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Abstract—Porous nano-flake-like o-Co(OH), thin films were prepared by electro-deposition on graphene nanosheets
(GNS) and functionalized f-GNS at 1.0 V. The functionality of hydrophilic functional groups was increased by acid
treatment to enhance electrode wettability and improve the compatibility between the electrode and the electrolyte.
Hydrophilic functional groups can act as anchoring sites for the precursors, enabling Co(OH), to more grow easily on
an f-GNS electrode. The density and thickness of the a~Co(OH), deposition on the f-GNS electrode (13.1 pm) was
greater than that on the GNS (12.3 pm) electrode. The specific discharge capacitance of the a-Co(OH),/f-GNS elec-
trode decreased from an initial value of 2,149 mFcm ~ to 1,944 mFcm™ over 1000 cycles, demonstrating the retention
of 90% of its discharge capacitance. A hybrid capacitor was also assembled to evaluate the characteristics of a two-elec-
trode system using a-Co(OH),/f-GNS as the cathode. The power and energy densities of the Co(OH),/f-GNS superca-
pacitor are 1,137 Wkg ' and 43 Whkg ' at 8 mAcm 2, respectively.
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INTRODUCTION

Current advances in supercapacitor technology have generated
further research into the design of large-scale power systems, such
as those needed for electric vehicles and energy storage. Superca-
pacitors provide high power density over long-term cycles and
exhibit rapid charging time and chemical stability; moreover, they
occupy a small space and can be fabricated at a low cost [1-3].

Supercapacitors can be divided into two general types, electric
double-layer capacitors (EDLCs) and pseudocapacitors, based on
the type of electrode materials used for their manufacture. Electrodes
used for EDLCs are generally thin coatings applied to a conducting
metallic current collector. Electrode performance is determined by
several factors, such as a high specific area, good porosity, and low
internal resistance to the transport of electrical charge [4,5]. How-
ever, EDLCs tend to have an energy density (typically 10 Whkg ')
lower than that of lithium ion batteries; therefore, novel materials
need to be developed if energy and power densities of supercapac-
itors and pseudocapacitors are to be improved.

Pseudocapacitors store electrical energy faradaically by electron
charge transfer between electrode and electrolyte. This is accom-
plished through electro-sorption, redox reaction, and intercalation
processes. Pseudocapacitors composed of transition metal oxides
or hydroxides such as MnO,, Ni(OH),, RuO,, and Co(OH), have a
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higher specific capacitance than EDLC [6-9]. Although RuO, exhib-
its very high specific capacitance, its commercialization for super-
capacitors is not promising because of high cost, thus indicating
the need to identify other materials suitable for use as pseudoca-
pacitor electrodes.

Co(OH), is one of the better alternatives for use in supercapaci-
tors because its faradaic reactions exhibit high activity; and it has
high energy and high power density [9-12]. Co(OH), has a layered
structure with large interlayer spacing and high conductivity and it
exhibits excellent electrochemical properties. In addition, Co(OH),
is advantageous because of its low cost and abundance in nature.
Therefore, it offers great promise for commercial application for
energy storage.

To reduce the cost of supercapacitors, various methods have been
proposed for preparing pseudocapacitive materials, such as sol-gel
[13], hydrothermal [14], microwave-assisted [15], and electro-depo-
sition [16] methods. Among these, the electro-deposition method
is currently of greatest significance and interest for industrial appli-
cation because of its low cost, simple process, and the inherent abil-
ity to control the weight and/or thickness of metal oxides or hy-
droxides deposited during electrode preparation [17,18].

In this work, in order to obtain high specific capacitance of the
supercapacitor, Co(OH), was obtained by electro-deposition on the
graphene nano-sheets (GNS) or functionalized GNS (f-GNS) in a
solution of Co(NO;),-6H,O dissolved in a 1 : 1 vol% solution of H,O
and ethanol. The functionality of the prepared supercapacitors was
investigated and the hybrid asymmetric supercapacitor tested using
a two-electrode system was placed into 1 M KOH electrolyte.
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EXPERIMENTAL

1. Preparation of f-GNS

Commercial graphene nanosheet (GNS, xGnP-M-5, Enanotect
Industry, Ltd.) was used to prepare the functionalized-graphene
nanosheet (f-GNS) by following the acid treatment described else-
where [19]. In this method, 5 g of GNS was suspended in an acid
solution prepared by mixing nitric acid (HNO;, 70%, Merck) and
sulfuric acid (H,SO,, 98%, SAMCHUN) at a volume ratio of 1: 3.
After stirring vigorously for a few minutes the obtained solution
was sonicated in a JEIOTECH US-05 ultrasonic bath for 10 min.
The resulting suspension was heated to 134°C for 20 min and
cooled to room temperature under vigorous stirring before fur-
ther sonication for 20 min and rinsing with deionized water to a
final solution pH of 7. A dark brown f-GNS powder was obtained
by freeze-drying the suspension under vacuum.
2. Preparation of GNS and f-GNS Electrodes

The GNS and f-GNS slurries used for electrode fabrication were
prepared by mixing GNS or {-GNS powder with acetylene black
and polyvinylidene fluoride (PVdF) at a mass ratio of 100: 15: 10
in N-methyl pyrrolidinone (NMP). The slurry was then cast onto
a Ti-mesh and dried at 80°C in air for 30 min to produce work-
ing electrodes that had an active area of 2 cm’.
3. Electro-deposition of o-Co(OH), on GNS and f-GNS Elec-
trodes

Pseudocapacitors were prepared by electro-deposition of o-
Co(OH), onto GNS or f-GNS electrodes using chronoamperomet-
ric techniques. Chronoamperometry was used to deposit Co(OH),
onto the GNS or f-GNS electrodes electrochemically. Optimal elec-
tro-deposition voltage was determined from cyclic voltammetry
(CV) analysis before and during electro-deposition. Fig. 1 shows
the CV curves for 0.1 M Co(NO,),-6H,O mixed with 1:1vol%
water-ethanol anhydrate solution on GNS and f-GNS electrode.
The potential was scanned from 0 to —1.5 vs. Ag/AgCl (in 3M KCl)
as the reference at a scan rate of 5mVs '. When the potential is
swept in the negative direction, a sharp increase in the reduction
current takes place at —0.65V for both GNS and f-GNS elec-
trodes due to the electrochemical reduction of NO; on the sur-
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Fig. 1. Cyclic voltammetry curves of GNS and f-GNS in 0.1M
Co(NO,),-6H,0 solution at 5mVs ' scan rate.
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face of the carbon materials. A broad current peak with the GNS
electrode appears at —1.0 V due to diffusion limitation and then a
dramatic increase in the current is probably due to the formation
of hydrogen bubble. Under these conditions, the electrodeposition
process of Co(OH), most likely includes the electrochemical and
precipitation reaction expressed below [21]:

NO; +7H,0+8¢” —NH;, +100H" 1)
Co*+20H —Co(OH), )

When electric current passes through the electrolyte containing
Co(NO;),, nitrate ions are reduced on the cathodic surface to pro-
duce hydroxide ions (OH"). The generation of OH™ at the cath-
ode raises the local pH, resulting in the precipitation of Co(OH),
onto the electrode surface [21,22].

A cathodic peak at —0.9 V and a following shoulder are observed
with the f-GNS electrode, which might be due to the participation
of hydroxyl functional groups on the surface of {-GNS in the elec-
trode reaction. Also, the current density of the f-GNS is higher than
that of the GNS, indicating that a greater amount of Co(OH), is
deposited on the f-GNS electrode [20]. During the reverse scan to
the positive direction, the re-oxidation peak appears around 0V
vs. Ag/AgCl due to the oxidation process of reaction (1).

Based on this observation, electro-deposition experiments were
performed using a constant potential of —1.0 V against the Ag/AgCl
reference electrode for 2 h. The electro-deposition area of the elec-
trodes used was 4 cm’. After deposition, the prepared o-Co(OH),/
GNS and a-Co(OH),/f-GNS electrodes were washed with dis-
tilled water several times and dried at 80 °C for 30 min.

4. Material Characterization and Electrochemical Measure-
ments

Morphologies of the prepared GNS, {-GNS, Co(OH),/GNS, and
Co(OH),/f-GNS electrode were characterized by field-emission scan-
ning electron microscopy (FE-SEM; LEO-1530, Carl Zeiss). The
functional groups on the carbon materials were analyzed by Fou-
rier transform infrared (FT-IR) spectrophotometer (Nicolet IR 200,
Thermo scientific Co. USA). X-ray photoelectron spectroscopy
(XPS) on the ESCALAB 210 spectrometer (VG Science, UK) and
electrochemical measurements were made in a three-electrode elec-
trochemical cell using 1 M KOH aqueous as the electrolyte. In this
cell, Co(OH),/GNS and Co(OH),/f-GNS electrodes are used as the
working electrodes, a graphite rod as the counter electrode and Ag/
AgCl as the reference electrode. Cyclic voltammogram (CV) and
galvanostatic charge-discharge measurements were all performed
using an Autolab electrochemical workstation (PGSTAT 302N,
Netherlands).

5. Preparation of Asymmetric Supercapacitor

The asymmetric supercapacitor was prepared in a two-electrode
beaker-type cell. The o-Co(OH),/f-GNS electrodes were used as
positive electrodes and activated carbon as the negative electrode.
1M KOH was used as the electrolyte and separator was used to
prevent short-circuits across the electrodes.

RESULTS AND DISCUSSION

The functionalization of GNS was evident by FI-IR analysis as
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Fig. 2. FT-IR spectra of GNS and f-GNS powders.

shown in Fig. 2. In the FT-IR spectrum of the GNS, the peaks at
3,440 and 1,634 cm™" are attributed to -OH stretch and aromatic
C=C vibration, respectively. Upon functionalization of the GNS,
new absorption bands appear at 1,724 cm™' (C=0 stretch), 1,375
cm™' (C-OH stretch), 1,225-1,055cm™ (C-O stretch), respectively,
indicating the existence of oxygen-containing functional groups
on the surface of f-GNS [23-25]. The functional groups in f-GNS
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have dual roles. First, these hydrophilic groups enhance the wetta-
bility of the electrode, improving compatibility between the elec-
trode and the electrolyte. Second, these functional groups can act
as anchoring sites for precursors, making it easier for Co(OH), to
be deposited on f-GNS electrodes than GNS electrodes. Therefore,
more Co(OH), will be deposited on the surface of -GNS elec-
trodes than on non-functionalized GNS.

XPS was used to discuss the chemical and structural state of the
electrode materials. The Cls core level XPS spectra of GNS and f-
GNS are shown in Fig. 3(a) and (b). These spectra showed four
main peaks, corresponding to the carbon atoms in different func-
tional groups. The characteristic peaks at 284.4, 285.9, 287.8, and
288.8 €V are attributed to unoxidized graphite carbon (C-C), hy-
droxyl carbon (C-O), carbonyl carbon (C=0), and carboxylate car-
bon (O-C=0), respectively [26,27]. The typical Co2p,, and satellite
XPS spectra of Co(OH), deposited on o-Co(OH),/GNS and o-
Co(OH),/f-GNS electrodes are shown in Fig. 3(a) and (b), respec-
tively. The binding energy value of 780.3 eV for Co2p;, was con-
sistent with the data recently reported for Co-containing oxidase.
The Co 2p;, spectra are complex because they exhibit two spin-
orbit doublets and several shake-up satellites. The spin-orbit dou-
blet is characterized by binding energy of 780.3 eV in the Co 2ps,
core levels, in conjunction with a small shake-up satellite peak at
785.5 eV, which is a characteristic of Co’*. The broader spin-orbit
doublets with binding energy of 781.9 eV and strong shake-up sat-
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Fig. 3. C1s XPS spectra for (a) GNS and (b) f-GNS electrode, and Co 2p;, XPS spectra for (c) o-Co(OH),/GNS and (d) o~Co(OH),/f-GNS

electrodes.
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12.30pm

ellites at 790.1 eV were assigned to Co™".

FE-SEM images of the GNS, {-GNS, o~Co(OH),/GNS, and o-
Co(OH),/f-GNS electrodes are shown in Fig, 4. The GNS and {-GNS
electrodes were composed of a large number of stacked graphene
sheets, as can be seen in Fig. 4(a) and (b). The surface and cross-
sectional FE-SEM images of a-Co(OH),/GNS and a-Co(OH),/f-
GNS electrodes are shown in Fig. 4(c)-(f). As shown in Fig. 4(c)
and (d), the surfaces of a-Co(OH),/GNS and a-Co(OH),/{-GNS
electrodes were covered by nano-flakes of Co(OH),, where the flake
thickness ranges between 30 and 60 nm for o~Co(OH),/GNS elec-
trodes and between 40 and 80 nm for a-Co(OH),/f-GNS elec-
trodes, respectively. The denser o~Co(OH), flake grew on the surface
of £-GNS electrode, indicating that Co(OH), was deposited more
uniformly or that a greater amount of Co(OH), was deposited on
the f-GNS electrode. This suggests that depositing Co(OH), onto
f-GNS electrodes may enhance electrolyte ion accessibility and elec-
tron charge transfer at the electrolyte interface. This would lead to
thicker @-Co(OH), layers and increased density of Co(OH), flakes
in a-Co(OH),/f-GNS electrodes, as shown in the cross-sectional

March, 2017

Fig. 4. Surface FE-SEM images of (a) GNS, (b) f-GNS, (c) a-Co(OH),/GNS, (d) o-Co(OH),/f-GNS electrodes and cross section FE-SEM
images of (e) o-Co(OH),/GNS, (f) o~Co(OH),/f-GNS electrodes.

13.06pm

images (Fig. 4(e) and (f)). The o~Co(OH), thickness of o~Co(OH),/
GNS and a-Co(OH),/f-GNS electrodes are 12.30 and 13.06 um,
respectively.

Cyclic voltammetry curves for o-Co(OH),/GNS and o-Co(OH),/
f-GNS electrodes measured at scan rates of 5, 10, and 20 mVs™'
are shown in Fig. 5. These curves are generally similar to the rect-
angular shape that is typical of supercapacitor behavior. They demon-
strate the quasi-reversible redox reactions that occur for Co(OH),
during the potential sweep of the electrode [9]:

Co(OH),+OH «<>CoOOH+H,0+e (3)

Fig. 5(a) and (b) indicate that the electrochemical current of the
a-Co(OH),/f-GNS electrode is higher than that of o~Co(OH),/
GNS, and that peak current increased in line with the increase in
the scan rate. In addition, the CV curves exhibits rectangular shape,
which shows the occurrence of supercapacitive behavior. These re-
sults suggest that more OH™ was in contact with the o-Co(OH),/
f-GNS electrode because of the higher number of hydrophilic
functional groups and the greater density of Co(OH), flakes



Electrochemical properties of a-Co(OH),/graphene nano-flake thin film for use as a hybrid supercapacitor 889

Current density (mA cm)
o

s
-40 .
""_”; —=- 10mvs"
/ —- = 20mvs"
60 . . . . . .
0.2 0.1 00 01 02 03 04 0.5

Potential (V) vs. Ag/AgCI
05

04}
o
o
< o3}
=] !
< !
; 7
w
> !
= oz}
s /
= === 0-Co(OH)/GNS
= a
c o1} —— a-~Co(OH)/1-GNS
-]
o

0.0

01 -

0 50 100 150 200 250 300
Time (s)

60

Current density (mAcm®)

0.2 -0.1 0.0 01 02 0.3 04 0.5
Potential (V) vs. Ag/AgClI

1500 |

1000

Capacitance (mF cm™?)

500 - —O— a~CofOH )/GNS
—— a~Co(OH )1-GNS

0 200 400 600 800 1000
Cycle nubmer

Fig. 5. Cyclic voltammetry curves of the (a) o-Co(OH),/GNS, (b) o-Co(OH),/f-GNS electrodes, (c) galvanostatic charge-discharge curves,
and (d) cycling performance of o-Co(OH),/GNS and o-Co(OH),/f-GNS electrodes.

grown on the a-Co(OH),/f-GNS electrodes.

An electrode material for supercapacitor should have not only a
high mass specific capacitance, Cy, (Fg™") but also a high electrode
specific capacitance, C;; (Fem ), which is practically important in
the electro-deposition technique [28]. In this work, the electrode
specific capacitance, Cg, was measured based on the electro-depo-
sition area. The electrode specific capacitance (Cy) values were cal-
culated from the CV curves at different scan rates using the following
equation [29]:

[1dv

C= rxvx AxAY @

where I IdV is the integrated area of the CV curve, v is the poten-
tial scan rate, A is the area of the electrode, and AV is the range of
the potential applied. Using this formula, the specific capacitance of
a-Co(OH),/f-GNS electrode at 5mVs "' were measured as 2,944
mFcm ™, indicating that a~Co(OH),/f-GNS electrodes have excellent
specific capacitance. In addition, the SC values of the a-Co(OH),/
f-GNS electrode are 2,108 and 1,335 mFem ™ at the 10 and 20 mVs™
scan rates, respectively.

Fig. 5(c) shows the galvanostatic charge-discharge curves of o-
Co(OH),/GNS and a-Co(OH),/f-GNS electrodes in a potential win-
dow between —1.0 and 0.4V at 8 mAcm . The charge-discharge
curves exhibit a symmetric shape, which indicates good electro-
chemical capacitive characteristics and the presence of reversible

redox reactions. The curves also show that a-Co(OH),/f-GNS elec-
trode has a longer charge-recharge cycle than o~Co(OH),/GNS
electrodes.

The capacitance (Cg) of the galvanostatic discharge curve at a
constant current density was calculated according to the following
equation [6]:

_Ixt
ETAVXA

®)

where I is the current applied to the charge-discharge cycle, t is the
time of discharge, AV is the potential range, and A is the area of the
coated material. Using this formula, specific capacitance values for
the a-Co(OH),/GNS and a-Co(OH),/f-GNS electrodes are calcu-
lated to be 1,340 and 2,384 mFcm ™, respectively.

Cycling performance of the supercapacitor material was investi-
gated by measuring discharge retention over 1000 charge-discharge
cycles. Fig. 5(d) shows that cycling reduced the discharge capaci-
tance of the o=Co(OH),/GNS electrodes from 1,285 to 1,139 mFem >
and a-Co(OH),/f-GNS electrodes from 2,149 to 1,944 mFem >
This means that the a-Co(OH),/GNS and a-Co(OH),/f-GNS elec-
trodes, respectively; retain 89% and 91% of their ability to discharge
over a long period of time. It is this excellent electrochemical activ-
ity and cycling stability of the a-Co(OH),/f-GNS electrodes that
makes them potentially useful as asymmetric supercapacitors.

Results of further analysis of the electrochemical properties of

Korean J. Chem. Eng.(Vol. 34, No. 3)
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ric supercapacitor recently reported in the literature [27-29].

o-Co(OH),/f-GNS electrodes are shown in Fig. 6. Fig. 6(a) shows
the results of CV analysis across the range 0-1.4V for cells con-
taining activated carbon anodes and o-Co(OH),/f-GNS cathodes
ina 1 M KOH electrolyte. The CV curves were rectangular and simi-
lar to typical EDLC curves that are based on non-faradaic reactions
over the range varying from —1.0 to 0V, and showed capacitances
of 854, 573, and 355 mFcm ™ at 5, 10, and 20 mVs ', respectively,
for the hybrid a-Co(OH),/f-GNS asymmetric supercapacitor.

Fig. 6(b) shows charge-discharge performance across the galvanic
potential range 0-1.4 V. Although a region of non-linearity in the
discharge curves is observed at a lower current density (2 mAcm ),
the near symmetry of the curves confirms that the supercapacitor
can store a highly reversible electrochemical charge. Fig. 6(c) shows
the cydling performance of o~Co(OH),/f-GNS asymmetric superca-
pacitors at a current density of 4 mAcm > over the range 0-1.4 V.
Capacitance was found to drop from 1,097 mFcm ~ at the initial
cydle to 979 mFem ™ by the 1,000™ cydle, indicating 90% retention.

Ragone plots relating energy to power densities are an efficient
way to evaluate the capacitive performance of supercapacitors (Fig.
6(d)). The power density (P) and energy density (E) used in the
Ragone plots for the asymmetric supercapacitor were calculated
from the following equations [3,6,18]:

1
P=3IV ©)
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E=2 Vv @)
2m

where I is the specific current (Ag™), V is the potential range of the
supercapacitor; and C is the capacitance of the hybrid supercapacitor.

Results were compared against those of other asymmetric super-
capacitors referenced from literature [30-32]. It was found that
1.6 V Ni(OH),/graphene//porous graphene asymmetric superca-
pacitors exhibit an energy density of 77.8 Whkg " at a power den-
sity of 174.7 Wkg " and are still capable of retaining 13.5 Whkg "' at
a power density of 152kWkg ' [30]. Also, 1.4V CoysNi,s(OH),/
graphene/CNTs//AC supercapacitors exhibited an energy density
of 41 Whkg " at a power density of 210 Wkg " [31]. In comparison,
the 1.4V a~Co(OH),/f-GNS//AC asymmetric supercapacitor has
power densities of 284, 569, 853, and 1,137 Wkg " and energy den-
sities of 78, 64, 53, and 43 Whkg " at 2, 4, 6, and 8 mAcm >, respec-
tively. This suggests that the energy and power densities of o-
Co(OH),/f-GNS asymmetric supercapacitors are higher than those
of other metal-hydroxide asymmetric supercapacitors reported in
literature [30-32], making them attractive alternatives for use as a
hybrid capacitor.

CONCLUSIONS

o-Co(OH), nano-flakes were successfully deposited on GNS or
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f-GNS substrates at —1.0 V, with greater amounts deposited onto
the f-GNS electrode. The discharge capacitance decreased from
1,285 to 1,139 mFem ™ for the o~Co(OH),/GNS and from 2,149
mFem ™ to 1,944 mFem ™ for o-Co(OH),/f-GNS electrodes over
1,000 cycles. The a-Co(OH),/GNS showed 89% retention of dis-
charge capacitance, and o-Co(OH),/f-GNS electrodes showed 91%
retention. In a two-electrode system using the o-Co(OH),/f-GNS
as a cathode, the specific discharge capacitance decreased from
1,097 to 979 mFcm > over the 1000 cycles, representing a capaci-
tance retention of 90%. Power and energy densities of the Co(OH),/
f-GNS supercapacitor were calculated as 1,137 and 43 Whkg ' at
8 mA cm . These results show that acid treatment of GNS cre-
ates an activated substrate (f-GNS) with an increased number of
functional groups on the surface, promoting greater deposition of
o-Co(OH), and indicating that o-Co(OH),/f-GNS electrodes pos-
sess excellent electrochemical properties.
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