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Naphthalene Derivative Supported Activated Carbon Composite
Electrode with Enhanced Capacitance and Potential Window
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ABSTRACT

A derivative of 1,4-Naphthoquinone coded HBU671 was synthesized and used in addition to activated carbon as composite
electrode for supercapacitor application. From the electrochemical properties analysis, a specific capacitance of about
300 F g'! exhibited almost two times of that of activated carbon at a scan rate of 100 mV s and a potential window of
- 0.2 - 1V. This improvement is due to the inherent redox reaction in HBU671. Cycle test also proved that this composite
is still stable even after 1000 cycle within the applied potential window and it is highly recommended for practical appli-

cation.
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1. Introduction

Since the development of supercapacitor, its capac-
itance has never been enough to satisfy the continuous
growing demands of industry. Researcheres want a
better product to get better capacitance. Thus, various
methods have been considered to improve its proper-
ties especially by increasing the capacitance. One of
such ideas is the addition of different kinds of additives
to the electrode material and evaluating any improve-
ments made. Typically, metal oxides can contribute a
lot to the capacitance, but their cost and availability
restrict their use as commercial material [1,2]. Some
organic compounds have also been tried as electrode
additive; these include quinone, and their derivatives
[3,4]. These have pseudo capacitance that occurs as a
result of the hydroquinone-quinone redox reaction that
increases the total specific capacitance [5,6]. Quinone
is reduced to hydroquinone via incorporation of 2H"
with 2¢” during the discharging whereas hydroquinone
is oxidized to quinone by generation of 2H" with 2¢”
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during the charging as shown in Fig. 1(c) [7-13]. The
quinone reaction is normally the most dominant when
compared to other organic functionalities with pseudo-
capacitive reversible redox reactions.

In this study, a novel derivative 1,4-Naphthoqui-
none, 2-((4-(dimethylamino)phenyl) amino)naphtha-
lene-1,4-dione (coded HBU671) is synthesized. The
structure of the synthesized particles is shown in Fig.
1(a). The electrochemical properties of HBU671 are
examined as pseudocapacitive additive for activated
carbon electrodes. The contribution made by
HBUG671 on the activated carbon is mainly investi-
gated in terms of specific capacitance, redox behav-
ior and cycle life.

2. Experimental

2.1. Synthesis of HBU671

1,4-Dihydroxynaphthalene (100 mg, 1.0 eq) was dis-
solved in ethyl alcohol (23 mg, 0.1 eq). CeCl;-7H,0
(101.9 mg, 1.2 eq) and N,N-Dimethyl-p-phenylene-
diamine (0.26 ml, 3.0 eq) was added with continuous
stirring. Triethylamine was added in droplets and the
mixture was stirred at room temperature for 24 hours.
A solvent mixture of ethylacetate-hexane (1:1) is
used for confirming the completion of the reaction by
thin-layer chromatography (TLC). The product is
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Fig. 1. (a) Synthesis of HBU671, (b) Mechanism of HBU671 redox reaction in electrode, and (c¢) Mechanism of redox

reaction of quinone.

then recrystallized in water and finally dried at room
temperature. The synthesized compound was coded
HBUG671 with a reaction yield of 80% and a melting
point of 180°C. The structure of the synthesized com-
pound was evaluated using proton nuclear magnetic
resonance (1HNMR) spectroscopy (Varian Gemini
200NMR), which was identified as follows: IHNMR
(400MHz, DMSO) 52.92 (s,6H), 5.92 (s,1H), 6.79
(d,J=8.8Hz,3H), 7.2 (d,J=8.4Hz,2H), 7.76
(t,J=7.2Hz,1H), 7.85 (t,J=7.2Hz,1H), 7.94
(d,J=7.2Hz,1H), 8.05 (d,J=7.6Hz,1H), 9.09 (s,1H).

2.2. Production of the Electrode

To prepare the electrode, activated carbon (MSC-
30, specific surface area of 3000 m? g™!, supplied by
Kansai Cokes, 70 wt.%) as active material and
HBU671 (25 wt.%) as organic additive was mixed in
a mortar. 5 wt. % of poly (vinylidene fluoride)
(Aldrich, MW=553,000) as a binder is dissolved in
N-methyl-2-pyrrolidinone (NMP) as a dispersion sol-
vent were added to form a slurry. The prepared slurry
was coated on a platinum electrode surface which has
a dimension of (1 cm x 1 cm) and dried at 80°C for at
least 2 hours. For comparison, the same amount of
the pure activated carbon and HBU671 were pre-

pared using the same method. The infrared absorp-
tion spectra of activated carbon, HBU671 and their
composite powders were obtained by Fourier-trans-
form infrared spectroscopy (Bomem MB100). The
surface morphologies of the produced electrodes
were observed by using a thermal type field emission
scanning electron microscope (Thermal type FE-
SEM, Hitachi S-5000).

2.3 Electrochemical Analysis

Cyclic voltammetry measurement was conducted
in a three-electrode cell compartment equipped with
platinum as a counter electrode, the active material
electrodes as the working electrode, and a reference
electrode made up of Ag/AgCl saturated with KCI.
The measurements were conducted in an electrolyte
solution of 1M H,SOy, using an AUTOLAB Instru-
ment (PGStat100, EcoChemie) at a potential range of
-0.2t0 1.0 V vs. Ag/AgCl in a scan rate ranging from
100 to 1000 mVs™'. Complex impedance spectros-
copy was performed using a bias potential of 0.5 V to
compare the electrical conductivity of the electrodes
in 1M H,S0O,. To compare the potential capacitances
of the composite and activated carbon electrodes,
charge-discharge cycle tests were also conducted at a
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constant current density of 5.0 mAcm™. The specific
capacitance (C) was calculated as a function of scan
rate using the follow equation: C= | qatqc | /(2mAV)

Where ¢, and ¢, denote the anodic and cathodic
charges on each scan, mass of the active material is
represented as m, and AV denoted the potential win-
dow of the cyclic voltammetry.

3. Results and Discussion

The Fourier transform infrared spectroscopy (FT-
IR) results of the activated carbon, HBU671, and
their composite material are showed in Fig. 2. In this
profile, there is a peak at about 3300 cm™'. When
compared to the structure of HBU671, (Fig. 1a), it
coincides with the N-H group stretching in HBU671.
Another important peak due to C=0 group stretching
from quinone is also found in the profile at about
1600 cm™ [14]. Furthermore, the peaks from 700-
1500 cm™ are comparable to HBU-551 and HBU-552
[6] which have a similar structure to HBU671. How-
ever, the activated carbon sample did not possess any
distinguished absorbance peaks in this wavenumber
range. The above-mentioned peaks can also be found
in the composite material, although they are not very
obvious. That means the composite material has the
adsorbed HBU671 in the pores of activated carbon
which evaded detection by the FT-IR. This induced
synergic effect was good for the composite due to the
significant contributions made to the electrochemical
performance by the HBU671.

Fig. 3 shows the surface images of activated car-
bon and the composite electrode. HBU671’s solubil-
ity in NMP allows it to be mixed with activated
carbon perfectly. While the NMP solvent is evapo-
rated, the organic compound is deposited on the sur-
face of the activated carbon and allow functional
groups of HBU671 to create surface heterogeneity
[15]. As shown in Fig. 3 (d), there are lots of small
blocks which look like cauliflower stick within the
bigger activated carbon blocks. The two particles
blended perfectly, building good electric conductive
network, since the HBU671 can partially fill the large
pores and slits of activated carbon, to improve the
capacitance of the whole electrode. Thus, the small
particles which can be found in Fig. 3(d) as small
sharp corner blocks are also connected to the system
to improve the capacitance as a result of the organic
compound bridges [5,6].
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Fig. 2. Fourier-transform infrared spectra of the composite
electrode, HBU671, and the activated carbon.

Fig. 3. Scanning electron microscopic surface images of
the activated carbon (a,b) and composite electrode (c,d) at
low and high magnification.

Fig. 4 shows the cyclic voltammograms of the
composite electrode, activated carbon, and the
HBU671. The redox reaction of the HBU671 is a
two-step reaction occurring respectively at the posi-
tion of the quinone group and amine group, as shown
in Fig. 1b. HBU671 showed two set of redox peaks
precisely at 0.11 V (anode)/ 0.01 (cathode) which can
be ascribed to the quinone-hydroquinone redox tran-
sition and 0.75 V (anode)/ 0.64 (cathode) correspond-
ing to the amine (—-NH) group in the N, N-Dimethyl-
p-phenylenediamine attached to the HBU671. These
peaks are made pronounced in the composite elec-
trodes, i.e. the activated carbon is able to influence the
redox reaction in the composite electrode by accelerat-
ing the electron transfer process. The pristine activated
carbon showed a typical electric double layer capacitor
behavior compared to the composite. The graph also
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Fig. 4. Cyclic voltammograms of composite electrodes (a) compared with activated carbon at 100 mV s and (b) at

different scan rates.

Cycle number

350(] ZII)U 4(I]0 ECIJU 8(I]0 1[].00 1200
o
'ﬁ_‘; 300 . 1
oy .
S 250 . 1
N ,
s 200 | —o—o—a o A ]
S 150} ]
=2
=
o 100 | 1
4 Activated carbon
? 50} 1
0 L L I L L
0 200 400 600 800 1000 1200

Scan rate (mV/s)

Fig. 5. Specific capacitances of the activated carbon and
the composite electrodes as a function of scan rate and
cycle number at 500 mV/s.

shows that beside the peaks, the composite material can
also retain almost the same area to the activated carbon
even though the percentage of activated carbon was
decreased (see Fig. 4a). On the other hand, Fig. 4b
shows that the reversibility of the composite is
increased at a low scan rate but its reversibility
decreases at a high scan rate. This is due to the slow ion
diffusion; that is deviation from Nernstian behavior.
This means the oxidation process in HBU671 occurs at
the inner pore surfaces of the activated carbon and the
reduction on its surfaces. This has also led to the shift in
the peaks positions as the scan rate is increased.

Fig. 5 shows the specific capacitance as a function
of scan rate and cycle number of the activated carbon
and the composite electrodes. From the profile, a spe-
cific capacitance of 300 F/g was obtained for the
composite electrode at a scan rate of 100 mV/s and a
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Fig. 6. Nyquist plots of activated carbon, HBU671, and the
composite electrodes.

potential window of -0.2-1.0 V almost doubles that of
the pristine activated carbon. Higher specific capaci-
tances were obtained for the composite electrodes
over the whole scan rate range compared to the pris-
tine activated carbon. The enhanced capacitance can
be ascribed to the additional redox reaction from the
quinone and amine group in HBU671. The specific
capacitance rapidly decreases within the first 100
cycles and finally a specific capacitance of 190 F g’!
was obtained after 1000 cycles. In spite of the
decrease, the composite maintained higher specific
capacitance compared to the activated carbon.

Fig. 6 shows the Nyquist plots for activated carbon,
the HBU671, and the composite electrodes, which
reflects the electrical conductivities of the electrodes. In
these impedance spectra, their interfacial resistances
become significant by the semicircles of the graphs,
which are indicative of solid-like behaviors. Compar-
ing the resistive behavior of the composite, activated
carbon and the HBU671, it can be identified that the
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Fig. 7. Charge-discharge graphs of activated carbon and
the composite electrodes, measured at 5.0 mA cm?>.

resistive behavior of the composite falls between the
activated carbon and HBU671, which further shows
that mixing activated carbon and HBU671 facilitate the
charge transfer in the redox reaction process in the
composite electrodes. (See Fig. 3a).

In addition, Fig. 7 shows the charge-discharge pro-
files of the activated carbon and composite electrodes,
recorded at a constant current density of 5.0 mA cm™?,
and a potential range of -0.2-1.0 V vs. Ag/AgCl. The
average cycle time of the charge-discharge on the
composite electrode is about 331 s, while the activated
carbon electrode is 263 s. A longer charge-discharge
time implies higher ability of electric energy storage.
The enhanced charge-discharge cycle time of the com-
posite is the result of the PhQ-PhQH, redox reaction
complemented by the activated carbon, which acceler-
ates this charge storage mechanism by creating a path-
way for the transfer of ions and electrons.

4. Conclusions

In this study, a new derivative of 1,4-Naphthoqui-
none (HBU671) is chemically synthesized and added
to activated carbon to make a composite electrode. The
electrochemical properties thereof are studied for appli-
cation in supercapacitors. The composite electrode
demonstrated high specific capacitance of 300 Fg!;
almost double that of pristine activated carbon in a
potential window of -0.2-1.0 V at 100 mV s!. The
increased capacitance of the composite electrodes ben-

efits from HBU671’s redox reaction at the quinone and
amine groups attached to HBU671. The composite also
demonstrated stable cycling performance at a higher
scan rate. The low resistance and the intrinsic property
of activated carbon accelerated the redox mechanism
and provided stability to the HBU671 in the composite.
These findings demonstrate that the derivatives of qui-
none can act as a very good additive to increase specific
capacitance of activated carbon for supercapacitors.
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