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ABSTRACT - One of the major elements in determining the supercapacitor performance is the
development of a nano-layered structure through facilitating the surface-dependent
electrochemical reaction processes. Carbon-based nanomaterials especially graphene, has
attracted tremendous interest in electrical charge and power sources including supercapacitor
because of their exceptional properties, which include high conductivity and large specific surface

area. In this paper, the effect of polytetrafluoroethylene (PTFE) binder ratio (1, 5, 10, and 15 wt. %) KEYWORDS

on the electrochemical performance of graphene supercapacitor are evaluated. In addition, the PTFE binder; .
facile and scalable preparation of graphene electrodes by using low-cost slurry technique is gﬁ’ﬁfgge IS”F;erlet’P?C’t"”
proposed. From the conducted experimental works, it was found that the fabricated graphene E/ectrochZchZ?y &
electrodes exhibit superior electrochemical properties for supercapacitor applications with a performance

specific gravimetric capacitance of up to 373 F g—1. Moreover, the graphene electrode presented
excellent cyclic stability with 99 % specific capacitance retention after 10,000 charge/discharge
cycles hence promising for long-lasting supercapacitors. The outcomes from the deliberated study
serve as the basis of knowledge in the development of a cost-effective graphene-based materials
production for energy storage devices.

INTRODUCTION

The energy supply is estimated to keep increasing due to global environmental issues, global economy, and air
pollution. The challenges that scientists and researchers are facing today are to develop new materials for efficient energy
conversion and storage hence providing a low cost and environmentally friendly for communities and societies [1-3].
Several efforts have been made to create advanced materials for high performance energy storage devices, including fuel
cells, batteries and supercapacitors. Nowadays, Supercapacitors are largely employed in several uses as mobile electronics
and hybrid electric vehicles owing to their lightweight, long life cycles, high rate performance, high specific energy and
power densities [4-6].

Supercapacitors have been used in computer memory backup power since their first commercialization in the market
in the past decades [7]. The majority of about 95% of the commercialized supercapacitors had utilized carbon-based
materials as electrodes in the systems [8]. Based on the charge storing mechanism, supercapacitors are primarily divided
into two types. The electric double-layer capacitor (EDLC) is reigned by ion electrosorption at the electrode surface for
storing energy. Meanwhile, pseudocapacitor is based on the Faradaic charge transfer [9]. Also, nickel foam has been
selectively used as a current collector for the electrode in the supercapacitor. Generally, due to the porous nature of nickel
backbone and the effectiveness of nickel foam as an electrically conductive substrate which possesses exceptional
mechanical strength and makes it easy for the electrolyte to enter in the electrochemical cell for the transmission of
charges.

Conventionally, the electrodes are prepared by mixing and stirring the active materials, conductive agents and binders
together to form a homogeneous slurry before being coated onto the current collector. In order to avoid the active electrode
falling down during the testing, the binder was used to bind the active material and conductive agent. Various binders
have been used to fabricate the supercapacitor electrode materials, including poly(tetrafluoroethylene) (PTFE), nafion,
and poly(vinylidenedifluoride) (PVDF) [10]. Although PTFE has been the best choice for supercapacitor binder material,
PTFE is known for its insulative property and exhibits hydrophobicity to the electrolyte. These features enhance internal
resistance and reduce the effectiveness of the active material [11-13]. Thus, there is need to experimentally explore more
about this binder material. Nafion shows excellent hydrophilicity with good chemical stability, however, the cost/price
remains the major drawback in large-scale supercapacitor fabrication [14,15]. Meanwhile, the PVDF demonstrates unique
polarity and excellent swelling property in the electrolyte, however, it is hardly to be homogeneous during the slurry
mixing process [16,17].

The objective of this study is to compare the functionality of graphene electrode materials based on various PTFE
binder formulations. This paper presents a facile solid-state technique to prepare graphene electrode for supercapacitor.
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Various binder compositions of 1, 5, 10 and 15 wt. % were employed to compare the electrochemical performance and
to choose the optimized ratio for PTFE binder in the supercapacitor.

EXPERIMENTAL
Preparation of Graphene Electrode

The compositions listed in Table 1 provide the foundation for the preparation of graphene electrodes. Firstly, electrode
materials were made by agitating the required amounts of graphene that had been purchased (Sigma Aldrich), super-P
(TIMCAL) and PTFE to form uniform slurries. The slurries were then scraped onto nickel foam sheets (15 mm in
diameter). Finally, the resultant working electrodes were then pressed at 3000 Psi and dried in a circulating oven at 60 °C
for 12 h. Meanwhile, the electrochemical experiments were conducted in a three-electrode cell with Pt and Ag/AgCl
serving as the counter and reference electrodes, respectively, and a 6 M potassium hydroxide (KOH) solution as the
electrolyte. The average active material mass loading was kept between 0.5 and 2.0 mg.

Table 1. Slurry composition of graphene supercapacitor electrode.

Sample name Ratio (Graphene:Super-P:PTFE)
Sample 1 (S1) 89:10:1
Sample 2 (S2) 85:10:5
Sample 3 (S3) 80:10:10
Sample 4 (S4) 75:10:15

Characterization of Graphene Electrode

Raman spectroscopy was used to examine the structural characteristics of the graphene electrode at = 532 nm within
the 500 cm™ to 3000 cm™' Raman shift range. To confirm the crystal structure and phase, XRD analysis (Bruker
PANalytical, Cu Ka radiation, A = 0.15406 nm) was employed. The morphology of the electrode material was examined
using field emission scanning electron microscopy (FESEM; Hitachi, SU8000, 2.0 kV).

Electrochemical Measurement of Graphene Electrode

The cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) measurements were performed by
WonAtech electrochemical workstation. The CV measurements were carried out from 0.5 V to 1.0 V at the scan rates of
1, 5, 10, 20, 40, 50, 60, 80, 100 mV s !. Meanwhile, GCD investigation was carried out from 0.5 to 1.0 V at the current
of 1, 5, 10 and 15 mA which is equivalent to 0.5, 2.5, 5.0 and 7.5 A g! current densities (calculated from 2.0 mg average
mass). The specific gravimetric capacitances, Csp were calculated according to Eq. (1) and (2) [18] :

E2
Csp =f i (E)dE +(E2—-El)mv (1)
E1

where E1 and E2 are CV’s cut-off potentials, cyclic voltammetry current is denoted by i(E), ; 12 i (E)dE is the total

charges determined by integrating the charge and discharge sweeps in a CV, (E2-E]) is the chosen possible voltage width,
m is the average measure of the weight of electrode material, and v is the voltage range of scanning segments. The equation
for specific gravimetric capacitance calculated from the GCD curves is as follows:

Csp = 21/(m (dV/dt)) )

where [ is current, m stands for the average electrode mass. and dV/dt is the discharge curve’s slope following the
voltage (IR) drop. The CV and GCD measurements were conducted on WonAtech electrochemical workstation of the
three-electrode setup in the aqueous-based solution.

EXPERIMENTAL RESULTS
Structural and Morphological Properties of Graphene Electrode

Figure 1(a) illustrates the Raman spectrum for the graphene electrodes using PTFE as the binder. In theory, the defect
level in sp?-bonded carbon atom domains can be determined using the Raman relative peak intensity or area ratio of the
D to G band (Ip/Is) [19]. Raman spectrum showed the D and G bands at 1344 cm™' and 1599 cm™, respectively, with an
In/I; ratio of 0.84. Typically, the D peak at 1344 cm™ from the degree of defect in graphene is described by the double
resonance process. (sp’-hybridized carbon). The remarkable suppressed D band indicates less defects and good quality of
graphene material, while the G band is created by the first-order scattering of E1», phonon and represents the E12g zone
centre mode of the crystalline graphite. The layer amount of graphene was often described using the ratio of 2D and G
peaks’ integrated intensities (/2p/Ig). The lp/lc ratio is 1.74 in which the graphene consists of a few layer structure. The
result obtained from Raman spectroscopy analysis shows the existence of graphene.
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The phase identification of graphene electrode coated on the Ni foam substrate was conducted by using XRD (Figure
1(b)). The graphene peak (002) does not exist due to the thin layer of graphene on the surface of Ni foam. The observed
peaks, 43.42 (002), 52 (200), and 77 (200), are caused by the presence of Ni phase in the substrate or current collector.
The microstructures and morphologies of graphene were examined using the FESEM technique (Figure 1(c)). The
graphene FESEM image shows a micrometre-scale rippled morphology of the typical graphene layer sheet. FESEM image
of graphene sheets, illustrating the uniformly distributed of graphene layers onto the Ni foam.
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Figure 1. Characterization of graphene electrode on Ni foam. (a) Raman spectrum, (b) XRD pattern, and (c) FESEM
image.

Cyclic Voltammetry

The CV curves of graphene with different ratio at scan rate of 1 to 100 mV s are presented in Figure 2. It is exhibited
in a rectangular shape that it is typical of an electrical double-layer material at a high scan rate of 100 mV s™! showing a
superior electric double-layer capacitance (EDLC) behavior and minimal contact resistance [20-22]. This is due to the
fact that graphene atomic structures store electrical charges by using an adsorption-desorption mechanism. Commonly,
the calculated curve area is critical to determine the Csp, values. Sample 4 (313.95 F g!) clearly exhibits the highest C,
among the other samples, followed by Samples 3 (135.88 F g!), Sample 2 (135.88 F g'), and Sample 1 (135.88 F g'}),
respectively. According to earlier research, 15% of PTFE ratio is suggested to be reasonable to bind with graphene [23].
Also, it was discovered that the paste could not be tightly bound when the PTFE to graphene ratio reduced to a certain
amount. The CV data demonstrate the patterns in capacitance fluctuation as PTFE content rises. The capacitance values
increase linearly from 74.87 to 313.95 F g”! when the PTFE content is reduced from 15 to 1 wt%. It makes sense, given
that less-isolated PTFE would block less of the active region and have better conductivity [24]. These values were further
tabulated in Table 2.
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Figure 2. Recorded CV results in a potential range of 0.5-1.0 V at different scan rates in 6 M KOH electrolyte.

Galvanostatic Charge-Discharge

Figure 3 shows the galvanostatic charge-discharge (GCD) curves of graphene electrodes which were performed at
different currents of 1, 5, 10, and 15 mA. It was found that the charge and discharge curves of all samples are almost
linear with symmetrically constant slopes indicating the excellent capacitive behaviour of the graphene electrodes [20].
The charge and discharge curves are all approximately symmetrical triangular shapes with currents between 1 and 15
mA. This suggests that S1, S2, S3 and S4 possess excellent electrochemical reversibility [25]. In addition, all samples
exhibit good rate performance showing nearly straight lines of GCD curves. These demonstrate the usual capacitive
behaviour of EDLC-type supercapacitors [26]. Remarkably, S4 retains a high capacitance value of 373 F g ! even at a
high current density of 7.5 A g .

The most crucial factor in determining the lifespan of electrode materials for real supercapacitor applications is cycling
stability. The classification of supercapacitors’ cyclic stability is based on their ability to maintain nearly 100% after an
extended cycle. Figure 4 shows the variation of capacitance retention with the function of cycle number for the graphene
electrode. As a result, the graphs were labelled with different colours. The electrochemical stability of the graphene
electrode was evaluated through the 10,000 cycles of charge and discharge at the current of 35 mA, equivalent to 17.5 A
¢! current density. The capacitance retention of S1, S2, S3, and S4 are 99, 97, 96 and 94 %, respectively, after 10,000
cycles. Overall, all electrodes exhibit high capacitance retention at a minimum of 94 %, suggesting high charge transfer
efficiency throughout the 10,000 cycles, excellent cycling stability and an extremely low fade rate at high current and
reversibility of the charge/discharge processes [27, 28]. This may be because of the graphene electrode’s structural
stability and strong ion diffusion [29].
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Figure 3. GCD curves at different currents for all composition ratios.
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Figure 4. Cycling stability tested at applied current of 35 mA (17.5 A g—1 current density).

Table 2. Specific gravimetric capacitance (Csp) of graphene electrode with different PTFE binder ratios.
Sample Ratio of PTFE Binder (wt.%) C,(Fg')  Capacitance retention at 10,000 cycles

S1 1 74.87 99 %
S2 5 102.75 97%
S3 10 135.88 96%
CV:313.95 o
S4 15 GCD: 373.00 4%

Although 15 wt. % PTFE binder in graphene electrode exhibits excellent capacitive performance based on CV and
GCD testing, their capacitance retention is lower compared to the other ratios of electrode materials. The findings
demonstrate that there is no intrinsic difference between various ratios throughout the study of the long cycle. However,
there was a very minor difference from the outcome. This can be ascribed to the electrolyte and binder decomposition at
0.5 to 1.0 V [30]. Also, one can anticipate that the physicochemical features of the carbon material and the electrolyte’s
composition may affect the production of oxygenated functionalities on the surface of the graphene-PTFE electrode, the
change in porosity by the binder, and the ion diffusion in the pores [31]. These two factors should affect its long-cycle
performance.

Hence, these findings demonstrate that supercapacitors’ capacitance performance and cycling stability may vary
depending on the PTFE ratio. In major cases, the electrochemical properties are determined by active materials such as
graphene and not the binder material. Binder is a material that determines the adhesion of electrodes, not the capacitance.
However, in this work, it can be suggested that the strength of adhesion of active material to the current collector allows
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the electrons to flow smoothly. In addition to that, it is strongly believed that the binder ratio exceeding or more than 15
wt. % is considered too much insulative to bind the slurry and the current collector.

CONCLUSION

In conclusion, the low-cost slurry technique is proven to be a feasible process for preparing graphene electrodes for
high-performance ultracapacitor/supercapacitor applications. The electrochemical properties are observed to be highly
dependent on the type and volume of the binder material. During the CV analyses, as the PTFE binder ratio rises from 1
to 15 wt. %, the as-prepared graphene electrode possesses the highest specific capacitance of 313.95 F g™! (15 wt. %),
followed by 135.88 F g! (10 wt. %), 102.75 F g”! (5 wt. %), and 74.87 F g”! (1 wt. %) at 1 mV s™'. And from the GCD,
the specific gravimetric capacitance was calculated to be 373 F g™!. In addition, the fabricated graphene electrode
represented cyclic stability with capacitance retention of S1, S2, S3, and S4 are decreasing consistently from 99 to 94 %.
These graphene electrodes may work well in applications like consumer electronics and hybrid electric cars due to their
overall high performance. These findings demonstrate that an electrode made of graphene and PTFE has the potential for
use in high-performance supercapacitors.
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