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In this work, a derivative of 1,4-dihydoxynaphthalene, 2-((4-dimethylamino) phenyl) amino)
naphthalene-1,4-dione (HBU) was synthesized by reacting 1,4-dihydoxynaphthalene with N, N-
Dimethyl-p-phenylenediamine. The supercapacitive properties of the electrodes containing various
weights percent of vapor grown carbon fiber (VGCF) and HBU were probed in terms of redox behavior,
the effect of VGCF, and specific capacitance. The VGCF created an excellent electronic pathway in the
electrode, boosting the redox transition reaction in HBU involving a total of three-electron (3e’)-three-
proton (3H*) processes corresponding to 2,3-dihydrol,4-naphthoquinone-1,4-dihydroxynaphthalene
and the aliphatic amine in the backbone of the substituted derivative of aniline. This led to a higher
specific capacitance of 98 F/g for the HBU-VGCF electrode with a higher weight percent of HBU. The
capacity retention of about 57% was observed for the HBU-VGCF electrodes after the 1000 cycle
owing to the VGCF supporting the HBU by stabilizing its redox activity.
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1. INTRODUCTION

Supercapacitors (SC), also referred to as ultracapacitors, are energy-storing gadgets with high
performance, low internal resistance and the capacity to offer high power compared to batteries. Based
on their charge storage mechanism, supercapacitors can be classified as either electric double layer
capacitor, for which there is no transfer of an electron between the electrodes and the charges are stored
electrostatically (non-faradaic), or a pseudocapacitor, an electron transfer process that stores charges
faradaically [1, 2]. A SC consists of two electrodes, a separator, and an electrolyte [3, 4]. Compared to
other energy-storing gadgets, a SC has its own advantages, such as being lightweight and low
maintenance; having a long cycle life, flexible packaging and high power; and enduring a range of
temperatures [5]. SCs can best be applied in areas such as computers, light emission hybrid cars/buses,
temporary energy storage gadgets when used simultaneously with batteries, etc. [6, 7]. A number of
materials have been investigated as supercapacitor electrodes [8]. Oxides of some metal [9] have
demonstrated qualities of the best SC electrode material, contributing to great capacitance, but cost and
accessibility have hindered their commercial application. Intrinsically conducting polymers, mostly
organic in nature, have also gained recognition. They offer a constant range of oxidation states, thus
resulting in an increase in the electric voltage of the electrode [10, 11], but their stability is a considerable
challenge for researchers.

Quinones and their derivatives have received considerable interest as materials for electrodes in energy storage
gadgets such as lithium-ion batteries [12, 13], redox flow batteries [14], electrochemical capacitors [15] and polymer/air
batteries [16, 17]. Quinones and their derivatives are promising organic raw materials for electrochemical cells because they
are economical, environmentally harmless and demonstrate high cycle reversibility [18]. They are a group of redox-active
organic complexes that contain two adjacent carbonyl groups in an unsaturated six-membered ring arrangement [19, 20]. The
redox activity of quinones plays a significant role in the electrochemical response during the biological energy transfer of
genetic materials and energy storage gadgets. Additionally, the reduced forms of quinone are obtained by accepting protons
and electrons, a process which contributes to long-lasting charge separation with little charge reintegration. The behavior of
quinones and their derivatives with regard to their electron transfer and proton couple mechanism has motivated researchers
to upgrade the effectiveness of supercapacitors, solar cells, batteries, artificial photosynthesis, biofuel cells, and
photochemical water separation gadgets [21-27]. The theoretical capacitance of quinone-based compounds has been
discovered to be high or comparable to lithium ion batteries 28l On the other hand, the development of quinone based
materials as electrodes for energy storage devices over the years has encountered drawbacks such as low redox kinetics [29],
excessive solubility in organic electrolytes 281 and insufficient electrical conductivity. These drawbacks have resulted in low
capacitance compared to their theoretical capacitance [30, 31]. Recent studies have shown the utilization of quinones and
their derivatives in energy storage gadgets through the amalgamation of quinone molecules and different inorganic and
organic materials [32-36]. The easiest means to enhance the electrical trait of materials is to modify the material by putting
in electrically conductive substances to create a composite. Much work has gone into modifying the properties of quinone
and its derivatives by adding conductive carbon materials. Some of these studies have dealt with the decorating of quinones
with highly conductive carbon materials such as carbon nanotubes/fibers, carbon onions, graphite, graphene, and carbon

black for stable performance and high capacitance [37-42]. Fiber-based conductive carbon material has been utilized in
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electrochemical cells as a support [43] or as a conductive additive [44] for electrode materials, as a result of their special
thermal stability, good mechanical property, good corrosion resistance and electrochemical stability in various electrolyte
solutions [45].

Blending faradaic pseudocapacitive material with electrical conducting materials (fiber) could help enhance their
electrical conductivity, reversibility and charge storage capacity through the establishing of an efficient electron carriage
network [46]. Among fiber based carbon materials, vapor-grown carbon fiber (VGCF) is obtained by the break-down of
hydrocarbons in the presence of a metal catalyst at elevated temperatures [47]. These fibers are found to induce superior
properties in electrodes of electrochemical devices as a result of their high surface to volume ratio and electron conductivity
[48, 49]. In this study, a 1, 4-dihydroxynaphthalene derivative compound, 2-((4-dimethylamino) phenyl) amino) naphthalene-
1, 4-dione (HBU) was synthesized chemically. The effect of VGCF on the capacity enhancement and the electrochemical

properties of the synthesized particles as a supercapacitor electrode was investigated.

2. EXPERIMENTAL

2.1. Synthesis and characterization of HBU

(100mg, 1.0eq) of 1,4-Dihydroxynaphthalene was dissolved in EtOH. (23mg, 0.1eq) of
CeClz.H20 and (101.9mg, 1.2eq) of N, N-Dimethyl- p-phenylenediamine was added under continuous
stirring. (0.26ml, 3.0eq) of Triethylamine was added drop wise and the mixture was stirred at ambient
temperature for 24 hrs. The synthetic route is shown in Fig. 1a.
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Figure 1. (a) Synthesis reaction of the HBU from 1, 4-dihydoxynaphthalene and N, N-Dimethyl- p-
phenylenediamine; (b) redox reaction of the HBU (c) Chemical reaction of PhQ-PhQH:
transitions

The completion of the reaction was confirmed with chromatography using a solvent mixture of
1:1 ethyl acetate: hexane. Water was used to crystalize the final product, which was then filtered and
finally dried at 100 °C with a reaction yield of 80 % and a melting point of 180 °C. The structure was
evaluated using a 1H nuclear magnetic resonance (1H NMR) spectroscopy (Varian Gemini 200 NMR),
which was identified as follows:
1H NMR (400 MHz, DMSO) 6 2.92 (s, 6H), 5.92 (s, 1H), 6.79 (d, J = 8.8 Hz, 3H), 7.2 (d, J = 8.4 Hz,
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2H), 7.76 (t, J = 7.2 Hz, 1H), 7.85 (t, J = 7.2 Hz, 1H), 7.94 (d, J = 7.2 Hz, 1H), 8.05 (d, J = 7.6 Hz, 1H),
9.09 (s, 1H ).

2.2. Electrode preparation and measurement

To use the obtained HBU as an electrode material, different weights percent of VGCF (specific
surface area 13 m? g%, fiber length 10-20 Im, aspect ratio 60—70, Showa Denko) (0, 30, 50 and 70) as a
conductive additive were mixed with various fractions of HBU (0, 25, 45 and 65) as the active material.
5 wt. % of poly(vinylidene fluoride) (Aldrich) as a polymeric binder with N-methyl-2-pyrrolidinone as
a dispersion solvent were mix to form a slurry. The resulting slurry was cast on a platinum as current
collector (1.0 cm x 1.0 cm) and then dried at 100 ° C in an oven for 1 hour to vaporize the solvent part.
The HBU, VGCF, and the HBU-VGCF powders were probed by means of a Fourier-transform infrared
spectroscopy (Bomem MB100). A complex impedance spectroscopy was performed using an Autolab
instrument (PGstat 100, Eco Chemie) in the frequency range of 10>~10°Hz, with a bias voltage of 0.5 V
to compare the conductivity of each sample in aqueous electrolyte of 1M H>SOs. In a typical three-
electrode electrochemical cell for the cyclic voltammetry measurement, platinum was utilized as the
counter electrode, HBU-VGCEF as the working electrode, and Ag/AgCl saturated with KCI as reference
electrode. 1 M H>SO4 was employed as electrolyte in the setup. The cyclic voltammetry was recorded at
a potential range -0.2 to 1.4 V vs. Ag/AgCI at various scan rates of 100-1000 mV/s. The specific
capacitance (C) as a function of scan rate was calculated using the equation below:

1%+ O
2mAV
Where AV, m and ga,c, represent the voltage window of the cyclic voltammetry, the mass of the
active material, and the anodic and cathodic charges on each scan respectively. The surface structures
of the prepared electrodes were also perceived using a field emission scanning electron microscope

(Hitachi S-4800).

3. RESULTS AND DISCUSSION

The Fourier-transform infrared spectrum in Fig. 2 shows the different blending compositions of
the HBU and the VGCF. In the HBU powders, the absorption peak at about 1600 cm™ corresponds to
the C=0 stretching vibration of quinone groups [50], which is expected to be involved in the 2, 3-
dihydro-1,4-naphthoquinone - 1, 4-dihydroxynaphthalene redox pair reactions.
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Figure 2. Fourier-transform infrared spectra of the HBU-VGCF with the different weights percent of
HBU and VGCF

b59%sHBU +70% VGCF

Figure 3. Surface morphologies of the HBU-VGCF with different weight percent of HBU and VGCF

The peak at around 3300 cm™ also appears to correspond to the stretching vibration of the amino
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groups (—NH—) in the skeleton of HBU. Again, a stretching corresponding to the C-N (aliphatic amine)
wasalso observed in the frame of HBU around 1020 cm™ in the backbone of the substituted derivative
of aniline [51]. On the other hand, HBU-VGCF showed minor traces of the —NH— in the skeleton of
HBU and the C=0 stretching vibration of the quinone group. Nonetheless, VGCF shows no noticeable
infrared spectrum band over the whole wave number range.

The surface morphologies of the prepared electrodes are depicted in Fig 3. The VGCF electrode
showed a haphazard orientation which accumulates together at certain points. Furthermore, the HBU
showed a grass-like or lamella crystalline morphology; however, a change in the morphology of HBU
was observed when VGCF was added. In HBU-VGCF with a ratio of 65:30 weight percent, fibrils of
VGCEF are equally distributed in the HBU, changing its morphology. The addition of VGCF to the HBU
also created a porous structure and an effective conducting network, making it possible for VGCF to
impact the HBU with the needed electronic conductivity.
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Figure 4. Nyquist plot of the HBU-VGCF with different weights of HBU and VGCF at a bias voltage
of 0.5V

Electrochemical impedance spectroscopy was used to probe the resistive property of the HBU-
VGCF electrodes. Comparing the resistive behavior of the prepared electrodes in Fig 4, it can be
observed from the intercept on the actual-axis of the Nyquist plot that the VGCF possess lower
resistance and hence higher electrical conductivity than the HBU. Incorporating VGCF in the HBU saw
an improvement of the interior resistance of the prepared electrodes. Thus the VGCF created a route for
the transferal of ions and electrons, thereby decreasing the internal resistance associated with HBU and
hence better reversibility.
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Figure 5. CVs of (a) HBU-VGCF with different weight percent of HBU and VGCF at 100 mV/s (b) 95
wt. % HBU, (c) 30 wt. % VGCF+65 wt. % HBU, (d) 50 wt. % VGCF+45 wt. % HBU and (e) 70
wt. % VGCF+ wt.25% HBU: at different scan rate (f) the 1%t and 1000 cycle of HBU-VGCF
with different weight percent of HBU and VGCF at -0.2-1.0 V vs. Ag/AgCl and a scan rate of
500 mVs?

This went a long way to improve the charge storage capability of the HBU and thus, the high
capacitance evidenced in the electrodes in Fig 6a. The VGCF serving as a conducting agent assisted the
redox reaction involved in the 2, 3-dihydrol,4-naphthoquinone —1,4-dihydroxynaphthalene (PhQ-
PhQH>) conversion in the acidic environment ([H*] > [Q]) (see Fig. 1(c)), involving a solo-step 2e", -
2H* redox activity as well as that observed in the redox transition in the aliphatic amine in the HBU
structure.

Fig 5a depicts the cyclic voltammograms of the various HBU-VGCF 25:70, 45:50 and 65:30, the
pure HBU recorded at 100 mV/s and in a voltage range of 0.2 — 1.4 V. From the CV graphs, the current
densities of the HBU-VGCF electrodes were higher compared to the pure HBU. HBU showed a couple
of redox peaks at 0.173 V (anodic)/-0.059 V (cathodic), matching a PhQ-PhQH: redox transition. Again
extra peaks matching a redox conversion of the aliphatic amine in the backbone of the substituted
derivative of aniline at 0.767 V (anodic)/0.394 V (cathodic) [52] were observed (see fig 1b). Therefore,
the redox process of the HBU takes place by a solo-step three-proton (3H"), three-electron (3e) process.
From Fig 4, though the VGCF showed high ionic conductivity due to low resistance, its capacitance
contribution is negligible (see Fig 6 a). On the other hand, it is able to make noticeable and reversible
the redox processes in HBU. This may be explained as the inherent conductive property of VGCF and
the VGCEF particles presenting an electronic path way amid the HBU particles. Fig. 5b, 5c, 5e and 5e
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show the impact of scan rate on the cyclic voltammetric reaction of the HBU-VGCF electrodes. The
impact of iR drop becomes significant in electrodes with fast redox behavior at higher scan rates. The
HBU without VGCF showed less pronounced redox peaks of the PhQ-PhQH: redox activity at higher
scan rate; nonetheless, all the HBU-VGCF with the various compositions showed pronounced peaks
corresponding to PhQ-PhQH: as well as those corresponding to the aliphatic amine in the HBU [52].
The porous arrangement of the HBU-VGCEF electrodes assisted the solvated ions of the electrolyte to
diffuse in and out of the material easily at higher scan rates compared to just the HBU electrode (see
SEM data). Furthermore, the shifting of the anodic peak positively and the cathodic peak negatively was
reduced, an indication of a reversible system (i.e. making the system less quasi-reversible). The 1% and
the 1000™ cycles for the HBU-VGCF electrodes in a potential range of -0.2-1.0 V vs. Ag/AgCl and a
scan rate of 500 mVs™is shown in Fig. 5f. As shown in the voltammograms, the redox peaks intensity
for all the electrodes reduced with increasing number of cycle, a sign of fading specific capacitance.
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Figure 6. Specific capacitances of HBU-VGCF with different weight percent of HBU and VGCF as
functions of (a) scan rate (b) cycle number

A decrease in specific capacitance is observed in all the electrodes with increasing scan rate as
shown in Fig. 6a, yet higher capacitance is maintained in all the HBU-VGCEF electrodes at higher scan
rates compared to just the HBU without VGCF. This capacitance enhancement may be due to the
synergistic effect of the VGCF complementing the HBU by creating a better electronic pathway amid
the HBU particles and thus boosting the redox transition reaction of PhQ-PhQH> as well as that of the
aliphatic amine in the HBU structure. The cycling stability of specific capacitance is shown in Fig 6b.
Capacity retention of about 57 % is observed for the HBU-VGCF electrodes after the 1000™" cycle owing
to the VGCF supporting the HBU by stabilizing its redox activity. Furthermore, it could be realized from
the graph that a higher amount of VGCF is needed to stabilize the HBU.
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Table 1. Summary of fiber-based/faradaic pseudocapacitive composite electrode supercapacitors

investigated.

Composite electrode Electrolyte | voltage Scan Specific Cell Refere

V) rate/current | capacitance | Configu | nce
density (F/9) ration

sodium  1,2- naphthoquinone-4- | 1 M H,SO, | -0.5-1.0 | 5mVI/s 575 3 53

sulfonate doped poly(3,4-

ethylenedioxythiophene/ Multi-

walled carbon nanotubes

poly (1, 5-diaminoanthraquinone)/ | 1M H,SOs | -0.4-0.4 | 1.0 Alg 760 3 54

graphene oxide

Polyaniline/ Carbon nanotube PVA/H3PO4 | -0.1-0.7 | 5mV/s 440 3 55

9,10-phenanthrenequinon/ CF500 | 1M H,SO,4 | -04-0 10 mV/s 288 3 56

hybrid-fiber mats

Anthraquinone/  Porous  carbon | 1 M H,SO, | 0-0.6 10 mV/s 200 3 57

nanotube

Pyrrole/ nanocellulose fiber 20MNaCl [0-0.8 1 mAcm-2 | 180 2 58

Carbon nanotube/Nickel Oxide 6 M KOH 0-055 |2mV/s 713.9 3 59

Polypyrrole/Vapor grown carbon fiber | 1 M Na2SO | -0.8—-0.5 | 5mV s-1 125.8 3 60

/Acrylonitrile Butadiene Rubber

Carbon  nanofiber/Vapor  grown | 1 M H,SO, | 0-0.8 1.875 678.66 3 61

carbon fiber/ Polypyrrole mA/cm?

Cobalt-Nickel Oxide/ vapor grown | 1 M KOH 0-0.5 5mV/s 1271 3 62

carbon fiber

Vapor grown carbon fiber/1,4- | 1M H,SO, |-0.2-1.4 | 100 mV/s | 98 3 This

dihydoxynaphthalene, 2-((4- work

dimethylamino) phenyl) amino)

naphthalene-1,4-dione

The literature review of carbon fiber-based electrodes for supercapacitors and the findings of the
selected investigations are summarized in Table 1. The summary of the various studies outlined the fiber-
based/faradaic pseudocapacitive composite electrode used, the working voltage, and the specific
capacitance. The fabricated HBU-VGCF electrodes offered specific capacitance of 98 Fg at a high rate
of 100 mVs™ compared to the most related three-electrode system in the literatures.
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Figure 7. HBU-VGCF with different weight percent of HBU and VGCF, measured at a current density
of 5.0 mAcm™

The galvanostatic charge-discharge profile of the HBU-VGCF electrodes are shown in Fig 7 at
a 5.0 mA current density and in a voltage range of -0.2-1.4 V vs. Ag/AgCl. All the HBU-VGCF
electrodes exhibited an asymmetric charge-discharge profile. The irregularity in the potential curve is
the consequence of the redox transitions from the carbonyl groups in the PhQ-PhQH>. Charge-discharge
readings were recorded at a constant current; therefore, an extended cycle time signifies that a large
amount of electric charges are stored in the supercapacitor and therefore a higher specific capacitance.
Maximum charge-discharge time of 62 smg™ is obtained for the HBU-VGCF with the higher weight
percent of HBU. Regardless of the short charge-discharge time exhibited by the HBU, an addition of
VGCEF is able to enhance the charge storage property of the HBU by ensuring effective electron
distribution on the surface of the particles.

4. CONCLUSION

The charge storage capacity of a synthesized organic compound, 2-((4-dimethylamino) phenyl)
amino) naphthalene-1,4-dione (HBU) was enhanced by the introduction of vapor grown carbon fiber
(VGCF). The VGCF created an excellent electronic pathway among the synthesized particles in the
electrode, boosting the redox transition reaction in HBU involving a total of three-electron-three-proton
processes corresponding to PhQ-PhQH> and the aliphatic amine in the backbone of the substituted
derivative of aniline. This leads to a higher specific capacitance of 98 F/g for the HBU-VGCF electrode
with higher weight percent of HBU. Furthermore, the cycling test showed that as the amount of HBU
increases, the capacity stability is reduced. Therefore, a balance should be maintained in order to obtain
a supercapacitor electrode with good capacity stability as well as high capacitance.
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