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Abstract
The current state of art for improvement of energy density of
aqueous supercapacitors is preparation of nanostructured
electrodes that are operated in wide operating potential window.
In this work, nanostructured cobalt sulfide (CoxSy) (nanosheets
and nanoparticles) and iron oxide (Fe3O4) (nanorods) electrodes
are prepared by hydrothermal method. The nanostructured cobalt
sulfide and iron oxide electrodes show higher charge storage
properties in -0.1 to +0.45 V/SCE and -1.0 to -0.5 V/SCE
operating potential windows, respectively in aqueous 1 M KOH
electrolyte.
The
CoxSy//PVA-KOH//Fe3O4
asymmetric
supercapacitor is assembled using polyvinyl alcohol (PVA)/KOH
gel electrolyte that shows outstanding energy density of 8.85
Whkg-1 and power density of 208 Wkg-1. The obtained high
energy density of supercapacitor is associated with nanostructured
surface and low internal resistance of the electrodes as well as
different potential windows of cobalt sulfide and iron oxide
electrodes in same electrolyte beneficial for enhancing operating
voltage of supercapacitor.
Keywords: Cobalt sulfide (코발트 황화물), Energy desnity
(에너지 밀도), Iron oxide (산화철)), Power desnity (출력 밀도)
Supercapacitor (슈퍼 커패시터).
1. Introduction
Among the all electrochemical capacitors (or supercapacitors),
pseudocapacitors show better energy density than electrochemical
double layer capacitors. Still, energy density of pseudocapacitors
is hindered by low specific capacitance values of electrodes
owing to sluggish charge transfer kinetics, poor ionic diffusion,
and low electronic conductivity of electrode material. Smaller
operating potential window of metal oxide electrodes such as
cobalt nickel oxide and cobalt oxide ( 0.4 V) is another reason
for low energy density of pseudocapacitor [1].
Iron oxide and cobalt sulfide electrodes show large theoretical
specific capacitance values because of multiple valence states of
iron and cobalt atoms. However, low electronic conductivity of
iron oxide (~10-14 Scm-1) and low operating potential window of
cobalt oxide (~0.4 V) in aqueous electrolytes restricts their use for
enhancement of energy density of supercapacitors [2].

It is well known that preparation of nanostructures of
electrochemically active materials enhances the specific
capacitance and specifically, nanorods like structure of material
favors fast electron transfer useful for improving electrochemical
charge kinetics of the electrode material. Therefore, in this work
cobalt sulfide is prepared with nanosheets and nanoparticle like
structure and iron oxide is prepared with nanorods surface
morphology for improvement of charge storage properties of
supercapacitor. Furthermore, energy density of supercapacitor is
improved by utilizing negative (-1.0 to -0.5 V/SCE) and positive
(-0.1 to 0.45 V/SCE) potential windows of iron oxide and cobalt
sulfide electrodes in aqueous 1 M KOH, respectively.
2. Experimental section
2.1 Cobalt sulfide (CoxSy) preparation
Cobalt sulfide was prepared using wet chemical ion exchange
method. Initially, manganese sulfide thin film was prepared with
method reported elsewhere [3]. Then, manganese sulfide was
treated with aqueous cobalt chloride solution at 100 C in the
hydrothermal autoclave using laboratory oven. The black cobalt
sulfide thin film was formed after hydrothermal treatment, which
was cleaned with de-ionised water and ethanol repeatedly for
exclusion of impurities.
2.2 Iron oxide (Fe3O4) preparation
Iron oxide was prepared by single step hydrothermal method.
Briefly, aqueous solutions of iron chloride (FeCl3), sodium sulfate
(Na2SO4), and urea (CH₄N₂O) were mixed together in Teflon
container. Then, container was sealed in stainless steel autoclave
and heated in oven at 100 C. The brown iron oxide (Fe3O4) thin
film was formed after hydrothermal treatment. Thin film was
cleaned with DI water and ethanol repeatedly.
2.3 Materials characterization
X-ray diffraction (XRD) study was performed for
identification of phase and crystal structure of material. Fieldemission scanning electron microscopy (FE-SEM) technique was
employed for visualization of nanostructure of materials thin
films. Electrochemical charge storage of materials thin film
electrodes was evaluated using three electrode setup with cobalt
sulfide, iron oxide thin film as working electrode, platinum plate
as counter electrode and Ag/AgCl as reference electrode.

3. Results and discussion
Fig. 1 (a) shows XRD patterns of cobalt sulfide, and iron oxide
thin films. It shows that multiple phases of cobalt sulfide are
present in the material such as Co9S8, Co3S4, Co4S3, and CoS2.
However, in case of iron oxide, single phase of Fe3O4 is observed
from XRD pattern, which is identified from JCPDS no. 19-0629.
FE-SEM study of thin films show that cobalt sulfide (Fig. 1 (b, c))
surface morphology is composed of nanosheets and nanoparticles
and iron oxide (Fig. 1 (d, e)) surface exhibits nanorods like
stucture. Such a nanostructured electrode materials are beneficial
for enhancing charge storage kinetics of supercapacitor.
For the electrochemical charge storage analysis, cobalt sulfide,
and iron oxide thin films were used without further treatment as a
working electrodes in 1 M KOH. Fig. 2 (a) and (b) show cyclic
voltammetry curves of cobalt sulfide (in -0.1 to 0.45 V/SCE
potential window), and iron oxide (in -1.0 to -0.5 V/SCE),
respectively for different scan rates. The cathodic and anodic
curves of both the electrodes follow capacitive trend and CV
shapes show semi rectangular nature, which are useful properties
for higher charge storage in the electrode. The galvanostatic
charge-discharge (GCD) curves (Fig. 2 (c) and (d)) of cobalt
sulfide and iron oxide, respectively show very small internal
resistance of material at the beginning of discharge profile of each
GCD curve. This is associated with highly nanostructured and
easily accessible electrode surface feature of cobalt sulfide and
iron oxide for electrolyte ions. Therefore, high specific
capacitances are obtained for both iron oxide (306 mFcm-2) and
cobalt sulfide (88 mFcm-2) electrodes as seen in Fig. 2 (e). The
electrochemical impedance curve in Fig. 2 (f) of both the
electrodes show pseudocapacitive feature useful for higher charge
storage kinetics.
The asymmetric supercapacitor CoxSy//PVA-KOH//Fe3O4 was
assembled using polyvinyl alcohol (PVA)/KOH gel electrolyte
and electrochemical charge storage evaluation was done via CV
and GCD studies as shown in Fig. 3 (a-e). The highest energy
density of 8.85 Whkg-1 and power density of 208 Wkg-1 are
achieved for the supercapacitor (Fig. 3 (d)). The practical
application of charge storage properties of supercapacitor is
shown in Fig. 3 (f) by glowing white LED for 10 s.
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Fig. 1. (a) XRD patterns, and FE-SEM images of (b, c) cobalt
sulfide, and (d, e) iron oxide thin films.

Fig. 2. Cyclic voltammetry (CV) curves of (a) cobalt sulfide, and
(b) iron oxide, galvanostatic charge-discharge (GCD) curves of
(c) cobalt sulfide, and (d) iron oxide, comparative (e) specific
capacitance versus current density curve, and (f) impedance
spectra of cobalt sulfide, and iron oxide.

4. Conclusions
The nanostructured cobalt sulfide and iron oxide electrodes are
prepared by wet chemical method. The CoxSy//PVA-KOH//Fe3O4
asymmetric supercapacitor is succefully assembled using
polyvinyl alcohol (PVA)/KOH gel electrolyte with better energy
density and power density features. The practical application of
supercapacitor is demonstrated by white LED glow.
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Fig. 3. (a) CV curves, (b) GCD curves, (c) specific and areal
capacitances versus current density curve, (d) energy density
versus power density plot, and (e) impedance spectrum of
CoxSy//PVA-KOH//Fe3O4 asymmetric supercapacitor. (f) The
photograph of white LED glow using two asymmetric
supercapacitor.

