microscopy (SEM) using a
Carl Zeiss Supra 55VP. For the measurement of the
nanofiber diameter, Image] was used and forty read-
ings were taken from seven different SEM images.

The electrical conductivity of the nanofiber mats
was measured by a 4-point probe method under
ultra-high vacuum using a 4-tip STM/SEM sys-
tem[27]. The conductivity was calculated from the
resistance R including the dimensions of the samples
viao = L/(Ay,. - R), where L is the distance between
the probes. The effective area A;,,, was calculated by
the division of the linear density of fiber mats by the
density of CNF, assumed to be 1.7 g/cm®, similar to
the density of commercial carbon fibers.

Figure 2 Picture of the
GNFs during the self-resis-
tive heating process.
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Results and discussion
Resistive heating process

During the resistive heating of the GNFs, the micro-
pyrometer was positioned to monitor the color change
of the nanofibers. For this, the color of the GNFs
was matched with the color of the tungsten wire by
increasing the potential and current passing through
the wire. The resulting power was then converted to
the temperature of the wire, which is used to approxi-
mate the temperature of the GNFs. As the sublimation
temperature of carbon is at 3642 °C, the temperature
was estimated between 3350 °C and 3450 °C. In Fig-
ure 2, the GNFs are shown while they are heated. Due
to the camera settings, the picture is less bright than it
appeared during the experiment. The process in this
study was a batch process, but due to the usage of
a liquid contact agent such as gallium, this process
can quickly be adapted to a semi-continuous process.
The CNF will be pulled through the resistive heating
zone and achieve the graphenization during the time
in the electric circuit. Additionally, this process is more
energy efficient as the heat is directly produced from
within the fibers and does not need to be transported
into the fibers, where a lot of the heat gets lost. More
challenging will be implementing the low-pressure
reduced atmosphere for a continuous application. As
for concerns regarding the safety of operation, they
are low, as the temperature comes from the fibers, an
advantage regarding environmental concerns, as less
energy is required, and can quickly be dissipated by
the setup. In case a leak occurs, the fibers will quickly
burn because of the oxygen, and the electrical circuit
will be open, and the graphenization stops.

Morphology and structure of graphene
nanofibers

Figure 3 summarizes SEM images of the GNFs. The
two images show the edge of the fiber and an image

@ Springer
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Figure 3 SEM images of the a)
GNFs at an acceleration volt-
age of 20 kV with a view on
the cutting edge a and along
the fibers b.

along the fiber axis. The images show a continuous
neat fiber structure, with no beading and no sintered
fibers. Furthermore, the average diameter of the GNFs
was in the range of 600 nm, which is high, coming
from the increased polymer concentration in the solu-
tion during the first steps of the electrospinning pro-
cess. The GNFs show no pore system on the surface
although the surface is rough. The CNFs prepared
at 1700 °C only show a minimally increased average
fiber diameter around 640 nm. This comes from the
graphenization process in which the shrinkage takes
place. Regarding the cutting edge, the CNFs seem to
be smoother (see Supporting Information Figure S8),
compared to the GNF edge in Figure 3a). This hints at
differences in the crystal structure of the fibers.

X-ray diffraction

The effect of the self-resistive heating on the crystal-
linity was studied using XRD. The diffractograms for
CNFs carbonized at 800 °C and 1700 °C and the GNFs
are shown in Figure 4. The values for the reflex angle,
FWHM, and the calculated inter-layer space and crystal-
lite size L. can be found in Table 1. It is obvious that the
reflex becomes sharper as the FWHM decreases, indicat-
ing the high crystallinity of the GNFs. The reflex angle
also shifts to higher values and for the GNF with 26.15°
comes close to the ideal angle [28]. During carboniza-
tion, small crystallites are formed, and stacking of the
crystallite planes takes place. Above 1500 °C, the crystal-
lite growth in size takes place, and a long-range ordering
occurs. The primary structure of the fibers is composed
of bent layers of sp?>-hybridized carbon atoms, which
are disordered in stacking. The calculated inter-layer
spacing reinforces this observation as it decreases to a
distance of 340 pm. The high crystallite size, calculated
by the Scherrer equation, indicates that the GNFs are the

@ Springer
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Figure 4 X-ray diffraction pattern of CNF’s at different tempera-
tures compared with GNFs.

Table 1 The values of the refraction angle 26, FWHM of it, L,
and dp, ., for the samples as calculated from the XRD results

Sample 20/° FWHM/® L/nm dyo/pm
CNF@800 23.69 12.17 0.659 375
CNF@1700 25.24 5.698 1.413 352
GNF 26.15 1.534 5.258 340

most crystalline samples of all the fibers measured. It is
visible that the higher carbonization temperature is ben-
eficial to achieve highly crystalline nanofibers and that
the trend observed in lower carbonization temperatures
(800°C to 1700 °C) is still valid for higher temperatures.

Raman analysis

Typical Raman spectra for CNFs carbonized at 800 °C
and 1700 °C and the GNFs are shown in Figure 5. The



J Mater Sci (2025) 60:11446-11456

— CNF@800
— CNF@1700
GNF

¢

_ML

Intensity / a.u
X
g

L

T T T
2800 2400 2000 1600 1200 800

v/cm™!

Figure 5 Raman spectra of CNF’s at different temperatures
compared with GNFs.

two major peaks centering nearly 1360 c~'m and 1585
c”'m in the spectrum are referred to as D- and
G-bands, respectively. The G-band is attributed to the
in-plane stretching mode of sp?-carbon bonds, while
the D-band highlights the defects in the graphitic
structure [29]. The integral intensity ratio of the D- and
G-bands demonstrates the graphitic quality of the
samples, while the FWHM of the G-band reflects the
degree of graphitization[20]. Additionally, a third
peak around 2700 c~'m is referred to as the 2D-band,
as it is an overtone of the D-band and results from a
two-phonon lattice vibrational process. Its symmetry
and FWHM are used to determine the layer thickness
of graphene in a sample [19]. For a lower temperature
(CNF@800), no 2D-band was observed compared to
the samples carbonized at higher temperatures. The
D- and G-bands are also overlapping and become iso-
lated from each other with increasing temperature, as

I
well as a decrease in I_D and decreasing FWHM of all

bands. The calculated L, (domain crystal size along the
basal plane) shown in Figure 5b) is also drastically
increased for the GNFs, as it is at 546 nm and is fifty
times higher than the CNF@1700. Additionally, the

ratio of the intensity integrals ;ﬁ for the GNFs is
G

between the calculated values of single-layer and dou-
ble-layer graphene, indicating a structure of a folded
single-layer graphene layout [30]. With a high sym-
metry of the 2D-band and its low FWHM, displayed
in Table 2, it can be concluded that the GNFs are made
of single- and few-layer folded graphene domains, as
single-layer graphene shows a perfectly symmetrical
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2D-band and a FWHM of around 30 c"'m as shown in
Figure 6a) [19]. Furthermore, the lack of a D-band and
with the peak maxima of the G- and 2D-band at 1581
c”!'m and 2701 ¢~'m, respectively, indicate that the
carbon in the fiber structure is highly crystalline and
defect-free.

As previously mentioned, temperatures above
1500 °C lead to size growth and defect healing. During
the self-resistive heating, domains with more defects
create a higher electrical resistance compared to other
fibers, leading to higher temperatures. At the grain
boundaries, those temperatures can reach the subli-
mation temperature of carbon, resulting in the decom-
position of high-defect layers and grains. As for the
observed GNFs with almost no defects, the structure
can continuously grow during the process.

XPS analysis

Furthermore, XPS was performed on all carbon
2

nanofibers to quantify the % hybridized carbon ratio.
Sp

In Figure 6, typical C1s XPS spectra for all samples are
shown. The Cls spectra are deconvoluted into two
major peaks, namely the sp? hybridized carbon atoms
at 284.8 eV and sp® hybridized carbon atoms at 285.6
eV, and two less intense emissions, namely the shake-
up emission at 291.1 eV and C-O emission at 286.8 eV.
The latter are not present anymore in the GNF spectra
as the graphenization took place above 3000 °C, and
the GNF consists of 99.9 % carbon. The sp? fraction and
2
% values evaluated are shown in Table 3. Both values
increase with higher temperature, as the CNFs exhibit
a similar pattern to the results by Ali et al. [2]. The
GNFs’ sp? fraction observed with 88 % being the high-
est value supports the findings from Raman and XRD,
where the results showed the formation of high crys-
talline single- to few-layer graphene nanofibers. It is

Table 2 The values of the FWHM of the 2D peak, ratio of
I,/1; and I,,/I; and L, for the samples as calculated from the
Raman results. As there is no 2D peak for the CNF@800, neither
FWHM nor 1,;,/1; can be calculated and therefore left out empty

Sample FWHM,y/c"'m  I,/l;  Lp/l;  L/nm
CNF@800 2.93 7
CNF@1700 82.8 1.61 0.24 12
GNF 354 0.03 0.61 546

@ Springer
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Table 3 Observed sp? fraction and i:%: ratio for the samples as

evaluation of the integrated intensity from the deconvoluted Cls
spectra of XPS

Sample sp? sp? fraction
sp® ratio

CNF@800 1.73 50.85 %

CNF@1700 3.99 72.27 %

GNF 7.21 87.82 %

important to note that contrary to the information
depth of the Raman, where mainly the findings are of
the core of the nanofibers, XPS is a surface-sensitive
analysis, with a mean free path length of nearly 10
monolayers. As the findings of both analyses are com-
plementary, it shows a graphitic homogeneity of the
GNF throughout the whole nanostructure.

The accumulated evidence strongly supports the
utilization of self-resistive heating in CNF transfor-
mation through direct electric energy, facilitating the
production of GNFs. The integrity of the CNF plays a
pivotal in ensuring the quality of the GNF. Even minor

@ Springer
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imperfections in the carbon nanofiber structure may
induce localized carbon sublimation, thereby destabi-
lizing the overall structure and impeding the flow of
current, consequently leading to fiber damage.

Electrical conductivity of GNFs and CNF’s

The results of electrical conductivity measurements
of the CNFs at different temperatures are shown in
Figure 7. The conductivity was measured for all CNFs
in the fiber axis direction and is similar to the results
previously published by Ali et al. [3]. The GNFs
follow the trend of increasing electrical conductiv-
ity with increased carbonization temperature. The
electrical conductivity of GNFs is 4000 Sc™'m, eight
times greater than that of CNF@1700, while the car-
bonization temperature is increased only by a factor
of 2, suggesting that the structure becomes even more
graphitic as supported by XRD and Raman results.
Also, the decrease of defects, as visible from the very
low D-band for the GNFs, is beneficial to the struc-
ture and, therefore, the conductivity. Previous studies
explained the electrical transport properties of our 1D
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Figure 7 Resistance in
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carbon structures as a cumulative effect of the con-
nection of different crystalline units (sp? clusters) and
subcrystalline units in an sp>-type insulating matrix
[2]. The conductivity is explained as a combination
of band conductivity in the sp? clusters and electron
hopping between those clusters [31, 32]. In our case,
we drastically increased the size of the sp? clusters,
as visible via Raman and XPS (Table 2, 3). Reducing
the amount of electron hopping leads to the increased
conductivity measured for the GNFs. The enhance-
ment of the GNFs’ conductivity also stems from the
higher degree of sp>-hybridized carbon atoms, leading
to higher electron delocalization in the graphene plane
and resulting in better electron mobility and higher
surface electron concentration [33, 34]. The higher con-
ductivity, which leads to fewer thermal problems, as
well as the high crystallinity, may be used in batteries
or as electrode materials in fuel cells, as similar studies
show [35, 36].

In summary, the results of the Raman spectra indi-
cate a few-layer graphene structure, resulting from the
small FWHM of the 2D-band and the integral inten-
sities. The conductivity has been increased, showing
a significantly higher value than GO or reduced GO
[37]; however, compared to CNTs, it is lower [38], but
the possibility to have continuous production of the

GNFs shows great potential for future applications.
Additionally, this approach makes GO as a precursor
material obsolete, which also lowers the production
cost of GNFs as well as reduces environmental con-
cerns by removing the need for GO preparation.

Conclusion

In this study, the production of neat graphene nanofib-
ers (GNFs) with improved crystallinity, defect-free
structures, and electrical conductivity has been real-
ized. For the in situ synthesis of GNFs, an additional
carbonization step with self-resistive heating was used
to reach temperatures close to the sublimation tempera-
ture of carbon. The microstructure, graphitization, and
electrical conductivity were investigated via SEM, XRD,
Raman, XPS, and 4-tip STM for the samples, revealing
that self-resistive heating at such high temperatures
improves the crystalline structure and graphitization
degree, producing neat graphene nanofibers using
only PAN as precursor material. This facilitates the
production of said fibers to an in situ process without
using a template like the addition of GO [5], with the
following reduction steps. Additionally, compared to
reduced GO, in the GNF, it was possible to obtain an
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almost defect-free structure, measurable by the low inte-
gral intensity of the D-band in the Raman spectra. The
analysis of the 2D-band of the Raman spectra indicates
a few-layer structure. The FWHM of 35 cm™~! is higher
than the value for single-layer graphene but much lower
than for a double-layer [19]. Therefore, we conclude it to
be a single-layer graphene structure that is folded, creat-
ing the peak broadening. We suggest them to be similar
to nanoscrolls [39], supported by the measured Raman
spectra, with little to no defects. The low diameter of the
GNFs can be used to work effectively against the skin
effect in high-frequency electrical currents. This sim-
ple way of producing neat GNFs with a plain polymer
solution could lead to easier access to graphene-based
nanomaterials and their applications. Especially the con-
version of the batch process to a continuous setup by
pulling the nanofiber through the heating segment is
part of future studies to broaden availability.
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