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Highlights

* Novel RGO-derived carbon nanofibres material is synthesized.

* The synthesized material is examined as supercapacitors electrodes using various electrolytes.
« A fabricated symmetric device exhibits higher energy density and superior stability in ILE.

* The device’s unique stability in ILE displays its efficacy as electrode for energy storage

applications.

Abstract

A facial force-driven reflux technique was used to develop fibre-like carbon material from
freeze-dried reduced graphene oxide (RGO) firstly prepared by using a modified Hummers
method. The carbon nanofibres displayed a high specific surface area of ~ 1317.8 m?g?, with
good pore size distributions which could be beneficial for energy storage applications.
Electrochemical measurements of the carbon nanofibre electrodes in a symmetric configuration
with aqueous (1 M NaSOs, 6 M KOH), and protic ionic liquid (1-ethylimidazolium
bis(trifluoromethanesulfonly)imide) electrolytes (ILE) displayed excellent electrochemical
performance with the dominant electric double layer capacitor (EDLC) behaviour. The fabricated
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device shows higher electrochemical performance in the ILE due to its larger cell operating
potential (3.0 V) as compared with the aqueous electrolytes (0.8 V). The optimized
electrochemical properties especially in terms of higher specific energy and superior stability,

suggest the material’s potential applications as electrode for supercapacitors.
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Introduction

The intense study to developing high specific energy capacitors with a focus on rational
designing of nanoscale electrode materials with a view to reducing their electron-ion diffusion
length for ultrafast charge-discharge performance. Thus, an optimal electrode design constituting
a sinewy 3-dimensional interconnecting structure couple with high specific surface area and

short ion/electron diffusion length is of paramount importance [1,2].



Supercapacitor, SC also referred to as electrochemical capacitor or ultracpacitor is a device with
much higher capacitance but lower potential limits than the conventional capacitors. It bridges
the gap between the conventional capacitors and rechargeable batteries such as lithium ion
batteries. SC exhibits more specific energy than the conventional capacitors. It can accept and
deliver charges much faster, and tolerate many more charge and discharge cycles

than rechargeable batteries [3,4].

The performance and cost of commercial SCs is greatly influenced by the choice of electrode
materials. The electrode material significantly determines the device’s specific energy, since it
characteristically has a higher specific power than the rechargeable batteries. Thus, the active

element of the electrodes is the key, and dictates how best a commercial SC performs [3,5].

Graphene, which is essentially a form of carbon, has attracted more attentions among researchers
than the popular and extremely high relative surface area activated carbon [6]. Graphene has
been reported several times as a promising candidate for electrode materials due to its ability to
facilitate electron or hole transfer along its two-dimensional surface [6,7]. Researches have
indicated that graphene sheets are desirable candidates for enhancing the performance of
electrode materials for electrochemical capacitors to match the demands of consumers. The
impedance analysis of some of the graphene-based composites suggested their charge transfer

resistance to be very low, which accounts for their excellent rate capability [7,8].

Graphene offers many advantages over using typical electrochemical capacitor electrode
materials in a standalone fashion. First, the graphene can serve as a binder material, eliminating
the use of binding polymer materials such as poly vinylidene fluoride (PVDF) [8]. Second, the
high conductivity associated with graphene sheets lends itself to rapid transport of ions to and
from the active material insertion sites, particularly given the close physical association of the

nanoparticles and the reduced graphene oxide (RGO) sheets [9]. Also the mechanical strength of
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the graphene has the potential to absorb some of the expansion and contraction of the anchored
nanoparticles during charge and discharge processes [10]. These typically lead to mechanical
failure of the electrode and performance reduction through the loss of intimate contact of the
active material and the conductive carbon black mixed into the electrode material for enhanced
conductivity. The electrode can ultimately be pulverized if the expansion is large enough, hence

the use of active materials that exhibit small changes upon ion insertion [9,10].

In spite of the excellent properties of graphene such as superb chemical and thermal stability,
excellent electrical properties, high specific surface area (SSA) ( about 2630 m? g*) and good
flexibility among others, graphene-based electrode materials are still plagued with low specific
energies when employed in energy storage devices such as supercapacitors. Graphene oxide
(GO) has been broadly prepared by using the oxidation of graphite powder, with prevalent study

been done to unravel its chemical structure and/or surface chemistry [8,11].

The performance of the material (GO) can be largely improved by modifying its surface
chemistry such as by optimizing the oxygen-containing surface functionalities, as well as the
morphological properties. Apart from modifying the electrode material, specific energy of a
supercapacitor can be improved by increasing the operating potential through the adoption of

other electrolytes with larger potential window such as ionic liquids electrolytes.

This work has reported on the role of electrolyte and morphology control for improving the
specific energy of graphene-based supercapacitor electrodes. The RGO derived carbon nanofibre
electrode material with length of about tens of microns was synthesized for the first time via a
novel, simple and cost-effective constant stirring reflux method. The method provides a
homogeneous blend of reactants thereby, speeding up reaction rates whist preserving constant

reaction conditions such as volume, concentration, atmospheric pressure and temperature.



Experimental

Synthesis of sheet-like reduced graphene oxide and carbon nanofibres

The sheet-like reduced graphene oxide (RGO) was synthesized via a modified Hummers method
by adding graphite powder and KMnO4 together with a certain volume of concentrated sulphuric
acid (H2S0a), and subsequent addition of 30% H202 and DI water to obtain the final sample (See

supporting information for details about synthesis procedure and also reference [12]).

The carbon nanofibres material was synthesized by re-dispersing 3.0 g of sheet-like RGO into a
highly concentrated aqueous NaOH solution (40 wt.%, 450 ml) upon constant stirring (600
revolutions per minute (rpm)) in a reflux set-up inserted in silicone oil bath to ensure even
reaction temperature of 130 °C throughout the process. The choice of 130 °C as reaction
temperature is based on the boiling point (between 120 — 140 °C) of the high concentration
NaOH solution. The synthesis carried out under the reflux system was adopted to ensure that the
pressure within the system during synthesis is maintained at atmospheric pressure. The process
was allowed to dwell for 24 h. After cooling to room temperature, the recovered mixture was
dispersed in 3 M HCI (200 mL) to adjust its pH, and then centrifuged for 10 min. at 20000 rpm.
The recovered solid sample was dry overnight at 60 °C in ambient condition using an electric
oven, and was later annealed in air at 100 °C at a ramping rate of 1 °C/min. for 2h to thermally

dehydrate and deoxygenate the obtained raw carbon nanofibres material.

Sample characterization

The as-synthesized material’s morphology and micrograph were observed with the aid of a Zeiss
Ultra Plus 55 field emission scanning electron microscope (FE-SEM) at 2.0 KV operating

potential, and a JEOL-2100F transmission electron microscope (TEM FEI Technai-F30)
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operating at an acceleration voltage of 200 kV. A Bruker BV 2D PHASER Best Benchtop X-ray
diffraction (XRD) analyzer with reflection geometry at 26 values (10-90°) with a step size of
0.005 °, operating with a Cu Kay radiation source (4 = 0.15406 nm) at 50 kV and 30 mA was
employed to study the material’s phase structure. X-ray photoelectron spectroscopy (XPS)
analyzer (Versa Probe 5000 spectrometer activated with a 100 um monochromatic Al-Ka
exciting source) was utilized to characterize the electronic states of surface elements in the
material. Nitrogen adsorption—desorption isotherms were measured using a Micromeritics
TriStar 11 3020 analyzer incorporated with the Brunauer-Emmett-Teller (BET) and Barrett—
Joyner—Halenda (BJH) models to determine the specific surface area pore size distribution
respectively. Raman analysis was obtained through a WITec alpha 300 RAS+ Confocal Raman
microscope (Focus Innovations, Germany) set on the 532 nm laser wavelength with a spectral

acquisition time and laser power of 150 s and 5 mW respectively.
Electrode fabrication and electrochemical measurements

The sample electrodes were fabricated by coating the slurry formed from dissolution of 80 wt%
active material, 10 wt.% carbon black, and 10 wt.% polyvinylidenedifluoride (PVDF) in small
amount of N-methylpyrrolidone (NMP) on circular nickel foam current collector, and
subsequently dried at 70 °C overnight. The actual total loading masses of the electrodes in the
symmetric device in different electrolytes were determined to be ~ 5.26 mg (1 M Na>SQOgy), ~ 5.31
mg (6 M KOH), and ~ 5.25 mg (ILE) respectively, with each electrode having an area of about
1.77 x 10* m?. The SC devices were assembled using a standard 2032 grade coin cells with a
Watman Celgard paper-based separator, and 1 M NaSOs, 6 M KOH as well as 1-
ethylimidazolium bis(trifluoromethanesulfonly)imide (ILE) used as electrolytes, respectively.
Device fabrication for the ILE was performed in an argon-filled glove box with sub-0.9 ppm
water and 0.1 ppm oxygen contents. Cycling voltammetry (CV), Galvanostatic charge-discharge
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(GCD), and electrochemical impedance spectroscopy (EIS) measurements were performed by
adopting a Bio-Logic VMP300 potentiostat (Knoxville TN 37,930, USA) controlled by the EC-

Lab® V1.40 software.

The specific capacitance, Cs, (F g~*) for single electrode of the symmetric device with respect
to specific current of the device was extracted through the slope of the charge-discharge profile

in line with equation 1 below [13,14]:

Csp = —w 1)

where | is the applied current (A), m is total mass (g) of active material, and AA—': represents slope

extracted from the discharge curve. Thus, the values of capacitance presented in this work are

expressed per mass of each electrode.

Energy density (E;) expressed in Wh kg™ and the corresponding power density (P,) in kw kg

of the device were deduced via relations 2 and 3, respectively [13]:

C.AV?
Eq = 28.8 )

where AV and At are cell operating potential (volts) and discharge time (S), respectively.

Results and discussion

Formation mechanism of the carbon nanofibres

In a characteristic synthesis, high concentration of NaOH aqueous solution (10 M; 40 wt. %) was
selected as a based-fluid for the transformation of the nanosheets into fibre-like materials. The
whole formation mechanism of the carbon nanofibres is based on the diffusion rates and a
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chemical reaction taking place between high concentration of NaOH solution and reduced
graphene oxide nanosheets, respectively. Going by the traditional hydrothermal technique,
nanorods materials with length in several hundreds of nanometers can be synthesized as a result
of gradual dissolution and recrystallization processes as well as the low growth kinetic of
nanorods at static condition [15,16]. This has prompted us to develop a uniformly-stirred reflux
process as demonstrated in the experimental section. The uniform stirring employed in this study
speeds up the dissolution and recrystallization rates of the reduced GO nanosheets, which in turn

lessens the reaction time [17].

|
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RGO Nanosheet Heat and stirring Carbon Nanofibres

Scheme 1. Schematic of formation mechanism of the carbon nanofibres.

Scheme 1 reveals that the nanofibres are formed from the GO nanosheets, a phenomenon in line
with the formation process of some similar nanotubular materials through wrapping-up of their
nanosheets as reported in the literature [15-18]. Throughout the formation process, the
uninterrupted growth of nanofibre is prone to a pair of shear and centripetal forces, imposed
through the consistently and rapidly stirred relatively high viscous alkaline (40 wt. % NaOH)
solution. During the uniform stirring, the reduced GO generated filmy materials as intermediates
at the reaction temperature (130 °C). The shear force on the tip of the fibre-like material is

assumed to be larger than on other parts over some distances off the tip besides the influence of
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side force directed to the nanofibre by the axial path being insignificant as a result of the
equilibrium effect, which leads to twisting of the nanofibres [17,19,20]. The shear force on the
nanofibre material tip is believed to be linearly related to the stirring rate. Therefore, as soon as
there is an increase in the applied force on the tip, there is a corresponding rise in the extent at
which the nanofibres are bent. The required force to maintain the material mass in its circular
motion, i.e. the centripetal force (Fc), increases linearly with the square of the stirring rate

according to the equation [17]:
FE, = —4n*n*mr 4)
where m is the mass, n is stirring rate, and r is radius.

A force that is equal and opposite to a resulting force away from the centre of rotation, known as
the centrifugal force (F,; = 4m®n®*mr). This continuous force drives the sheet-like reduced GO
adopted as precursor and the resulting carbon nanofibre to form in line and match continuously
in the same path in the very viscous NaOH solution with no agglomeration. This quickens the
nanocrystal attachment to the nanofibre end, resulting in lengthened nanofibre formation since
the rate of diffusion/chemical reaction is enhanced by the high resolution stirring process. Using
the SEM device, the estimated mean length of the carbon nanofibre material is observed to be ~
40 pm. Based on the mechanism displayed in scheme 1, we noticed that the reduced GO
nanosheets material precursor gave rise to the carbon nanofibre as depicted in scheme 1-1. The
high rate continuous stirring accelerates a swift mass transport, which in turn enhances the
degree at which the reactants diffuse. This facilitates the chemical reactions on the resulting
nanofibres material as displayed in scheme 1-II, hence, lengthening the nanofibres material’s
structures. The shear force created via the motion of viscous NaOH solution against the
nanofibre material ensured the alignment of nanofibres suspended in the solution [21], since the

nanofibres re-adapt to the course of flow of the viscous solution to curtail the internal frictional
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force within the solution via an inclined attachment mechanism through the share of a common

crystallographic orientation [22].

Fig. 1. SEM micrographs of (a-b) freeze-dried GO, and (c-d) GO-derived carbon nanofibres at low and
high magnifications, respectively, and (e-f) TEM micrographs of freeze-dried GO and GO-derived carbon

nanofibres, respectively.

Fig. 1 (a-b) shows the SEM images of the as-synthesized freeze-dried sheet-like reduced
graphene oxide material at low and high magnifications before the reflux stirring process. Fig. 1

(c) and (d) display low and high magnifications SEM images of carbon nanofibres. The material
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can be observed to be composed of twisted and elongated interconnected fibre-like morphology.
Fig. 1 (e) and (f) display the TEM micrographs of freeze-dried sheet-like reduced graphene oxide
and that of carbon nanofibres, respectively, which further confirms the successful transformation

as observed from the SEM images of the materials.
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Fig. 2. (a) XRD patterns, and (b) Raman spectrum of the GO-derived carbon nanofibres (CNF) and
freeze-dried RGO, respectively.

Fig. 2 (a) shows the XRD patterns of freeze-dried RGO and carbon nanofibres materials,
respectively, confirming the structural compositions. The observed sharp characteristic peak at
about 20 = 10.5 ° corresponding to an interlayer spacing (001) of 0.84 nm is a typical of highly
oxidized GO materials, indicating that the as-synthesized carbon nanofibre is free of any graphite
[23]. The broad peak at around 26 = 25.1°, which corresponds to the (002) plane of reduced GO

is evident of a disordered graphene sheets due to efficient transformation of graphite oxide to
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graphene oxide [24]. The peak at nearly 20 = 61.7°; (440) plane is attributed to the silica material
used as substrate in sample preparation for the analysis. The Raman spectrum in Fig. 2 (b)
exhibits the characteristics distinct D and G bands peak at about 1352 and 1590 cm?,
respectively, indicating a typical of graphene oxide. These D and G peaks are ascribed to defects
and in-plane vibration of sp? carbon atoms in the material’s structure, respectively. The D-G
peak (Io/lg) intensity ratio of the material was calculated to be 0.99, establishing a moderate
degree of graphitization and/or density of defects in the nanofibre material. The 2D band peak
observed at nearly 2699 cm™ is attributed to the multisheet-like reduced GO adopted for carbon

nanofibre material synthesis, and further confirms the nanofibre crystalline nature [25].

Fig. 3 shows analysis from XPS measurements adopted for deducing the material’s chemical
composition. Fig. 3(a) shows the wide scan XPS spectra of the carbon nanofibre. The figure
displays the principal elements namely C (285.13 eV), and O (534.1 eV) that make up the
nanomaterial. The C to O ratio was determined via the survey spectra, and is estimated to be ~
1.87. A trace of Na shown by the material can be attributed to high concentration NaOH solution
employed as base fluid in sample preparation. The noticeable Auger oxygen (O) peak at ~ 978.7
eV is a representative of energy of the electrons discharged from atoms of the material owing to
the O 1s state filling; an electron from the L-shell filling the K-shell, combined with an electron

being discharged from an L-shell. Such peak results from the degeneration of a more active
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Fig. 3. (a) XPS survey spectra, core level spectrum of (b) C 1s, and (c) O 1s of as-synthesized carbon
nanofibre material.

electron filling the available hole resulting from the x-ray photon alongside an emission by a
characteristic energy of the difference between the states comprised in the process [26,27]. Table
S1 (see supporting information) shows the XPS elemental analysis of the carbon nanofibres with
atomic concentrations of 73.58 at% C 1s, and 26.42 at% O 1s. From 3(b), an estimated full width
at half maximum (FWHM) of ~ 0.76 eV is observed as principal sp? carbon peak for the

material. A value that is comparable to those of fits in highly oriented graphitic carbon.
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Fig. 4. (a) N2 isotherms, and (b) pore size distribution of GO-derived carbon nanofibres.

In Fig. 3(b), four major peaks namely, carbon bond; C-C (284.7 eV), epoxy group; C-O (286.1
eV), carbonyl group; C=0 (288.3 eV), carboxyl group; O-C=0 (290.2 eV), and carbon-metal
group; -C-Na (282.1 eV) are noticed at various functional groups of carbon atoms. Also, Fig.
3(c) is a display of the core level spectrum of O 1s with fitted peaks visible at about 529.1, 531.4
and 535.3 eV, which can be assigned to O 1s in C—O composition. The reported binding energies
for this material are in line with other carbon-based materials reported in the literature [25,28—

31].

Fig. 4(a) depicts the type-1V N isotherms of carbon nanofibre derived at standard temperature
and pressure, STP. This figure indicates a specific surface area of about 1317.8 m? g* for the
material. The observed H3 hysteresis between adsorption and desorption isotherms alongside a
sharp drop, at higher relative pressures in the adsorbed amount is ascribed to the mesoporous
nature of the sheet-like reduced GO-derived carbon nanofibres [29]. Figure 4(b) displays
desorption pore-size distribution of the material determined via BJH technique, indicating clearly

the average pore size distribution showing a peak at nearly 3.73 nm. This higher average pore
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size of the carbon nanofibre compared to the dimension of ions of the ionic liquid electrolyte,
which is approximately 0.7 nm, allows for ions accommodation within the pores of the material.

Therefore, resulting in improved electrolyte accessibility and enhanced charge storage process.
Electrochemical measurements
Standard two-electrode measurements of symmetric cells

The ideal electrochemical properties along with the working condition for the as-synthesized
carbon nanofibre electrode material were first investigated in a three-electrode configuration to
ascertain the materials optimum operational potential range among other properties, results of
which are shown as Fig. S1 in the supporting information. Fig. S1 (a) (see supporting
information) depicts the CV curves measured in a three-electrode configuration to study the ideal
working condition and electrochemical behaviour of the as-synthesized carbon nanofibres
electrode material in both the negative and positive operating potentials. It could be observed
that the material could satisfactorily operate in a reversible potential window. A wider operating
potential of ~ 1.5V was observed for the material in ILE compared to ~ 0.4V in both the 1 M
Na>S0O4 and 6 M KOH electrolytes, respectively. Fig. S1 (b) shows the CV curves of freeze-dried
RGO electrode measured as a half-cell. The material displayed lower current responses in all
three electrolytes compared the carbon nanofibres, showing the superiority of the carbon
nanofiber material over the freeze-dried RGO. Using equation ES1 in the supporting
information, the freeze-dried RGO sample could yield a specific capacitance values of 71.8, 63.5
and 54.2 F g, respectively, compared to 88.1, 69.3 and 62.5 F g™ observed for the carbon
nanofibres in 6 M KOH, 1 M Na,SOs and ILE electrolytes at a scan rate of 50 mVs?,
respectively, based on the mass of active material. The observed values showed the carbon

nanofibre enhanced performance over the freeze-dried RGO material.
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Fig. 5. (a) CV profiles, (b) GCD profiles, (c) Nyquist spectra, and (d) coulombic efficiency for carbon

nanofibers symmetric cells operating in 1 M Na;SO4, 6 M KOH and ILE, respectively.

Fig. 5 (a) compares the CV curves of the carbon nanofibres in the three different electrolytes

already stated in the earlier section of the paper at a scan rate of 50 mV s. A higher current

response was observed for the 6 M KOH compared to the other two electrolytes. This can be

attributed to the higher ions motilities and active proton transport process of K metal compared

to that of Na in 1 M Na>SO4, which shows less efficient charge propagation [32,33]. From the

figure, a proticl-ethylimidazolium bis(trifluoromethanesulfonyl)imide ionic liquid electrolyte

designated as ILE could operate well over a much wider operational potential of ~ 3V compared
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to 0.8V for both 6 M KOH and 1 M NaSOs aqueous electrolytes. The much wider
electrochemical potential of up to ~ 3V is ascribed to electrochemical stability of the ions in the
ILE due to its higher viscosity masking the decomposition compared to the OH-ions and water
molecules. The selected ILE for these measurements also has other beneficial properties such as
high ionic density, non-volatility, moderate ionic conductivity, non-flammability and non-
corrosiveness among others [34]. The ions making up the ionic liquid electrolyte in this study are
more stable than water based electrolytes, which gives it a wider operating potential. The pure
ionic liquid electrolyte has no sensitive solvents that would decompose or evaporate. Besides, the
ionic interactions between the ions are much stronger than in solvents and thus, prevent the
molecules from evaporating. The behavior observed for the material in Fig. 5 (a) for all the
electrolytes is also confirmed by the results of the GCD curves displayed in Fig. 5 (b) measured
at a specific current of 0.5 A g. Fig. 5 (c) depicts the EIS Nyquist spectra for the carbon
nanofibres symmetric cells operating in 6 M KOH, 1 M Na>SO4and ILE electrolytes, performed
at a potential of 0.0 V and the frequency range of 10 mHz —100 kHz. The plots in Fig. 5 (c)
shows similar trends as observed by other techniques in Fig. 5 (a and b). The Nyquist plot in Fig.
5 (c) is a representative of a typical capacitive material showing diffusion differences in the
electrochemical properties of the symmetric cells operating in the three different electrolytes.
The best results were observed for a cell operating in 6 M KOH electrolyte with real part
impedance (-Z”) also known as the equivalent series resistance, Rs value of 0.43 Q in the high
frequency region, compared to 0.66 Q and 26.41 Q for 1 M Na,SO4 and ILE electrolytes,
respectively. The low impedance value of 0.43 Q observed for the cell in 6 M KOH is attributed
to the higher mobility and diffusion coefficient of the K* compared to the Na*. In this case of
ILE, the flow of ion is slower, which could be ascribed to the electrolyte’s high viscosities that
limit the charge transportation speed as well as the accessibility of the electrolyte to smaller

pores in the electrode surface [35], since the ions in the ILE are much larger in size than the Na-
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and K-ions. Fig. 5 (d) compares the device coulombic efficiencies measured at a specific current
of 5.0 A g over 2000 cycling in the three selected electrolytes, showing an efficiency of ~
100%, 99% and 98.5% for the cell operated in in ILE, 6 M KOH and 1 M NaSOs, respectively,
showing the ILE high stability over the 6 M KOH and 1 M Na>SO4 electrolytes. The symmetric
device operated in ILE is of advance interest for supercapacitor application due to its wider

operating potential, non-corrosiveness and long cycle stability (see Fig. 7 (d)).

Fig. 6(a and b) presents the specified electrochemical behaviour of the carbon nanofibres
symmetric cells with a characteristic CV and GCD profiles investigated at different scan rates
and specific currents range from 5 to 100 mV s and 0.5 to 10 A g in a 1-ethylimidazolium
bis(trifluoromethanesulfonyl)imide ionic liquid electrolyte (ILE). The CV and GCD profiles are
both notably rectangular and symmetrical, respectively, a feature confirming the capacitive
nature of the material’s symmetric cells. The results obtained for the device in this work
compares well to the supercapacitor performances reported from other groups on similar
materials from the literature [36—42]. The electrical resistance of the symmetric carbon
nanofibres device was further estimated via the electrochemical impedance spectroscopy (EIS) at
a potential of 0.0 V and a frequency range of 10 mHz —100 kHz. Fig. 6 (c) shows the Nyquist
impedance plot of the device fitted by adopting a ZFIT fitting program v11.02 with its equivalent
circuit depicted in Fig. 6 (d). The Nyquist plot can be noticed to display a noticeable semicircle
in the high frequency region which can be ascribed to interfacial charge transfer resistance and
mass transport via the device’s electrode material [37,43]. From Fig. 6 (d), R: denotes the
device’s equivalent series resistance and is found to be ~ 10 Q, R> characterizes the charge
transfer resistance between the interface of the test solution and carbon nanofibres material, the
constant phase elements Q: and Qs employed in place of capacitors describe the double layer
capacitance at the interface, and the pseudo capacitance from ions transfer in the carbon

nanofibres matrix [37,38,43-45]. The low equivalent series resistance indicates good
18



conductivity that is really favorable for fast redox systems in the device [37,44-47]. Qz is
connected in parallel with a single resistance, Rs. Fig. S2 in the supporting information portrays
the full CV and GCD profiles of the carbon nanofibers symmetric cells in both 6 M KOH and 1
M NaSOs aqueous electrolytes, respectively, with both showing the characteristics

electrochemical double-layer capacitive (EDLC) nature. All the CV-GCD profiles match well

with the results shown in Fig. 5.
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Fig. 6. (a) CV profiles at different scan rates, (b) GCD profiles at different specific currents densities in

ILE, (c) fitted Nyquist plot and (d) the equivalent circuit for the carbon nanofibres device, respectively.

Fig. 7 (a) compares the specific capacitances of the cell computed through equation 1 and plotted

as a function of specific currents. The full cell exhibits a maximum specific capacitance of 362.8,
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1475, and 77.1 F g ! at a specific current of 0.5 A gt in 6 M KOH, 1 M NazSO4 and ILE
solutions, respectively. Interestingly, the symmetric cells can preserve a high specific
capacitances of 310, 120, and 53.3 F g, respectively, even when the specific current is
multiplied by a factor of 20 (10 A g*), implying that ~85.5%, 81.4% and 69.1% of its initial
capacitance can be retained, respectively, when the specific current is increased by 20 folds. The
enhanced performance of the cell in 6 M KOH and 1 M Na2SO4 over the ILE can be attributed to
the alkali metal ions being strongly solvated in solution. Besides, the high mobility and diffusion
coefficients characterized by the K™ and Na* provide for fast ion diffusion rate within the
electrode/electrolyte interface [32]. The Ragone plot in Fig. 7 (b) is a representation of the cell’s
position in the various electrolytes in terms of both energy and power densities, which are
perceived to be two decisive parameters that determine the practicability of a supercapacitor.
Using equations 2 and 3, the energy densities of the devices based on masses of the active
materials were calculated to be ~ 24.0 Wh kg, 8.1 Wh kg, and 3.3 Wh kg* with corresponding
power densities of 750.3 W kg, 197.4 W kg, and 200 W kg for ILE, 6 M KOH, and 1 M
Na,SOs electrolytes, respectively, at of 0.5 A g*. The higher value of energy and power densities
observed for the ILE compared to 6 M KOH and 1 M Na>SOj4 solutions can be ascribed to the
electrolyte’s higher operating potential due to its higher electrochemical stability as compared to
aqueous based electrolytes. This wider electrochemical window alongside moderate electrical
conductivity results in high energy and power densities recorded for the material. Fig. 7 (c) is a
Ragone chart depicting the position of the symmetric device in this work compared to some
other similar materials recently published in the literature, based on their energy and power
densities. Such materials include, RGO-based supercapacitor device; 11.6 Wh kg™ at power
density of 13900 W kg, at 0.5 A g*[36], 3D hierarchical RGO nanosheets; 12.4 Wh kg at
power density of 1600 W kg™, at 1 A g*[48], Modified RGO hydrogels; 8.02 Wh kg™ at power

density of 125 W kg, at 0.05 A g™[49], N-doped porous carbon nanofibers; 7.11 Wh kg at
20



power density of 10200 W g, at 0.25 A g*[50]; Porous carbon nanofibers; 4.0 Wh kg at power
density of 20000 W kg?, at 1 A g**[51] and Electrochemically tailored 3D RGO networks; 11.2

Wh kg at power density of 5000 W kg, at 1 A g[52].
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Fig. 7. (a) Plots of specific capacitance at various specific currents, and (b) Ragone plots in different
electrolytes, (c) Ragone comparison to other similar carbon material electrodes from the literature, and (d)

cyclic performances against cycle numbers for carbon nanofibers symmetric cell.

The figure shows that the results obtained for this device are comparatively appropriate to some
other related carbon-based supercapacitors cited from literature. More-over, the GCD technique
was adopted to study the long-term operation and stability of the carbon nanofibres symmetric

device at a specific current of 5.0 A g using the ILE electrolyte for over an extended cycling
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test of 30,000 cycles. The result of which is shown in Fig. 7 (d). A capacitance fading noticed at
beyond 12000 cycles of cycling test is attributed to the very high potential (3.0 V) applied to the
device as well as the electrochemical degradation of the electrode material due to the large
number of cycling. Nonetheless, the device was observed to proof a significant coulombic
efficiency of around 98.3%, with about 93.7% of its initial capacitance being retained after
cycling for over 30,000 cycles. This excellent cycling stability is attributed to the ILE high ionic

density, non-volatility and low vapor pressure alongside the material’s porous structure.

Conclusion

Novel carbon nanofibres produced from freeze-dried sheet-like RGO was successfully developed
through an innovative, simple and scalable stirring reflux process. Results obtained from the
analysis show that the force-driven reflux technique adopted has efficiently subdue the
agglomeration of RGO nanosheets thereby, creating fibre-like porous material structures with
enhanced ion diffusion process. Besides, an assembled symmetric SC from the carbon nanofibre
and ILE electrolyte, portrayed a wider operating potential of about 3.0 V, high energy and power
densities (24.0 Wh kg and 750.3 W kg?) compared to 0.8 V, energy and power densities (3.3
Wh kg and 200 W kg?), and (8.1 Wh kg* and 197.4 W kg™) for 1 M Na;SO4 and 6 M KOH
electrolytes, respectively, at a specific current of 0.5 A g. The unique stability of the material
in ILE displayed its possibility and efficacy as electrode materials for energy storage and

conversion devices applications.
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