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Introduction
The rapid growth in technology has led to the economic evolution from an agricultural-based to a
more information-based economy. Consequently, it brings about the changes in social organisation
and human life style. There are abundant of information emerged every day. In order to improve
the efficiency in all aspects, it is essential for a digital citizen to manage information effectively. As
one part of the society, the scientists have to keep up with the times and adopt the social
responsibilities. Apart from the betterment of society, scientists also need to concern on the
societal challenges. For example, the environmental pollution resulted from the civilization. This
has prompted the development of alternative fuel vehicles such as electric vehicles. Although the
very first electric vehicle invented between 1832-1839, there is only until the late of 1960s the
electric vehicles re-attracted intensive attention due to the concern on environmental issues. As a
result, the energy storage technology flourishes and grows. In addition to electric vehicles, the
electrical devices we granted nowadays are the results of many years of research and
development. In order to utilize the energy more efficiently, the energy storage technologies are
vital in managing the power supply.
Battery is the most common energy storage device. It is favorable in many field applications due to
its high-energy capacity. However, the insufficient power density of battery hinders it from the
applications that require the large power impulses. Here is where the supercapacitor kicks in.
Supercapacitor, or electrochemical capacitor, is well-known for its high power density compared to
battery. It can works at high charge-discharge rates. A supercapacitor possesses energy density
with several order of magnitude higher than conventional capacitor (hence the “super” prefix),
Fig. 2.1. The supercapacitor can store charges through Faradaic and non-Faradaic reactions, which
is then divided it into two kinds of supercapacitor. The research about supercapacitor is important
because the hybrid power system derived from supercapacitor and battery can optimize the power
performance of devices.
Capacitor

Conventional capacitor

Electrostatic
capacitor

Supercapacitor

Electrical double
layer capacitor
(EDLC)

Pseudocapacitor

Electrolytic
capacitor
Hybrid capacitor
FIGURE 2.1
Categories of capacitor.
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Electrostatic capacitor stores charge in the most literal way, that is, accumulates and holds
electrical charges inside the electric field between the conductive electrodes (Fig. 2.2 (a)). The
conductive electrodes are separated by a dielectric material or an insulator. The operating voltage
of an electrostatic capacitor relies on the strength of the dielectric material. Electrostatic capacitor
can offer capacitance less than 10 F g-1 and energy density not more than 0.1 W h kg-1 (X. Zhao et
al., 2011). Electrolytic capacitor has similar cell construction with electrostatic capacitor. The
difference lies in the presence of conductive electrolyte spacer in an electrolytic capacitor (Sharma
& Bhatti, 2010). The capacitance of an electrolytic capacitor is dependent on electrolyte inside the
cell. Typically, it can achieve above 1F. This allows it to be applicable in power supply and digital
circuit. There are two types of electrolytic capacitor, determined by the materials used: one is
aluminium electrolytic capacitor (Fig. 2.2 (b)) and second one is tantalum electrolytic capacitor.
Dielectric



Electrode

(a)



Electrode

Aluminium oxide
Film (Dielectric)

Electrolytic Spacer



Aluminium
foil electrode

(b)



Aluminium foil
electrode

FIGURE 2.2
Configuration of (a) electrostatic capacitor and (b) aluminium electrolytic capacitor.

Principles of supercapacitor
The study on supercapacitor is divided into two areas that are mainly based on their energy storage
mechanisms. The different energy storage mechanisms have categorized the supercapacitor into
two groups. The first category is electric double layer capacitor (EDLC), which relies on the
electrostatic storage of energy charge. There is no charge transferred at electrode/electrolyte
interface. In other words, there is no electrochemical reactions occurred. The second category is
pseudocapacitor which making use of charge transfer reactions for charge storage purpose.
Electric double layer capacitor (EDLC)
Electric double layer capacitor (EDLC) is the type of supercapacitor in which its performance mainly
relies on the double layer capacitance. Although it stores charge in a similar way as a conventional
capacitor, an EDLC can nevertheless store significantly more charge compared to conventional
capacitor because: (a) the charge separation in the electrical double layer is very small, and (b) the
surface area of electrode can be further enhanced in order to store more charges (Conway, 1999).
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The energy storage mechanism is rapid due to the process that involves only the movement of ions
from/to the electrode surface.
Ion permeable separator

Activated carbon electrode




Electrolyte ions

Current collector

FIGURE 2.3
Configuration of electrical double layer capacitor (EDLC).

EDLC is the third generation evolution of capacitor after conventional capacitor and electrolytic
capacitor. A basic configuration of EDLC is displayed in Fig. 2.3. In EDLC, each electrode/electrolyte
interface acts like a capacitor. So, the complete cell can be considered as two capacitors in series.
The cell capacitance (Ccell) for a symmetrical capacitor, with C1 and C2 that represent capacitances
of first and second electrode, can be expressed as in Eq. 2.1. On the other hand, the double layer
capacitance, Cdl, of single electrode is expressed as Eq. 2.2.
=

=

1

+


4

1

Equation 2.1

Equation 2.2

where  is the dielectric constant, A is the surface area of the electrode, and t is the thickness of
double layer.
EDLC’s dependence on electrostatic interaction for charge storage enabling it to sustain hundreds
or thousands of cycles of charging and discharging. In reality, a capacitor encounters internal
resistance contributed from the electrode, current collector and dielectric. In order to take into
account of this, a voltage drop is introduced and the resistances are designated as equivalent series
resistance (RESR). Thus, the maximum electrical power (P), which is the maximum rate of energy
transfer, can be determined (Eq. 2.3). It is important to specify that the specific capacitance
estimated is either from single-electrode measurement or two-electrode configuration in order to
get rid of confusion on the real capability of the electrode material.
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Equation 2.3

Due to the high surface area, high conductivity, and high temperature stability, the carbon
materials such as activated carbon, graphene and carbon nanotube have been widely studied and
applied as the electrode material for EDLC (Pandolfo & Hollenkamp, 2006). Although the charge
storage on carbon materials-based electrode is mainly capacitive, there are also contributions from
surface functional groups which give rise to pseudocapacitance (Kötz & Carlen, 2000). The
pseudocapacitance can be related with the oxidative treatment and increases with the extent of
oxygen treatment (Hsieh & Teng, 2002). However, the corresponding internal resistance and
leakage current are also higher.
Pseudocapacitor
Previous studies about EDLC using carbon electrode had discovered the participation of
pseudocapacitance in the charge storage processes. The contribution of pseudocapacitance to the
total capacitance is small but significant. It is caused by the partial charge transfer reactions during
chemisorption processes. The main difference between pseudocapacitance and double layer
capacitance lies in the charge storage mechanism, that is, the charge storage originates from the
electron transfer reactions for pseudocapacitance while double layer capacitance depends on the
pure accumulation of electrolyte ions on the electrode surface.
The term of ‘pseudocapacitive’ is more appropriate to be used to describe a single electrode
material rather than a system (Brousse et al., 2015). This is because we cannot speculate the
processes occurred inside a system solely based on the macroscopic behaviour. In general,
pseudocapacitance arises when reversible redox reactions take place at the interface of
electrode/electrolyte (Augustyn et al., 2014). The pseudocapacitive electrode material exhibits
electrochemical feature of a capacitive electrode (Brousse et al., 2015; Conway, 1999). In other
words, the charge stored in these pseudocapacitive electrode materials responds linearly to the
potential applied. There are three kinds of pseudocapacitive mechanisms: underpotential
deposition, redox pseudocapacitance, and intercalation pseudocapacitance (Conway, 1999).
Underpotential deposition refers to the formation of monolayer resulted by the adsorption of
metal ions on the metal electrode’s surface. Redox pseudocapacitance is the product of
electrochemical adsorption with charge transfer. Intercalation pseudocapacitance refers to the
capacitance contributed by the Faradaic charge transfer reactions tooking place along with the
intercalation of ions into layers or tunnels of a redox active material without crystallographic phase
change.
Electrode materials for pseudocapacitor
The electrode materials that can be utilised for supercapacitor are carbon material, metal oxide,
and conducting polymer. The carbon materials such as activated carbon, carbon nanotubes (CNTs),
multi-walled carbon nanotubes (MWCNTs), single-walled carbon nanotubes (SWCNTs), and
graphene are usually employed as electrode for EDLC as they exhibit capacitive behaviour. On the
other hand, metal oxide especially transition metal oxide and conducting polymers are redox
materials. Hence, they are used as electrode material for pseudocapacitor.
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Nevertheless, we will focus on the electrochemical performance of metal oxide-based electrode
material.
Ruthenium oxide
In 1971, the study of RuO2 in H2SO4 has firstly uncovered the alternative charge storage mechanism
through redox reactions (Trasatti & Buzzanca, 1971). Since then, tremendous effort has been made
on ruthenium oxide in order to comprehend the pseudocapacitive behaviour. Before being the
well-known transition metal oxide studied for pseudocapacitor, the ruthenium oxide also being
studied as chlorine and oxygen evolving anodes due to its electrocatalytic properties (L. D. Burke &
Healy, 1981; L. D. Burke & McCarthy, 1984; Laurence D. Burke & Murphy, 1980; Melsheimer &
Ziegler, 1988; Trasatti, 1987). Both crystalline and hydrous forms of ruthenium oxide exhibit good
electrochemical behaviors. In 1995, Zheng J.P. et al. had attributed the high specific capacitance
(720 F g-1) achieved by hydrous ruthenium oxide to the hydrous region within the nanoparticles
(Zheng & Jow, 1995). In addition, there are another three contributions for the electrochemical
performance of hydrous ruthenium oxide proposed: (i) electron hopping between electrode
material and current collector, (ii) electron hopping between particles, and (iii) electron hopping
within RuOxnH2O.
As one of the metal in platinum group, ruthenium (Ru) appears to be precious and expensive. The
high-cost of this material has hindered it from commercial application. However, its excellent
electrochemical properties never impede the further exploration on the ruthenium oxide. Though
many studies have emphasized on other possible transition metal oxides, the reports on ruthenium
oxide have also being published at the same time. As an alternative, researchers direct the
preparation methods to be more productive and high-yielding. From thermal decomposition, which
is a common technique used to fabricate RuO2, the methodology has been developed to
deposition, sol-gel, hydrothermal, and inkjet printing.
TABLE 2.1
Literature review on RuO2-based electrode.
No.

Preparation method

Film properties

1

Hydrothermal

2

Facile template method

3

Microwave-hydrothermal

4

Laser scribing method

5
6
7

Hydrothermal
Solution phase assembly
Successive ionic layer
adsorption and reaction
(SILAR)
Hydrothermal

Hydrous RuO2 with
multi-walled carbon
nanotubes (MWCNT)
Hydrous RuO2
nanotubes
One dimensional
RuO21.84H2O
Graphene/RuO2
nanocomposite
RuO2/graphene
RuO2/graphene
PANI-RuO2

8

RuO2-reduced graphene
oxide (RGO)

Specific
capacitance (F
g-1)
1585

Reference

(Chaitra et al., 2016)

745

(Xu Wu et al., 2015)

511

(Kim et al., 2015)

1139

(Hwang et al., 2015)

528
479
664

(Leng et al., 2015)
(Deng et al., 2014a)
(Deshmukh et al.,
2014)

521

(Shen et al., 2013)
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Electropolymerisation and
redox deposition

10

Chemical bath deposition
(CBD)
Inkjet printing

11

19

Nanoscopic RuO2/ PANI/
carbon double-shelled
hollow spheres
RuO2 thin film

531

(D. Zhao et al., 2012)

73

(Patil et al., 2011)

138

(P. Chen et al., 2010)

570

(Z.-S. Wu et al.,
2010)

860

(Jintao Zhang et al.,
2010)
(Mondal &
Munichandraiah,
2008)
(Patake & Lokhande,
2008)
(Patake et al., 2009)

12

Sol-gel and low
temperature annealing

13

Sacrificial template method

Single-walled carbon
nanotube/RuO2
nanowire
Hydrous RuO2/graphene
with particle-attached
layered structure
Tubular RuOxnH2O

14

Anodic deposition

Porous RuO2

276

15

Modified chemical bath
deposition (M-CBD)
Cathodic deposition

RuO2 thin film

50

RuO2 thin film

650

16

Table 2.1 shows variety of preparation methods and the corresponding specific capacitances
achieved by the RuO2-based electrodes. The deposition techniques presented in Table 2.1 includes
cathodic deposition, anodic deposition, chemical bath deposition, redox deposition, and successive
ionic layer adsorption and reaction (SILAR). The deposition methods are considered simple,
cost-effective, and advantageous that the desired film can be deposited directly on the substrate.
Generally, the deposited films are amorphous in nature with porous structure. By comparing the
specific capacitances achieved by the electrode materials consisted only the ruthenium oxide, the
values range from 50 to 650 F g-1. The higher specific capacitance was obtained by RuO2 electrode
prepared through cathodic deposition method (Patake et al., 2009). This report has highlighted the
significance of porosity on the electrochemical performance. The RuO2 film fabricated using anodic
deposition method also presented a good specific capacitance of 276 F g-1 (Mondal &
Munichandraiah, 2008). The authors attributed the contribution to the higher porosity produced at
higher current density during deposition. The current density values examined in this study allowed
the simultaneous deposition of RuO2 along with oxygen evolution reaction (OER) to occur. The OER
was found to be helpful as it improved the porosity of the film. On the other hand, the RuO2 thin
films prepared using chemical bath deposition (CBD) achieved relatively lower value of specific
capacitances. In CBD, the deposition takes place on the substrate that immersed in the dilute
chemical bath made up of anionic and cationic precursors. The deposition occurs together with the
formation of precipitate in the bulk solution which is unfavourable (Pathan & Lokhande, 2004). The
precipitation indicates the unnecessary loss of material which can impact on the electrochemical
performance of electrode material. Thus, this technique has been modified and developed to be
successive ionic layer adsorption and reaction (SILAR). The specific capacitance obtained by the
RuO2 electrode prepared using SILAR method also shown to be relatively higher (Deshmukh et al.,
2012). In addition, the SILAR method is usually employed in solar cell preparation.
Alternative approach to reduce RuO2 effective cost is to integrating RuO2 with other materials. As a
pseudocapacitive material, RuO2 turns out to be an attractive material to combine with carbon
material that is suffered with relatively lower capacitance. Carbon materials can act as backbone
for RuO2 particles, offer the conducting pathway for electrolyte ion, and provide higher surface
area for charge storage. The uniform distribution of RuO2 particles can be easily obtained through
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incorporation with the carbon material irrespective of the preparation methods (Chaitra et al.,
2016; Hwang et al., 2015; X. Wang et al., 2015; Z.-S. Wu et al., 2010). The synergistic effect of
combining non-Faradaic and Faradaic materials is remarkable. The specific capacitance is enhanced
significantly. For instance, the specific capacitance value is boosted from 604 to 1585 F g-1 when
RuO2 is combined with MWCNT (Chaitra et al., 2016). Although the BET surface area of composite is
lower than those of individual RuO2 and MWCNT, the pore volume and average pore diameter are
higher compared to individual RuO2. Since the RuO2 is accountable for the charge storage, the
enhanced pore volume and average pore diameter are indeed favourable for better
electrochemical performance. On the other hand, RuO2 nanoparticles can improve the attachment
of CNT on the substrate and thus ameliorate the ionic conductivity (X. Wang et al., 2015).
Graphene, as a carbon material that has good conductivity (2000 S cm-1), is another material that is
widely studied as composite with RuO2. The RuO2-graphene composites usually exhibit good
specific capacitance values that vary from 479 to 1139 F g-1 (Deng et al., 2014b; Hwang et al., 2015;
Z.-S. Wu et al., 2010).
Laser scribing method has been employed to synthesize RuO2/graphene (Hwang et al., 2015). The
RuO2 nanoparticles were dispersed well on graphene sheet. The uniform dispersion of RuO2 on
graphene allows the more efficient ionic and electronic transportations. This highly porous
graphene with RuO2 nanoparticles composite has demonstrated a high specific capacitance of
1139 F g-1. The Van der Waals attractions between graphene sheets that can bring to restacking is a
challenge to overcome when the graphene is employed. Hence, an optimizing condition is required
to prepare RuO2/graphene composite. Sodium hydroxide (NaOH) was found to be a better
precipitant compared to ammonium carbonate ((NH4)3CO2) and carbamide or urea (Co(NH2)2) when
the hydrothermal method was used (Leng et al., 2015). Different precipitants produced various
morphologies. ((NH4)3CO2 has led to the formation of inhomogeneous structure with less pores
while Co(NH2)2 produced more homogenous structure with spherical particles. On the other hand,
NaOH formed a veil-like morphology. The electrochemical test has shown the better performance
of RuO2/graphene composite produced with the aid of NaOH, where the specific capacitance
achieved was 528 F g-1. Although the RuO2/graphene formed without precipitant also exhibited
veil-like morphology, its specific capacitance was only 358 F g-1. This shows the importance of a
suitable precipitant for hydrothermal method.
Conducting polymer is another material that can be incorporated with RuO2. For instance,
RuO2/PANI composite can be fabricated using successive ionic layer adsorption and reaction (SILAR)
(Deshmukh et al., 2014). The RuO2 nanoparticles were grown on the nanofibers of PANI. The
combination of RuO2 with PANI has led to the production of more porous structure and thus higher
active surface area. In order to enhance the backbone for electron transportation, carbon material
is again a good candidate to integrate with RuO2/PANI. A double-shelled carbon sphere could
combine first with PANI to form a strong foundation for RuO2 (D. Zhao et al., 2012). However, the
specific capacitance achieved was 531 F g-1. It is lower compared to the RuO2/PANI prepared using
SILAR method, which is 664 F g-1. The difference can be attributed to the morphologies formed
between them. It is well-known that higher porosity can optimize the ionic and electronic
transportations. The RuO2/PANI was observed to have more porous structure. Thus, there is no
doubt that RuO2/PANI could achieve higher specific capacitance with its higher porosity structure.
From here, the electrochemical performance is again shown to be morphology dependent.
A composite electrode prepared using repetitive impregnations procedure has achieved 1000 F g-1
of specific capacitance (Barranco et al., 2009). It consisted of ruthenium oxide deposited on
amorphous carbon nanofibers. The composite electrode showed high porosity of 450 m2 g-1. The
amorphous carbon nanofibers acted as the backbone for ruthenium oxide and so for charge
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storage. The repetitive impregnation method has been compared with impregnation involved
Ru(acac)3 vapour (Pico et al., 2009). The relationship between the particle size of RuO2nH2O and
the pore size of carbon support was also investigated. The repetitive impregnations of carbon with
RuCl30.5H2O was found to produce particles with less crystallinity. In other words, the electrode
prepared using this method could achieve higher specific capacitance. Another finding of them
revealed the smaller size of particles compared to the pore size of carbon support that could lead
to higher specific capacitance.
Manganese oxide
The manganese (Mn) is abundant in nature. It appears in the form of ore and native metallic
nodules. As a transition metal oxide, manganese oxide has seven oxidation states: Mn(0), Mn(II),
Mn(III), Mn(IV), Mn(V), Mn(VI), and Mn(VII) (Messaoudi et al., 2001). Similar to ruthenium oxide,
the water content in manganese oxide is vital in its electrochemical reactivity and thermodynamic
stability of each manganese oxide phases (Desai et al., 1985). Due to this reason, sol-gel method is
usually employed to prepare manganese oxide film. Table 2.2 displays the film properties and
specific capacitance achieved by manganese oxide-based film prepared using different methods.
TABLE 2.2
Literature review on MnOx-based electrode.

No.

Preparation
method

Film properties

1

Anodic deposition

2

Electrodeposition

3

Spray pyrolysis

Manganese oxide
nanostructure grown on
nanoporous gold film
Co3O4MnO2NiO
nanotubes
Mn3O4 thin film

4

Urea hydrolysis

5

Electrodeposition

6

Sacrificial reaction

7

Anodic deposition

8

Sol-gel method

9
10

Specific
capacitance
(F g-1)
432

2525
394

Nickel-manganese layered
double hydroxide
Cobalt-manganese layered
double hydroxide
Manganese oxide decorated
graphene nanosheets
Mn-Ni oxide

1511

339

Sol-gel method

Manganese
oxide/multi-walled carbon
nanotubes (MWCNT)
Manganese oxide film

Hydrothermal

Mn3O4/graphene

367

1062
280
250

360

Reference

(Shi et al., 2017)

(Singh et al.,
2016)
(Yadav et al.,
2016)
(Guo et al.,
2016)
(Jagadale et al.,
2016)
(Unnikrishnan et
al., 2016)
(Tahmasebi et
al., 2016)
(S.-H. Chen et
al., 2016)
(Sarkar et al.,
2015)
(H.-M. Lee et al.,
2015)

Advanced Materials and their Applications - Micro to nano scale

22

11

Hydrothermal

Ni(OH)2/MnO2/RGO

1985

12

Electrospinning

237

13
14

Electrospinning
Hydrothermal

Carbon nanofiber/MnO2
core-shell tubular structure
Carbon nanofiber/MnO2
Nickel-manganese oxide

15

Cathodic deposition

Manganese oxide thin film

365

311
284

(H. Chen et al.,
2014)
(Hong et al.,
2014)
(Zhi et al., 2012)
(C.-H. Wu et al.,
2012)
(Liu et al., 2010)

From Table 2.2, the specific capacitance of MnOx thin film estimated from galvanostatic
charge-discharge test ranges from 360 to 394 F g-1 regardless of the preparation methods i.e. spray
pyrolysis, sol-gel method, and cathodic deposition (Liu et al., 2010; Sarkar et al., 2015; Yadav et al.,
2016). It is important to remember that, thin film is more favourable for MnOx in order to achieve
better electrochemical performance (Broughton & Brett, 2004; Pang et al., 2000; Toupin et al.,
2004). As there is only surface and sub-surface of MnOx film participate in charge storage process,
thicker film will create higher dead volume that hinders the ionic and electronic transportation. In
addition, thick film causes significant degradation in electrochemical performance during cycling
(Pang et al., 2000). Compare to thick film, thin film offers a better coating on substrate that
eventually minimises the resistance in ionic transportation. The substrate used plays an influential
role in determining the electrochemical performance. A conductive network can enhance the
capacitance (S.-H. Chen et al., 2016). The most common conductive network employed is the
carbon material. An optimal amount of carbon material such as MWCNT aids the formation of
porous structure and preserves the connectivity within the network (S.-H. Chen et al., 2016; S. W.
Lee et al., 2010). Graphene is another excellent carbon material to incorporate with MnOx. The
MnOx particles anchored on the graphene sheets can prevent the stacking of graphene sheets while
graphene sheets prohibit the agglomeration of MnOx particles.
Aside from the carbon materials, the addition of different materials can also improve the
electrochemical performance of MnOx film by forming different beneficial morphologies for ionic
transportation. The addition of nickel has caused a rod-like structure turned to plate-like and
decline in particle size (C.-H. Wu et al., 2012). The composite comprised of cobalt and manganese
oxide showed a three dimensional network with nanoscale fibers (Chang et al., 2008). The ternary
composite is another widely studied material. An excellent electrochemical performance (2525 F g-1)
has been achieved by Co3O4MnO2NiO ternary hybrid nanotubes (Singh et al., 2016). It can be
attributed to the well-aligned arrays of nanotubes formed which allows the easy penetration of
electrolyte ions. On the other hand, Ni(OH)2/MnO2/RGO prepared using hydrothermal method also
exhibited 1985 F g-1 of specific capacitance (H. Chen et al., 2014). The charge storage was facilitated
by the porous flowerlike structure formed.
A layered double hydroxide (LDH) is an anionic clay represented by the formula [M2+1-x M3+x (OH)2]x+
Az-x/z mH2O where M2+ is a divalent cation, M3+ is a trivalent cation, and Az- serves as any organic or
inorganic anion (Cavani et al., 1991). It can be prepared using simple electrodeposition method or
urea hydrolysis. Both LDHs show high specific capacitances in the range of 1000 F g-1 with different
morphologies obtained. Electrodeposited CoMn-LDH appeared as hexagonal platelets like
morphology while NiMn-LDH synthesised using urea hydrolysis method showed nanosheets
structure (Guo et al., 2016; Jagadale et al., 2016). Their cycling stabilities were excellent as well.
CoMn-LDH retained around 65% after 5000 cycles while NiMn-LDH preserved more than 90% after
3000 cycles. The similarity between these two LDHs is the employment of nickel foam as the
substrate. The nickel foam is well-known for its good mechanical strength which offers a strong
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support for LDH formed. Besides nickel foam, gold substrate especially nanoporous gold substrate
also acts as a good substrate. The manganese oxide film deposited on the nanoporous gold
substrate was grown with porous and aggregated nanosheets structure (Shi et al., 2017). The film
deposited at the same current density but using gold substrate was observed to have continuous
structure with equiaxed particles. The nanoporous gold substrate has contributed to the
electrochemical performance of the manganese oxide film by providing a higher specific surface
area than gold substrate, hence higher specific capacitance was expected for former substrate.
Nickel oxide
Due to its environmental friendliness and natural abundance, NiOx is one of the potential electrode
materials to be used in supercapacitor. It has multiple oxidation states which favour fast redox
reactions and thus can contribute in charge storage processes. Aside from supercapacitor, NiOx has
been widely studied as electrode material for other applications such as battery, fuel cell, gas
sensors, and electrochromic films (Mamak et al., 2001; Michalak et al., 1999; Poizot et al., 2000; C.
Wang et al., 2015). Although NiOx has a high theoretical specific capacitance (3750 F g-1), it is poor
in electronic conductivity. It cannot sustain in repetitive charge-discharge processes because it
experiences volume expansion that can destruct the active materials and damage the electrical
contact (Zhuo et al., 2013).
Table 2.3 shows some finding of past studies for NiOx-based electrode. Even without the additional
material, nickel oxide was found to exhibit high specific capacitance of 1337 F g-1 (Pei et al., 2016).
Solvent was realised to be important in determining the morphology and electrochemical
performance of NiOx. The introduction of ethanol into the deionized water has changed the
morphology of NiOx gradually. The nanoflakes structure became more fragmented with the higher
volume ratio of ethanol to water.
The nickel foam and carbon cloth are always employed as substrate nowadays due to their high
electrical conductivity and strong mechanical property. The NiO on nickel foam using hydrothermal
method showed specific capacitance of 674 F g-1 (Huang et al., 2014). On the other hand, the
carbon cloth supported NiOx synthesized using chemical bath deposition method displayed
660 F g-1 (Zhang et al., 2014). Both films exhibited high cycling stability. The NiO on nickel foam
retained around 93% after 5000 cycles while the one deposited on carbon cloth has successfully
kept 82% from its initial capacitance after 4000 cycles. The morphologies formed between them
are similar: nanosheets/nanoflakes. Hence, the slight difference in electrochemical performance
can attribute to the substrate used.
Chemical bath deposition can also be used to prepare NiOx-based composite. For example,
nickel-cobalt oxyhydroxide on carbon nanotubes ((Ni, Co) OOH/CNT) has been successfully
synthesized using this method (Li et al., 2015). Compared to the electrode consisted only nickel
oxide, this electrode exhibited a good specific capacitance of 940 F g-1, which is higher than the
carbon cloth supported nickel oxide prepared using same method (660 F g-1). This
(Ni, Co) OOH/CNT possessed a unique core shell structure. The (Ni, Co) OOH nanoflakes are densely
attached on the carbon nanotubes. This special structure allows the easy penetration of electrolyte
ions thus lead to relatively higher specific capacitance.
By using simple electrodeposition technique, a good specific capacitance of 950 F g-1 can be
achieved (B. Zhao et al., 2016). The high specific capacitance is contributed by the morphology
formed and the substrate used which is nickel foam. Graphene acts as the strong binder between
nickel oxide and nickel foam that avoids the exfoliation of nickel oxide from substrate. When nickel
oxide directly electrodeposited on substrate, it may performs not as good as those deposited with
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additional materials. For example, the NiOx deposited on carbon nanofoam only shows 150 F g-1
(Della Noce et al., 2016). The additional material is not only acting as the binder, it can also guide
the formation of desired morphology. Other than chemical bath deposition, hydrothermal, and
electrodeposition, the solvothermal is also a good method for electrode preparation. Ni(OH)2/RGO
composite prepared using solvothermal method exhibited 1886 F g-1 (Zang et al., 2017). The
composite has an interconnected porous structure. When PANI was added into nickel
oxide/graphene composite, the surface of composite was covered uniformly by PANI without
changing the morphology significantly (Xinming Wu et al., 2016).
Binary oxide of NiCo2O4 has been reported with its excellent electrochemical performance and thus
receives worldwide attention. It can be prepared using simple technique such as co-precipitation,
or hydrolysis process. NiCo2O4/graphene oxide composite fabricated using co-precipitation method
exhibited 1211 F g-1 (Y. Xu et al., 2016). With the aid of sodium dodecyl sulfate (SDS), the
morphology of NiCo2O4/graphene oxide transformed from mesoporous structure to flowerlike
structure. On the other hand, NiCo2O4/SWCNT prepared using controlled hydrolysis method
showed specific capacitance of 1642 F g-1 (Wang et al., 2012). The water: ethanol ratio was
adjusted in order to find out the best composition of solvent for NiCo2O4/SWCNT electrode.
Different water/ethanol ratio led to different morphologies formed. The water: ethanol ratio of 1: 4
was found out to be the optimal condition to produce the electrode with better electrochemical
performance. The well-separated nanowires structure formed is believed to be contributed to the
charge transfer reactions.
TABLE 2.3
Literature review on NiOx-based electrode.

No.

Preparation method

Film properties

Specific
capacitance
(F g-1)
1886 F g-1

1

Solvothermal

Ni(OH)2/RGO

2

Nickel oxide coated
graphene/PANI

1409 F g-1

3

Hydrothermal and
in situ chemical
oxidative
polymerization
Microwave

2498 F g-1

(J. Xu et al.,
2016)

4

Co-precipitation

1211 F g-1

5

Hydrothermal

Nitrogen-doped
mesoporous carbon/nickel
cobalt layered double
hydroxide
Nickel cobalt
oxide/graphene oxide
NiO nanomaterial

6

Electrodeposition

NiO/RGO

950 F g-1

7

Anodic deposition

NiOx on carbon nanofoam

150 F g-1

8

Alternating voltage
approach

Nickel oxide quantum dots
embedded with graphene

1181 F g-1

(Y. Xu et al.,
2016)
(Pei et al.,
2016)
(B. Zhao et al.,
2016)
(Della Noce et
al., 2016)
(Jing et al.,
2015)

1337 F g-1

Reference

(Zang et al.,
2017)
(Xinming Wu et
al., 2016)
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9

Chemical bath
deposition

10
11

Chemical bath
deposition
Hydrothermal

12

Electrodeposition

13

Controlled
hydrolysis process
Chemical
precipitation
method

14

25

Nickel-cobalt
oxyhydroxide/oxide on
carbon nanotubes
NiO nanoflake/carbon cloth

940 F g-1

(Li et al., 2015)

660 F g-1

NiO nanosheets on Ni foam

674 F g-1

Manganese-nickel oxide
film on graphite sheet
NiCo2O4-single wall carbon
nanotubes (SWCNT)
Porous nickel
oxide/mesoporous carbon

424 F g-1

(Zhang et al.,
2014)
(Huang et al.,
2014)
(H.-M. Lee et
al., 2014)
(Wang et al.,
2012)
(Jing Zhang et
al., 2010)

1642 F g-1
2570 F g-1

Conclusion
Metal oxide appears to be an attractive electrode material for supercapacitor application. The
major factors that affect the electrochemical performance of metal oxide-based electrode are: (a)
various structures formed by different preparation methods, (b) synergistic effect contributed by a
variety combination of different materials, and (c) different experimental conditions employed. The
charge storage processes for different additions of materials are complicated and not our focus of
study here. However, further understanding on the charge storage mechanism of various
combinations of materials aids in the enhancement of the electrochemical performance of the
supercapacitor electrode.
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