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Abstract: Surface properties of carbon nanofibers (CNFs) were modified by electron beam (e-beam) irradiation, and
electrochemical performances of treated CNFs as the supercapacitor electrode were investigated. Since the capacity of
a supercapacitor is affected by the surface properties of the electrode, the improvement of the electrode surface properties
using various techniques has been widely investigated, however, e-beam treatment on CNFs is quite limited. In this study,
CNFs were manufactured through the carbonization process of polymer nanofibers fabricated using electrospinning, and
structural and electrochemical properties of e-beam irradiated CNF electrodes were analyzed. By the e-beam treatment,
the diameter of CNF decreased from 646 nm to 457 nm, and the surface area increased from 529 m’g’ to 1452 m’g’".
e-Beam irradiated CNFs were used as supercapacitor electrodes to analyze their electrochemical performance and showed

a great electrochemical performance compared to the pristine CNFs.

Keywords: carbon nanofiber, electron beam, supercapacitor, electrospinning.

Introduction

Supercapacitor has been intensively investigated as an
energy storage device with high power density, charge/dis-
charge cycle life, and energy efficiency.' There are two dif-
ferent types of supercapacitors: electrical double-layer capacitors
(EDLCs) and pseudo capacitor. The formation of a double
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layer on the surface of electrode materials is a major cause of
charge storage in EDLC. However, in a pseudo-capacitor, the
charge is stored on both the Faradaic redox reaction and the
electrical double layer on the electrode surface. Therefore,
pseudo-capacitors usually have larger charges than EDLC
counterparts.> Among the various materials used for super-
capacitor electrode, carbon nanofibers (CNFs), derived from
polymer such as polyacrylonitrile (PAN) or polymethylmeth-
acrylate (PMMA), has a great potential because of the tre-
mendous surface area and high electrical properties to be
adjusted to supercapacitor electrode.”” CNFs are majorly pro-
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duced by processing PAN precursor nanofiber because of its
relatively high carbon yield.® After the electrospinning process,
PAN fiber undergoes two-step thermal treating, stabilization
and carbonization to turn into CNFs.

Since electrospinning has patented in 1934, electrospun
fibers featuring various robust properties have already appli-
cated remarkable use in areas such as cell scaffolds, sensors,
enzyme carriers in drug delivery system, and filter mem-
branes.*'> Above all, it has been widely used to produce CNFs
because electrospinning makes the diameter of nanofiber con-
trollable. Therefore, CNFs produced by electrospinning have a
large surface area attributed from web-like nanostructure, high
electrical and thermal conductivity and remarkably small and
adjustable pore size which are representative properties for
supercapacitor electrodes."

Electrospinning produces ultrafine polymer fibers featuring
micro and nano diameters. This property is acquired by uti-
lizing an electrostatic field applied between a polymer mixture
and the surface of metal collector to induce self-assembly of
nanoscale fibers which have tempted remarkable interest by
advantage of their unique flexibility, durability, and excep-
tional surface properties to volume ratio characteristics that
bulk materials do not possess."

Electrochemical and physical characterizations of PAN-
based CNFs have been widely studied. Also, there are numer-
ous methods to improve its electrochemical properties such as
composite with metal oxide, conductive polymer or other car-
bon materials and activation by applying thermal energy. How-
ever, to the best of the author’s knowledge, the use of e-beam
energy on CNFs has not been attempted. The main advantages
of electron beam (e-beam) irradiation are (i) the intensity or
dose of e-beam can be easily controlled by set voltage, current
or time, (ii) e-beam can apply adequate energy to substrate to
induce desirable reaction in relatively short time and (iii) the
desired reaction can occur inside and outside of substrate
simultaneously since e-beam can penetrate samples by reg-
ulating electrical voltage."” Because of these attractive prop-
erties, e-beam has received significant attention as a versatile
energy source and has been used in various fields such as
crosslinking, degradation, grafting, functionalization, stiffen-
ing, and sterilization.'®'

In this work, we demonstrate and identify the potentiality
and effect of e-beam irradiation on PAN-based carbon nano-
fiber mats, especially focusing on their novel electrode per-
formance for supercapacitors. We prepared PAN nanofibers by
electrospinning, and they were all carbonized at the same ther-

mal and atmospheric conditions. As-prepared CNF mats were
irradiated by e-beam with specific voltage and current in air
condition. The e-beam dose was varied from 0 to 5000 kGy to
determine the most optimum dose level to improve electro-
chemical properties of CNFs. The charge storage properties of
the CNFs were characterized by electrochemical analysis.

Experimental

Materials. Polyacrylonitrile (PAN, M,: 150000 g/mol) for
base material of carbon nanofiber was supplied by Sigma-
Aldrich (Germany). As the solvent, N, N-dimethylformamide
(DMF, assay 99.0% min.) was purchased from OCI Company
Ltd. (South Korea).

Electrospinning of PAN Nanofiber Sheet. PAN nanofiber
sheets were prepared by using electrospinning. PAN was dis-
solved into DMF with 12 wt.% concentration for uniform and
ultrafine fibers. In order to fabricate a homogenous mixture,
PAN was directly added to 65 °C DMF solvent and the solu-
tion was stirred for 8 hrs. After mixing, the solution was
loaded into a syringe which was mounted on a syringe pump
and fed through the capillary nozzle. The solution fed at the
rate of 1.0 mL min™ and 18 kV of voltage was applied to form
an electrical field in the gap between the cylindrical collector
covered with aluminum foil and capillary nozzle where the
solution flows out. During the electrospinning, the cylindrical
collector located 20 cm ahead to the nozzle rotated at 300 rpm
speed. All the electrospinning conditions such as voltage, feed
rate, rotation speed of collector and the concentration of PAN
solution were fixed identically to acquire bead-free and fine
PAN nanofibers. After 2 hrs of electrospinning for suitable
thickness, collected PAN nanofiber sheets were dried under
vacuum over 24 hrs.

Preparation of CNFs by Thermal Treating. As-prepared
PAN nanofiber sheets were placed into a furnace for thermal
treatment. They went through stabilization and carbonization
processes by changing thermal and atmospheric conditions.
Starting from the temperature up to 280 °C, the stabilization of
PAN occurred for 2 hrs in the oxygen condition. Through this
process, the structure of PAN changes into cyclic shape and
becomes more stable. The carbonization process follows the
stabilization process by heating temperature until it reaches
900 °C, where stabilized PAN nanofiber turned into carbon
nanofiber by allowing 2 hrs in Ar atmosphere. After cooling
down in the same atmospheric condition of carbonization,
resultant CNFs were obtained.
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E-beam Irradiation of Carbon Nanofibers. The low-
energy electron accelerator managed by Korea Atomic Energy
Research Institute (KAERI) was used for e-beam irradiation on
as-prepared CNFs. The acceleration potential was kept con-
stant at 0.2 MeV with a beam irradiating current of 0.5 mA.
CNF mats were placed on a metal plate located perpendic-
ularly to the direction of e-beam and each sample was irra-
diated in different time to reach the intended dose ranging of
0, 250, 500, 1000, 2000, or 5000 kGy, controlled six different
irradiated samples, under atmospheric conditions.

Characterization. The diameter of the electrospun fibers
was examined by scanning electron microscopy (SEM, HITA-
CHI, S-4300, Japan). Prior to analysis, all samples were sput-
ter-coated with platinum. The Brunauer-Emmett-Teller (BET,
ASAP 2020, Micromeritics Inc., USA) analysis in nitrogen gas
condition was used to evaluate the surface area and pore vol-
ume of the CNFs. X-ray photoelectron spectroscopy (XPS,
Thermo scientific, K-Alpha, Thermo Scientific, USA) and fou-
rier transform infrared spectrophotometry (FTIR, VERTEX
80V, Bruker, USA) were conducted on CNFs to analyze the
variation of functional groups of CNFs before and after irra-
diation in the 4000-600 cm™ range. Thermogravimetric anal-
ysis (TGA, TG209F3, Netzsch, Germany) was implemented
with a heating rate of 10 °C min" from 100 to 800 °C under
an Ar atmosphere to investigate the thermal stability of the e-
beam irradiated CNFs. An X-ray diffractometer (XRD,
Rigaku, DMAX-2500, Rigaku, Japan) with Cu-Ka radiation (A
= 1.5450 A) was used to measure the crystallinity of nano-
fibers. Raman spectra were obtained on Brucker RFS 100/S
(Brucker, USA) with the excitation wavelength of 1064 nm
from an Nd/YAG laser power of 25 mW. Prior to measuring
the electrochemical properties of CNFs, three-electrode cells
were built in 6 M KOH electrolyte solution with a platinum
wire as a counter electrode and Ag/AgCl as a reference elec-
trode. Electrochemical tests were performed with a potentiostat
(Bio-Logic, France). In order to obtain the electrochemical
specific capacitance of electrodes, cyclic voltammetric curve
(CV) analysis was conducted at a scan rate of 10 mV/s. Gal-
vanostatic constant current charge-discharge tests were carried
out at 1 A g in the applied potential window range between
-1 Vto 0V

Results and Discussion

Morphology and Surface Properties. Figure 1 shows the
effect of e-beam treatment on the CNF. The straight and long
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Figure 1. SEM images of e-beam irradiated CNFs having different
doses with (a) 0 kGy; (b) 250 kGy; (c) 500 kGy; (d) 1000 kGy; (e)
2000 kGy; (f) 5000 kGy.
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Figure 2. Diameter change of e-beam irradiated CNFs with various
doses.

CNFs were stacked up randomly to form a web-like shape.
This phenomenon is explained that e-beam treatment of a
polymer fiber causes the shrinkage of fiber which makes the
diameter reduce. The high irradiation energy caused by e-beam
treatment leads to the change of physical properties of various
materials through main-chain scission and cross-linking.” In
the SEM microphotographs, the average diameter of pristine
CNFs was 646 nm. Starting from this value, the diameter of
CNFs had been decreased gradually until it reached 457 nm
with the increase in irradiation intensity from 250 to 5000 kGy
as shown in Figure 2.

BET results summarized in Table 1 can be explained in con-
nection with the shrinkage of diameter originated from e-beam
irradiation. Due to the decrease of diameter, the surface area of
CNF increased dramatically from 529 to 1452 m? g until the
irradiation dose reached to 2000 kGy. As the dose rose up to
5000 kGy, the surface area decreased to 895 m* g'. This result
seems to be related to random morphology change using e-
beam by repeatedly destroying and crosslinking the bond of
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Table 1. Surface Properties of CNFs Irradiated with Different
Dose Conditions

Dose (kGy) 0 250 500 1000 2000 5000
Surface area (m’g") 529 599 680 1116 1452 895

Micropore volume

0.181 0.197 0.234 0395 0.493 0.314
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Figure 3. FTIR spectra of CNFs exposed to (a) 0; (b) 250; (c) 500;
(d) 1000; (e) 2000; (f) 5000 kGy of e-beam irradiation.

each unit. Therefore, optimized range of irradiation condition
is required for the maximization of surface area of CNFs.
FTIR and XPS Results of e-beam Irradiated CNFs.
FTIR spectra in Figure 3 show the change of chemical bond in
CNFs according to the e-beam irradiation intensity. In the
FTIR results of CNFs, the characteristic FTIR spectra of irra-
diated CNF are almost similar to that of the non-irradiated one.
Nevertheless, several different bands are observed at 3600-
3000, 2921, and 1635 cm™. The broad peak region between
3600 and 3000 cm™ is owing to the N-H bond on CNF which
makes the CNFs have more hydrophilic property.”> The small
peaks near 2921 cm™ are sp® hydrocarbon peaks created from
the destroyed C=C or C-C bonds in non-irradiated CNF.** The
peak at 1635 cm™' represents C=N bond from non-irradiated
CNF and the peak intensity became weaker compared to the
intensity of other peaks because C=N bonds were converted to
C-H or N-H peaks due to the energy irradiated from e-beam.”
XPS further confirmed the transition of bonds during e-
beam irradiation, as shown in Figure 4. The Cls core level of
CNFs can be deconvoluted into three Gaussian curves at
284.64, 285.98, and 289.87 eV which indicate C-C, C-H/C-N
and C=0 bonding, respectively.®?’ As the dose level increased
from 0 to 2000 kGy, C-H peak becomes greater compared to
the C-C peak. Being irradiated by e-beam, the C-C bonds in

(a) 3 (b) 3 © O

T EEEEE.,

Bimding energy ieV) Binding energy (eV)

o

® O

TR R E R

Binding energy (eV')
Figure 4. XPS spectra of CNF exposed to (a) 0 kGy; (b) 250 kGy;

(c) 500 kGy; (d) 1000 kGy; (e) 2000 kGy; (f) 5000 kGy of e-beam
irradiation.
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the cyclic structure of CNF were destroyed and re-ordered to
the C-H bonds.

XRD, TGA, and Raman Results of CNFs. In Figure
5(a), XRD spectra of irradiated CNFs show that the e-beam
irradiation process damages the structure of CNFs compared to
non-irradiated fibers. All XRD results show one clear peak at
around 23° which is a typical peak shown in the structure of
carbon materials. At dose range from 250 to 5000 kGy, how-
ever, it is difficult to found out the obvious difference in the
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Figure 5. (a) XRD profiles; (b) TGA thermograms; (c) Raman
spectra; (d) Ip/l; ratio of CNFs irradiated with increasing dose of e-
beam. The Ip/I ratio was calculated from Raman spectra.
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intensity of irradiation. It means the e-beam irradiation might
affect the crystallinity of carbon structure, but the change of
crystallinity by the intensity of e-beam does not have a con-
tinuous tendency. Nevertheless, we confirmed the improve-
ment of surface properties detailed in the increase of surface
area and hydrophilicity for the electrochemical reaction in an
aqueous supercapacitor system.

TGA thermograms represented in Figure 5(b) suggest that
the thermal stability of CNF is gradually decreased by the dose
level of e-beam. This demonstrates that e-beam affects the
thermal stability of CNFs during the irradiation process.
Raman spectroscopy of CNFs irradiated by increasing dose
level of e-beam is displayed in Figure 5(c). The spectrum of
CNFs exhibits two bands at 1320 (D-band) and 1595 cm™ (G-
band).® The Ip/I; value increases from 1.11 to 1.39 according
to the acceleration of e-beam energy which demonstrates the
decrease of graphitization degree of CNFs as shown in Figure
5(d).

Electrochemical Properties of CNF Electrodes. The
electrochemical behavior of all CNFs electrodes was evaluated
by cyclic voltammetric analysis at a scan rate of 10 mV/s. As
shown in Figure 6(a), the curve of the CNF electrode irradiated
at 2000 kGy showed a quasi-rectangular shape, which means
the unique accessibility of the ions of the aqueous electrolyte
into the electrochemically active electrode surface and the
excellent capacitive ability. Also, the largest integration area of
the e-beam treated CNF electrode at 2000 kGy is the indicative
of its high specific capacity, which can originate from its desir-
able surface area and micropore volume.”'!

The galvanostatic charge-discharge response is presented in
Figure 6(c) at a current density of 1 A g'in 6 M KOH solu-
tion. The specific capacitance values of the samples, Cs (F/g),
were evaluated from the electrochemical process according to
the following equation,”

C.= (I x MDAV % m) (1)

where [ is the current (A), At is discharge time (s), AV is volt-
age variation in the time range measured (V) and m is the mass
(g) of the electrodes. When the irradiation dose increases, the
capacitance increases from 74.8 F g (raw CNF) to 77.6 (250
kGy), 119.5 (500 kGy), 141.6 (1000 kGy), and 177.6 F g'
(2000 kGy) in which the capacitance at 2000 kGy is enhanced
by 237% of the pristine CNFs electrode. However, after the
summit of the value, the capacitance fades to 149.3 F g when
the irradiation dose reaches 5000 kGy. In the carbon materials
electrode, the surface area and microporous structure are key
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Figure 6. (a) CV profiles at a scan rate of 10 mv/sec; (b) galva-
nostatic charge-discharge curves; (c) cycling performance of CNF
electrodes with increasing e-beam irradiation from 0 to 5000 kGy at
1 A g'at6 M KOH solution.

factors for the improvement of electrode capacity in an aque-
ous supercapacitor system.*?

The cycling evolution of CNFs electrode capacitance shown
in Figure 6(c) was conducted at a current density of 1 A g for
1000 cycles in the galvanostatic mode. The cycle-life results of
all irradiated CNF electrodes demonstrate robust cycle abilities
compared to non-irradiated CNF electrode (0 kGy).

The specific capacitance of the non-irradiated CNF electrode
retains 91% value after 100 cycles and thereafter reaches to the
71 F g (88 %) after 1000 cycles. For all the CNF electrodes
exposed from 250 to 2000 kGy, the specific capacitance reten-
tion is observed around 87% exhibiting the good cycle ability
compared to the non-irradiated CNF. For the case of 5000 kGy,
the specific capacitance is maintained by 79% (123.4 F g")
over the entire cycles, indicating the poor cycle stability than
that of CNF electrode below 2000 kGy.

Conclusions

In order to confirm the effect of e-beam irradiation as a tech-
nique for surface modification, PAN-based CNFs were pre-
pared and different energy intensity of e-beam was applied.
The e-beam treated CNFs were used as the electrode for a
supercapacitor. The FTIR and XPS data confirmed that e-beam
treatment caused the change of chemical bonds such as N-H
and O-H, by breaking the original bonds of CNFs. The SEM
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and BET investigation proved that e-beam treatment enhanced
the surface area and the pore volume of CNFs. Also, the
decline of the structural robustness and the crystallinity of irra-
diated CNFs were investigated by TGA, XRD, and Raman
analysis. Among the various CNFs, the irradiated CNFs with
2000 kGy showed the greater electrochemical result of 177. 6
F g' as a supercapacitor electrode than that of non-irradiated
CNF (74.8 F g"). These results suggest that the e-beam treat-
ment is a simple and unique technique to enhance the surface
and electrochemical properties of CNFs.
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