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Nickel hydroxide/activated carbon nanocomposite electrode material was successfully synthesized by a precipitation method.
The activated carbon was prepared from isotropic pitch with chemical and electrochemical activation. Structural and
morphological characterizations were performed using X-ray diffraction (XRD), field emission-scanning electron microscopy
(FE-SEM), and high resolution transmission electron microscopy (HR-TEM). The capacitive properties were evaluated by
cyclic voltammerty (CV), charge/discharge, and electrochemical impedance spectroscopy (EIS) in 6M KOH aqueous
electrolyte. The results showed that nano-sized nickel hydroxide was loaded on the surface of activated carbon. A specific
capacitance of 277.8 Fg! was obtained at a constant current of 1 mAcm?, indicating that the nickel hydroxide/activated carbon
nanocomposite is a promising electrode material for supercapacitors.
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Introduction hydroxide is a good alternative material, which is
cheap, easily synthesized, and exhibits good pseudo
Supercapacitors are considered a promising candidate capacitive behavior, similar to that of the state-of-the-
for energy storage due to high power performance, art supercapacitor material, ruthenium oxide [13].
long cycle life, and low maintenance cost [1-3]. Activated carbon is a feasible porous material for
However, compared to rechargeable battery systems, energy storage and electrochemical purposes because
supercapacitors still present a very significant drawback of its unique surface characteristics. The microstructure
(i.e., the amount of energy density is relatively low) and of activated carbon is expected to significantly affect
preclude the extensive industrial utilization in energy the properties of the electric double layer formed on the
storage [4-6]. Recently, asymmetric or hybrid super- surface between the electrode and the electrolyte
capacitors, regarded as a trend in electrochemical solution. However, activated carbon has a limitation in
capacitors, have been reported on. Asymmetric super- terms of energy density [19].
capacitors can be fabricated with one electrode of a In this work, the activation by potassium hydroxide
double layer carbon material, and the other of a pseudo- was applied to the soft carbon derived from isotropic
capacitance material [7]. Pseudocapacitive materials, such pitch to prepare a moderate surface area. In order to
as hydroxides, oxides, and polymers, are being increase the energy density, nickel hydroxide/activated
explored for producing supercapacitors with increased carbon nanocomposite was prepared by precipitation
specific capacitances and a high energy density [8]. method. The well-distributed, nano-sized nickel hydroxide
Noble metal-oxide based materials (e.g., ruthenium was loaded on the surface of activated carbons. The use
oxide) exhibiting Faradaic pseudo capacitance have of nanocomposite in high energy-density aqueous
also been identified as the ideal electrode materials for asymmetric supercapacitors has been demonstrated.
supercapacitors [9]. However, although the capacitive
performance of ruthenium oxide is excellent, it is too Experimental
expensive for commer-cialization. Most of the attention
is, therefore, focused on alternative electrode materials Preparation of the activated carbon
that are inexpensive and exhibit capacitive behavior The activated carbon (AC, Anshan Chemical Co.
similar to that of ruthenium oxide [10-12]. Nickel Ltd., China) was prepared from isotropic pitch. The

pitch was carbonized at 600 °C for 1hr in an N,
atmosphere to prepare graphitizable carbon (soft

*gglrfefgg_“zcgnzgg";j;a‘gg carbon). The resulting soft carbon was mixed with
Fax: +82-2-3282-2475 small flakes of potassium hydroxide (KOH). KOH
E-mail: rke@kicet.re.kr activation was carried out at 900 °C for 1 hr under an
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Ar flow, and the soft carbon/KOH ratio was at one to
four by weight. The alkali-rich residual carbon was
neutralized with hydrochloric acid (HCI) solution,
filtered, and washed with distilled water until pH value
reached 6-7. The resulting KOH-activated carbon was
dried by heating in a vacuum.

Synthesis and characterization of the nickel
hydroxide/activated carbon nanocomposite

Ni(OH),/AC nanocomposite was prepared by pre-
cipitation method. Firstly, activated carbon was treated
in 1M nitric acid (HNOj3) solution for 4 hrs at room
temperature. In typical synthesis, a stoichiometric amount
of nitrate hexahydrate (Ni(NO;), - 6H,0) was dissolved
in distilled water to form a green homogeneous solution
(1IM). Predetermined amounts of Ni(NOj;), solution
were added to the activated carbon in HNO; solution.
After stirring for 5 hrs, the pH of the mixture was
slowly adjusted to 9 by a dropwise addition of 1M
LiOH at room temperature. The obtained suspension
was stirred at the same temperature for an additional 18
hrs and then filtered, washed with distilled water, and
air-dried at 80 °C for 24 hrs.

The obtained products were characterized by X-ray
diffraction (XRD) measurements (Rigaku, Dmax2500,
Japan), high resolution-transmission electron microscope
(HR-TEM, Jeol, JEM-2000EX, Japan) and field
emission-scanning electron microscope (FE-SEM, Jeol,
JSM-7000F, Japan).

Electrochemical activation and measurement

A beaker-type electrochemical cell was used for the
electrochemical measurement and equipped with a
working electrode, a platinum plate counter electrode,
and a saturated calomel electrode (SCE) reference
electrode. Working electrodes were prepared by
mixing the active materials with 10 wt% carbon
black, and 10 wt% polyvinylidene fluoride (PVDF) of
the total electrode mass. A small amount of N-Methyl-
2-pyrrolidone was added to this composite to make a
more homogenous mixture, which was coated on
titanium foil (area for 1 cm?). All the measurements
were carried out in 6M KOH aqueous solution as
electrolyte. For confirmation of the electrochemical
activation formed in electrode under the initial
charging state, we tried a charge-discharge cycle test
by increasing the voltage from 0.6 V to 1.0 V with
0.1 V steps. The cyclic voltammetry (CV) behavior of
the electrodes was measured by means of electro-
chemical analyzer systems, VSP (Biologic, France).
Electrochemical impedance spectroscopy measurements
were performed in an a.c. frequency ranging from
100 mHz to 100 kHz with an excitation signal of 5 mV.
All the electro-chemical experiments were carried out
at room temperature and the potentials were recorded
to SCE.
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Results and Discussion

Characterization of materials

The crystal structures of AC and Ni(OH),/AC
nanocomposite were characterized using an X-ray dif-
fractometer. The pure activated carbon (Fig. 1 (a))
shows the major diffraction peak at 26 =20.1 and
43.4°. The diffraction peaks of the Ni(OH),/AC
nanocomposite appeared at 26 =15.7, 33.1, 38.6, and
59.4°. It is well-known that Ni(OH), has two types of
polymorphs, a- and B-Ni(OH),. B-Ni(OH), is clearly
identified by the diffraction peak at 26=19.2° and -
Ni(OH),, because of the disordered structure of this
species, is more difficult to characterize but should show a
broader peak between 20 = 15-20°, as shown in Fig. 1(b).

Fig. 2 shows the FE-SEM images of Ni(OH),/AC
nanocomposite with the energy-dispersive X-ray
spectra (EDS). The FE-SEM images of Ni(OH),/AC
nanocomposite (Fig. 2(a)-(b)) clearly show that the
Ni(OH), is distributed homogeneously on the surface
of the activated carbon, and that some particles fill the
inner big pores of activated carbon. The EDS taken on
the square area in Fig. 2(b) gives proof of the existence
of Ni, O, and C elements. The content of carbon is
79.8 wt.%, calculated according to the EDS result.

A HR-TEM image of the Ni(OH),/AC nanocomposite
is given in Fig. 3(a), in which inhomogeneous
distribution of small dark dots are clearly discernible.
The Ni(OH), nanocrystals are distributed over the
whole observed area, although their concentration
varies remarkably. The size of the individual nanocrystals
ranges from 5 to 20nm. Fig. 3(b) shows NiO
nanoparticles formed by the electron beam around a
very thin edge of Ni(OH), during TEM observation.
These nanoparticles are 5-10 nm in size. The d-spacing
was calculated to be 2.078 A, corresponding to the
(200) planes of a NiO structure.

Electrochemical characterization of Ni(OH),/AC
nanocomposite

Electrochemical activation discharge profiles while
increasing the voltage with a Ni(OH),/AC nanocomposite
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Fig. 1. X-ray diffraction patterns of (a) activated carbon and (b)
nickel hydroxide/activated carbon nanocomposite.
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Fig. 2. FE-SEM images and EDX spectrum of nickel hydroxide/
activated carbon nanocomposite. (a, b) FESEM images of nickel
hydroxide/activated carbon sample, (¢) EDX spectrum taken from
the square area in (b).

electrode are shown in Fig. 4. Sequential test was
conducted by changing the applied voltage, in 0.1 V
steps, from 0.6 V to 1.0 V with 1 mAcm™ current density
at room temperature. During the sequential charge-
discharge procedure, the discharging time increased in
proportion to the increasing voltage (from 0.6 V to
0.8 V). In contrast, the discharging time rose to 0.9V,
and then increased very rapidly to 1.0 V. Such a profile
may suggest a structural change in activated carbon at
above 0.9 V. The phenomenon observed on the activated
carbon has been explained by electrochemical activation.
The ions in the electrolyte were intercalated during the
charging process into the interlayer of partially
graphitized carbon structure; and during the discharging
process, the excess ions were de-intercalated. The
capacitance increases irreversibly as the charging-
discharging cycles are repeated. After that, the potential
capacitance of material is realized.

Fig. 5 shows the CV curves of the Ni(OH),/AC
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Fig. 3. HR-TEM images of nickel hydroxide/activated carbon
nanocomposite. (a) HR-TEM image taken from a very thin edge
after irradiation with an intense 400 kV electron beam and (b) NiO
nanoparticles formed by electron beam during TEM observation.

1.0 |

0.8 1

Voltage / V

2
i

0.2 -

0.0 T T T T
0 50 100 150 200
Time /sec
Fig. 4. The electrochemical activation discharge profile. Sequential

test by charging the azpplied voltage (0.1 V) step, from 0.6 V up to
1.0 V, with | mAcm™ current density.

nanocomposite electrode at different scan rates in 6 M
KOH electrolyte solution. As can be seen in Fig. 5, the
redox peaks were observed at a wide range of voltage.
The two redox reaction peaks are responsible for the
pseudo capacitance. One peak is anodic (positive
current density) during the oxidation reaction of Ni**
to Ni**, and the other is cathodic (negative current
density) during the reverse process. These peaks
represent fast and reversible redox processes that
occur at the interface of Ni(OH), and the electrolyte.
This indicates that the capacitance characteristics are
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Fig. 5. Cyclic voltammograms of nickel hydroxide/activated

carbon nanocomposite electrode within a potential window of 0.0-
1.0 V (vs. SCE) at a different scan rate (5, 10, 20, and 30 mVs™).

Table 1. Summaries of specific capacities of the nickel
hydroxide/activated carbon nanocomposite based on total weight.

Specific Specific capacitance gFg_l)
Sample capacitrimce Scan rate (mVs ™)
(Fg ™) 1 5 10 20 30

Ni(gé{)z/ 2778 2658 2311 2174 2108 1882

mainly governed by Faradaic reactions and not only by
electric double layer capacitance. Since solution and
electrode resistance can distort current response at the
switching potential, and this distortion is dependent
upon the scan rate, the shape of the CV changed
appreciably with the scan rate increase. However, the CV
of Ni(OH),/AC nanocomposite indicated that the
composite shows excellent electro-chemical behavior
as an electrode of super-capacitor. The specific
capacitances (calculated based on the total weight of
the active materials in the supercapacitor) for Ni(OH),/
AC nanocomposite are listed in Table 1. At scan rates
of 1, 5, 10, 20, and 30 mVs™, the composite electrodes
showed 265.8, 231.1, 2174, 210.8, and 1882 Fg' of
specific capacitance, respectively. With the scan rate
increasing to 30mVs', the specific capaci-tance
decreases. Since current must pass in the cell to
accomplish this work, the resistance of the solution to
charge movement (i.e., current) will be responsible for
a potential drop between the electrodes in the cell,
called the Ohmic drop. This phenomenon may be
explained by referring to OH™ ion diffusion processes
during the charging/discharging for the electrode.
When the electrode at high sweep rates corresponds
to a high current density, massive OH  ions are
required to redox reaction swiftly at the interface of
the electrode/electrolyte. However, relatively low
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Fig. 6. The complex plane impedance plot of nickel hydroxide/
activated carbon nanocomposite electrode (the insert presents the
high frequency region of the plot).

concentration of OH ions could not meet this demand,
and the processes would be controlled by the ion
diffusion [7].

In order to investigate the electrochemical charac-
teristics at the electrode/electrolyte interface in detail, a.c.
impedance spectroscopic measurements were performed.
Figure 6 shows the Nyquist plots for the composite
electrode, where Re(Z) and -Im(Z) are the real and
imaginary parts of the impedance, respectively. For
the nanocomposite of Ni(OH),/AC, its impedance
showed two overlapping semicircles. The higher-
frequency semicircle would be primarily associated
with pure AC (taking into account the fact that lower-
frequency semicircle corresponds to Ni(OH), nanoparticles
on the surface of AC). This shows that Ni(OH),/AC
nanocomposite electrodes in the present study are
highly electronic conductive. At low frequencies, the
slope of the impedance plot increases and tends to
become purely capacitive, which demonstrats that the
electrochemical capacitance of this material is higher.

Conclusions

The precipitation method for preparing the nickel
hydroxide/activated carbon nanocomposite electrode
materials for supercapacitors was investigated. The
XRD anaysis indicated that amorphous particles of o-
Ni(OH), were loaded on the activated carbon. The FE-
SEM and HR-TEM studies reveal that activated carbon
was loaded with 5-20 nm nanocrystals of nickel
hydroxide. Electrochemical tests demonstrate that the
nickel hydroxide/activated carbon nanocomposite
electrodes have good electrochemical capacitance of
277.8 Fg'!. Considering low cost of the starting materials,
simple preparation method, and the high specific
capacitance, o-Ni(OH),/activated carbon nanocomposite
electrode materials are believed to be promising
material for supercapacitor applications.
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