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Abstract

In this paper, the functionalized multi-walled carbon nanotubes with thiol group (MWCNTs-SH) were used to fabricate a
symmetric supercapacitor. The symmetric supercapacitor shows a superior electrochemical performance under a wide range of
operating voltage up to 2 V and gives a specific capacitance of 85.3 F g! at0.25 A g (2 V) in 1 M Na,SO,. In addition, the
supercapacitor shows high energy density of 11.9 Wh kg'. The findings reveal that this functionalized material is a good
candidate for supercapacitor electrode materials.
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1. Introduction

Carbon nanotubes (CNTs) is a promising material as it has high length-to-diameter and surface area—to—volume
aspect ratios [1]. It also possesses superior mechanical, thermal, electrical, chemical and thermal properties as well
as it has unique internal structures and low mass density [2]. Hence, CNTs have received considerable attention for
usage in chemistry and environmental remediation. CNTs could be prepared via different chemical and mechanical
method such as; arc—discharge [3], laser vaporization [4], chemical vapor deposition [5], spray—pyrolysis [6], flame
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pyrolysis [7]. Single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon nanotubes (MWCNTs) are the
main two subcategories of CNTs [8, 9]. In addition, there are some other rare types such as double-walled carbon
nanotubes (DWCNTSs), fullerite, torus and nanoknot [10].

Functionalization is an efficient way of modification processes of the CNTS and it is divided into two main
categories: covalent and non—covalent. Surface functional groups modify the surface charge, functionality and
reactivity of the surface, hence increase the stability and dispensability of different materials [11]. Numerous studies
have been conducted on functionalization of CNTs with different oxygen, nitrogen and sulfur containing groups
such as carboxylic, amine, thiol, sulfonic, quinone, ether and hydroxyl [12]. Thiols are high reactive nucleophilic
reagents and perfect ligands because of their strong affinity to various heavy metal ions as a result of Lewis acid-
base interactions [13]. Cysteamine (NH,CH,CH,SH) is an aminothiol and one of the simplest molecules able to
bond through its sulfur and nitrogen atoms and a prerequisite for the design of compact monolayers with acceptable
properties [14].

Many forms of carbon-based materials are widely used as supercapacitor electrode including graphene, carbon
nanoparticles, carbon nanospheres, C60, SWCNTs, DWCNTs, and MWCNTSs [15-20]. Carbon materials undergo to
elctrodouble layer (EDL) mechanism in storing the charge on the surface of the electrode. On the other hand, metal
oxide and conducting polymers undergo a faradic process through redox reactions of the electrode materials [21-24].
CNTs are good candidates for supercapacitor application as they have a good electrical conductivity in addition to its
porous structure. The electrochemical performance of CNTs could be enhanced by chemical activation or
functionalization. Therefore, introducing new heteroatoms like oxygen, hydrogen, nitrogen and sulfur into the
carbon network could enhance the capacitance based on the pseudo effect of these atoms [25].

In this study, functionalized MWCNTSs with a carboxyl group and thiol-derivatized was used to fabricate and
evaluate the energy storage capabilities. The electrochemical characteristics were studied using cyclic voltammetry
(CV) and galvanostatic charge-discharge (CDC).

2. Experimental
2.1. Materials Preparation
The materials used for purification, oxidation and cystamine functionalization of MWCNTSs were listed in our

previous study [26] and the preparation method was discussed in details. A simple schematic diagram of the
synthesis of the process is illustrated in Fig. 1.
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Fig. 1. Schematic diagram shows the surface oxidation and thiol functionalization stages of the functionalization process.
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2.2. Materials Characterization

X-ray powder diffraction (XRD), Fourier-transform infrared (FTIR) spectra, Thermogravimetric analysis (TGA)
and scanning electron microscope (SEM), N, adsorption-desorption and X-ray photoelectron spectrometer (XPS)
were performed and the results were discussed in our previous papers [17, 26]. The UV-Vis absorption spectra were
measured in the wavelength range from 200 to 900 nm at room temperature using a THERMO SCIENTIFIC UV-
Vis spectrophotometer. Measurements were made by suspending about 5 mg of sample in 50 mL
dimethylformamide (DMF).

2.3. Electrochemical Measurements

For electrochemical measurements, the electrodes were prepared by the same method discussed in our previous
work [17]. Here the electrode was further tested using three-electrode system with the active material as a working
electrode, Ag/AgCl as a reference electrode and Pt wire as a counter electrode. In addition, two-electrode system
(coin cell design) under different potential windows. The data were collected using an Autolab (PGSTAT M101)
electrochemical workstation equipped with frequency response analyzer.

3. Results and Discussion
3.1. Structural and Morphological Properties

The phase analysis using XRD of MWCNTs—COOH and MWCNTs—SH revealed that presence of the hexagonal
graphite structure. The functional groups (C=C, C=0, C-O, C-H, O-H and S-H) at each step in the chemical
fictionalization have been identified using FTIR. The TGA results provide a quantitative evaluation of the degree of
surface functionalization. As expected, the weight loss of MWCNTs, MWCNTs—COOH and MWCNTs—SH was
2.5, 7 and 19% respectively, of the total weight at 600 °C. SEM data presented in our previous work [17] confirms
the thin layer formation of organic compounds on the surfaces of MWCNTs—COOH and MWCNTs—SH. Specific
surface area values of MWCNTs, MWCNTs-COOH and MWCNTs-SH were found to be 26.3, 85.9, 94.9 m? g'l,
respectively. The detailed discussion of characterization data was reported elsewhere [17, 26]. Further insights into
the electronic conjugation of the prepared materials could be obtained from UV—Vis absorption spectra as shown in
Fig. 2.
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Fig. 2. UV—Vis spectra the indicated materials.
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The absorption peak located at 268 nm is corresponding to 7/n* transitions of carbon electrons. The adsorption peak
of MWCNTs is slightly shifted to lower wavelengths after functionalization with COOH and SH groups. The
increasing in adsorption intensity (area under the spectrum line) is an indication of the increase of the dispersion of
the material in the DMF [27].

3.3 Electrochemical properties

Fig. 3(a) and (b) shows the CV curves for MWCNTs—SH electrode in the voltage range of -1-0 V and 0-1 V,
respectively, in 1 M Na,SQO,. In both voltage windows, the material exhibits almost rectangular shape without any
obvious redox peaks indicating that the charge accumulated on the electrode surface via EDL mechanism. On the
other hand, the CDC curves MWCNTSs—SH electrode at different current densities are shown in Fig. 3(c). It is clear
that the CDC curves are linear with small iR drop. The specific capacitance was calculated from the slope of the
discharge curves and presented in Fig. 4(c) as a function of current density. MWCNTs—SH electrode shows a
specific capacitance of 68.5 F g at 0.25 A g and it decreases with an increase in current density to reach 24 F g at
2 A g'. These values are higher than those obtained for CNTs prepared by cut—paste method [28]. Based on these
findings MWCNTSs—SH has been selected for further electrochemical studies.
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Fig. 3. CV curves at different scan rates in the operating voltage range (a) -1-0 V; (b) 0-1 V; (c) CDC curves at different current densities; (d) the
specific capacitance as a function of current density for MWCNTs-SH electrode.

The energy stored in a supercapacitor is directly proportional to the capacitance and the square of operating
voltage, therefore increasing the operating voltage of supercapacitors is highly crucial [29]. Generally, the working
potential window is limited by the nature of the electrode material and the stability potential and pH of the
electrolytes [30]. It is known that, in Na,SO, solution, it can work in the range from -1 to 1 V, and accordingly, the
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full cell can work up to 2 V. For this purpose the symmetric supercapacitor was fabricated to investigate the
potential window stability and to apply under wider voltages.

Fig. 4(a-c) shows CV curves in 1 M Na,SO, in the potential range of 0—-1 V, 0-1.6 and 0-2 V, respectively, at
different scan rates of MWCNTs—SH symmetric supercapacitor. Meanwhile, the symmetric supercapacitor shows a
wider operating potential range up to 2 V with rectangular CV shapes in all potential windows indicating that it
could be applied to higher potentials and storage more energy. In addition, the specific capacitance values were
calculated from the area under the CV curves and showed that with increasing the potential window the
supercapacitor can store more charge.
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Fig. 4. CV curves at different scan rates in the operating voltage range (a) 0—1 V; (b) 0-1.6 V and (c) 0-2 V as a function of scan rate at
different operating voltages for the symmetrical supercapacitor.

On the other hand, It is known that the electrochemical properties directly depend on the morphological
characteristics. Fig. 5 (a) shows the CDC curve of the indicated symmetrical supercapacitor at 0.1 A g, MWCNTs-
SH symmetrical supercapacitor shows the longest discharge time indicating the highest capacitance. The surface
area dependence electrochemical properties is shown in Fig 5 (b).

It is found that the specific capacitance linearly depends on the specific surface area (R* = 0.8403). This is a
result of increasing of the porosity which enhances the movement of the ions through the electrode material
particles. The operating voltage window stability of the symmetric supercapacitor was further tested by
galvanostatic CDC.

Fig. 5 (c) and (d) shows the CDC curves in different potential windows for MWCNTs-SH symmetrical
supercapacitor. Linear charge and discharge curves with very small iR drop are obtained, which indicates that the
electrodes have a low internal resistance which leads to better EDL performance.

Moreover, as shown in Fig. 5 (e), the specific capacitance was found to be 85.3,27.5 and 22.9 F g" at 0.25 A g
for 2, 1.6 and 1 V, respectively. Fig. 5 (e) shows the increment of specific capacitance values with increasing
voltage window. This high specific capacitance is a result of pseudocapacitance contribution due to the presence of
thiol groups [17]. In addition, the Ragone plot is shown in Fig. 5 (f), where the MWCNTs-SH symmetrical
supercapacitor shows energy density of 11.9 W h kg™ at a power density of 277.8 W kg™
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Fig. 5. (a) CDC curves at 0.1 A g for the indicated supercapacitors; (b) specific capacitance as a function of specific surface area; CDC curves at
different current densities in the range of (c) 0~1 V; (d) at 0.25 A g™ at different operating voltages; (e) the specific capacitance as a function of

operating voltage; (f) Ragone plot for the symmetrical supercapacitor.
4. Conclusions
The practical symmetrical supercapacitor from MWCNTs—SH was tested for supercapacitor application and
showed excellent EDL behavior in 1 M Na,SO, solution. MWCNTs—SH showed high specific capacitance of 85.3 F
g under a wide range of operating voltage (0-2V). The practical supercapacitor shows high energy density of 11.9

W hkg'. The findings reveal that this functionalized material is a promising material for supercapacitor applications
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