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Chapter 1 Introduction

1.1 General Introduction

With the rapid development of the global economy, the depletion of fossil fuels, and
increasing environmental pollution, there is an urgent need for efficient, clean, and sustainable
sources of energy. However, the overall share of renewable energy in total final energy
consumption has increased only modestly in recent years, despite tremendous growth in some
renewable sectors, as shown in Figure 1.1. To further increase the utilization of renewable
energy, one of the most urgent need is the development of high-performance energy storage
devices.

Growth in Global Renewable Energy Compared to Total Final Energy Consumption (TFEC), 2005-2015
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Figure 1.1. Growth in global renewable energy compared to total final energy consumption, 2005-
2015. Reproduced with permission (Source: REN21) 1.

At the present stage, some of the most effective and practical technologies for
electrochemical energy conversion and storage are capacitors, supercapacitors, batteries, and
fuel cells. Figure 1.2 shows the energy and power densities of different electrical energy storage
devices in the Ragone plot. In recent years, supercapacitors, as an energy storage device, have
attracted significant attention due to their high power density, fast charge-discharge capability,
long cycle life, and bridging function for the power/energy gap between batteries/fuel cells with
high energy storage and traditional dielectric capacitors with high power output 2. The unique
electrochemical performances of supercapacitors have a wide range of applications.
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Figure 1.2. Ragone plot of power density and energy density of various energy storage devices °.

1.2 Energy Storage Mechanisms for Supercapacitors

Based on their energy storage mechanisms, supercapacitors can be classified into electrical
double layer capacitors (EDLCs) and pseudocapacitors (or faradaic capacitors), and their
charge storage is based on the surface reactions of electrode materials, without ion diffusion
within the bulk of the materials 7. EDLCs physically store charges in the double layer that
forms at the electrode-electrolyte interface via reversible ion adsorption. Pseudocapacitors
chemically store their charges via redox reaction at the surface or near-surface of electrode
materials &. These two mechanisms can function simultaneously depending on the nature of the
electrode materials. Generally, electrode materials for EDLCs are composed of carbon-based
materials, while that for pseudocapacitors are transition metal oxides and conducting polymers.

1.2.1 Electrical Double Layer Capacitors

One is the EDLCs, where the capacitance comes from the pure physical charge
accumulated at the electrode-electrolyte interface, and there are no redox reactions on the
electrode material during the charging/discharging processes. The electrical charge is only
physically stored in the double layer, naturally formed at the electrode-electrolyte interface
under voltage, as shown in Figure 1.3a °. During charging, the electrons travel through an
external load from the negative electrode to the positive electrode. At the same time, anions
move towards the positive electrode in the electrolyte while cations move towards the negative
electrode. During discharge, the reverse processes take place. During charge and discharge
process, there are no chemical reactions happen and active material transformations. This
implies that the EDLCs devices are highly reversible and have a longer cycle life. Compare
with conventional capacitors, the EDLCs have a significant increase in capacitance and internal
resistance due to the use of the double layer charge storage at both electrodes. And their
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electrode materials usually using high-surface-area materials such as activated carbons, with a
much higher surface area (in the order of hundreds of m?/g) and much smaller thickness of
double layers (in the range of 10 m) 9,

1.2.2 Pseudocapacitors

The other type is the pseudocapacitors or faradaic supercapacitors, in which fast and
reversible faradic processes take place due to the electrode materials are electrochemically
active. Pseudocapacitors are different from EDLCs. For pseudocapacitors, rapid and reversible
redox reactions take place on the electrode materials through an external load and involve the
passage of charge across the double layer, resulting in faradaic current passing through the
supercapacitor device, as shown in Figure 1.3b. In fact, only part of the charge storage is assured
by the double layer between electrode and electrolyte, while a greater amount of charge transfer
and storage is due to faradic mechanisms (electrosorption, redox reactions, and intercalation).
Since the electrochemical processes occur both on the surface and in the bulk near the surface
of the solid electrode, pseudocapacitors exhibit far larger capacitance values and energy density
than EDLCs *. However, pseudocapacitors usually suffers from relatively lower power density
than EDLCs because faradaic processes are generally slower than non-faradaic processes .
Moreover, because redox reactions occur at the electrode surface, pseudocapacitors often lack
stability during long-term cycling, similar to batteries.

Electrochemical
double-layer capacitance

Pseudocapacitance

Figure 1.3. Schematic of two different charge storage mechanisms (a) electrochemical double layer
capacitance and (b) pseudocapacitance. Reproduced with permission °.

1.3 Electrode Materials for Supercapacitors

As mention above, supercapacitors are promising alternative or complement to
batteries/fuel cells with high energy storage and traditional dielectric capacitors with high
power output. However, due to the charge storage to the surface (or near the surface) of
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electrode materials, the energy density of supercapacitors is much lower than that of batteries.
The main challenge for supercapacitors is to develop them with a high energy density that is
close to that of current rechargeable batteries, while maintaining their inherent characteristics
of high power and long cycling life. As a result, many efforts have been made to enhance their
energy density. It is well known that the electrode material is the most critical part of the
supercapacitor, and it is also a key factor in determining its performance. To overcome the
obstacle of low energy density, one of the most intensive approaches is the development of new
materials for supercapacitor electrodes 2.

In general, the electrode materials of supercapacitors can be categorized into three types
13-14: carbon-based materials, transition metal oxides/hydroxides, conducting polymers.

1.3.1 Carbon-based materials

Carbon materials are considered the most widely used electrode materials due to their
desirable physical and chemical properties. These properties include lower cost, non-toxicity,
easy processing, higher specific surface area, high chemical stability, good electronic
conductivity, and wide operating temperature range °. Typically, carbon materials store
charges mainly in an electrochemical double layer formed at the interface between the electrode
and the electrolyte, rather than storing them in the bulk of the capacitive material. Accordingly,
the capacitance predominantly depends on the surface area of the electrode materials that is
accessible to the electrolyte ions. Many factors are influencing the electrochemical performance
of carbon-based materials, such as specific surface area, pore-size distribution, pore shape and
structure, surface functionality, and electrical conductivity. Among these, proper control over
the specific surface area and the pore size adapted to an appropriate type of electrolyte solution
are significant to obtain high performance of carbon-based electrode materials.
1.3.1.1 Activated carbons (AC)

In the carbon-based materials, activated carbons are the most widely used electrode
materials due to their relatively good electrical properties, large surface area, and moderate cost.
Activated carbons are generally produced from physical (thermal) and/or chemical activation
of various types of carbonaceous materials (e.g., wood, coal, nutshell, etc.). It is well known
that the porous structure of activated carbons obtained through activation processes has a wide
range of pore size distribution consisting of micropores (< 2 nm), mesopores (2-50 nm) and
macropores (>50 nm) 6. Several researchers have pointed out the discrepancy between the
capacitance of the activated carbons and their specific surface area % 7. This is because the
specific capacitance is not only determined by the specific surface area. Some other parameters
such as pore size distribution, electrical conductivity, pore shape and structure, and surface
functionality can also influence their electrochemical performance to a great extent. In addition,
excessive activation will lead to large pore volume, which results in the drawbacks of low
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material density and conductivity. These would in turn cause a low volumetric energy density
and loss of power capability 8.

Besides the porous structure of activated carbons, the surface functionalities also play
essential roles on the activated carbon electrode properties, due to they can affect the wettability
of the carbon surface by the electrolyte ions and give additional pseudocapacitance 8-1°,

In summary, activated carbons have been widely used as supercapacitor electrode
materials. However, the limited energy storage and rate capability of the activated carbons limit
their more widely commercial applications. Although activated carbons can provide a high
specific surface area, the pore structure and control of pore size distribution are still challenging
at the present stage. Therefore, the design of activated carbons to have suitable size distribution
(access to transport of ions in the electrolyte) with an interconnected pore structure and short
pore length together with controlled surface chemistry can offer the possibility to achieve an
enhanced energy density of supercapacitors, without deteriorating their long cycle life and high
power density.
1.3.1.2 Carbon nanotubes (CNTSs)

The discovery of carbon nanotubes has much promoted the development of carbon-based
electrode materials. Carbon nanotubes, as EDLCs electrode materials, have gained enormous
attention due to their superior electrical properties, unique pore structure, and good mechanical
and thermal stability 2°?2, CNTs can be divided into single-walled/multi-walled carbon
nanotubes, both of which have been widely used as supercapacitor electrode materials. Usually,
due to their excellent electrical conductivity and readily accessible surface area, CNTs are
considered as the choice of the high-power electrode materials. Besides, the open tubular
network and high mechanical resilience of CNTs make them an excellent support for active
materials. However, due to CNTs have a relatively small specific surface area (generally < 500
m?/ g), the energy density of CNTs electrode is lower than activated carbon electrode. And
more important, it is the difficulty in retaining the intrinsic properties of individual CNTs on a
macroscopic scale 2! and the electrolyte-dependent capacitance performance 2.

Recent studies show that aligned CNTs are more efficient in facilitating fast ionic
transportation when compared with entangled CNTSs, due to the irregular pore structures and
high entanglement of the CNT structure in entangled CNTs 2%, Therefore, the design of aligned
CNT seems to be easier to obtain high power performance. Another way to enhance the
electrochemical performance is by modifying CNTs with active materials to realize
pseudocapacitance through faradic reaction.

In short, despite their superior performances, the limited surface area of CNTs restricted
their use as high energy performance supercapacitors. Therefore, the present difficulty in
purification and high cost of production still limit their more widely practical applications.
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1.3.1.3 Templated carbons

A templating method, as a very useful synthesis method, can fabricate nanostructured
carbons with well-controlled narrow pore size distributions, ordered pore structures, and large
specific surface areas. In a typical synthesis process, templated carbons are infiltration of a
carbon precursor into the pores of the template, followed by a carbonization treatment and
finally the removal of the template to leave behind a porous carbon structure.

Based on different types of template and carbon precursors, some studies have produced
various carbon structures with well controlled micropores, mesopores and/or macropores 242,
Compared to activated carbons, whose micropores are essentially disordered and broad in pore
size distribution, the templated microporous carbons are better for use as high energy density
electrode materials due to their narrow pore size distribution, well adapted pore size to the
electrolyte ions and the ordered straight pore channels. Besides, the well-controlled porous
structure of templated carbons can facilitate efficient use of pseudocapacitance from the
oxygenated and nitrogenated functionalities of the carbon materials.

Through careful selection of the template materials, carbon precursors and with good
control over the carbonization process, templating method can obtain templated carbons with
desirable physical and chemical properties. Despite the cost, templated carbons are suitable
materials to study, which provide valuable information about the effect of pore size, pore shape,
channel structures and other parameters on the ion diffusion and charge storage in the
nanoconfined system.
1.3.1.4 Other carbon structures

Other carbon structures such as activated carbon fibers and carbon aerogels have also been
studied for supercapacitor electrode material applications. The general rules for the selection of
supercapacitor electrode materials are a high and an accessible specific surface area with good
electrical conductivity. Activated carbon fibers typically have high specific surface areas, up to
3000 m?%/g, and a more or less controllable pore size distribution 2’. Carbon aerogels are other
interesting material suitable for use as a supercapacitor electrode. They are ultralight, highly
porous materials, predominantly with mesopores, and have the possibility of usage without
binding substances 28,

1.3.2 Metal oxides/hydroxides

Compared to carbon materials for EDLCs, the metal oxides/hydroxides for
pseudocapacitors can provide higher energy density due to their charge storage through both
faradic redox reactions and the electrochemical adsorption/desorption of ions at the
electrode/electrolyte interface.

The general requirements for metal oxides/hydroxides as supercapacitor electrode
materials are: # (1) good electrical conductivity, (2) the metal can exist in two or more oxidation



University of Yamanashi Doctoral Dissertation

states that coexist over a continuous range with no phase changes, and (3) enable protons to
freely intercalate into oxide lattice on reduction, allowing facile interconversion of 0% <> OH".
To date, the most commonly used electroactive materials include ruthenium oxide (RuOy),
manganese oxide (MnQzy), cobalt oxide/hydroxide (Coz04/Co(OH)2), nickel oxide/hydroxide
(NiO/Ni(OH)2), iron oxide (Fe203 and FezOs4), binary metal oxide, and other metal oxides.
1.3.2.1 RuO;

The earliest studied transition metal oxide was RuO; due to its high theoretical specific
capacitance, high electric conductivity, high rate capability, wide potential window, good
electrochemical reversibility, and long cycle life 232 In an acidic electrolyte, the
pseudocapacitive behavior of RuO> can be described as a fast and a reversible faradaic reaction
accompanied by electro-absorption of protons on the surface of active material, which can be
explained by reaction equation (1)

RuO, + xH* + xe™ <> RuO,_,(OH), 1)

Despite the remarkable performance of RuO: material, it is still not suitable for
commercial application in supercapacitors, due to its high cost and environmental harmfulness
3, To solve this problem, significant efforts have been devoted to developing low-cost and
environmentally friendly materials that present electrochemical behavior similar to that of RuO».
1.3.2.2 MnO>

In order to reduce the cost of electrode materials, an alternative approach is to develop
cheap metal oxides/hydroxides to replace RuO.. These alternative materials include MnOs,
C0304/Co(OH)2, NiO/Ni(OH)2, Fe203/Fe30s, binary metal oxide, and other metal oxides.

As an alternative to replacing RuO», various forms of MnO- have been fabricated for
supercapacitor electrode materials due to their high theoretical specific capacitance (from 1100
to 1300 F/g) 34, low cost, large abundance, and environmental safety 35-%. The capacitance of
MnO. mainly comes from pseudocapacitance. There are two mechanisms proposed to explain
the MnO> charge storage behavior *7, The first one implies the insertion of electrolyte cations
into the bulk of the electrode material. It can be expressed as an equation (2). The second one
is based on the surface adsorption of electrolyte cations on the MnO.. It can be expressed as an
equation (3).

MnO, + C* + e~ < Mn0OOC (2)
(MnOz)surface + C* + €7 © (MnOOC)syrface ©)

where C* denotes the protons and alkali metal cations (Li*, Na*, K*) in the electrolyte.
Both the mechanisms involve a redox reaction between the 111 and IV oxidation states of Mn.

Although the theoretical specific capacitance of MnO: is pretty high, the practical specific
capacitance of unmodified MnO: is usually lower than 350 F/g, which is not comparable to
RuO2 *. In addition, MnO electrode is also suffered capacitance degradation during cycling,
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low surface area, and poor electronic conductivity. To solve these problems, the studies on
MnO; nanostructured 3%4° and MnO, composite materials *'*** are both feasible ways.
1.3.2.3 C0304/Co(OH)2

C0304 has been considered a promising electrode material for supercapacitor due to it
seems excellent reversible redox behavior, large surface area, high conductivity, long-term
performance, and good corrosion stability “>*7. The redox reactions of CosO4 can be described
as follows equation (4) and (5) “:

Co30, + OH™ + H,0 < 3Co00H+ e~  (4)
CoOOH+ OH™ & Co0O, + H,0+ e~ 5)

C0304, as a p-type semiconductor, has low electronic and ionic conductivity, leading to
the poor rate capability. CosO4 structure also suffers from a large volume change during the
cycle process, resulting in a short cycle life *°. These recent studies indicate that the appropriate
morphology and microstructure are necessary to achieve an enhanced electrochemical
performance of CosO4-based supercapacitor >0-°2,

Co(OH)2-based electrode materials are attractive due to their layered structure and large
interlayer spacing, which promises high surface area and a fast ion insertion/desertion rate %,
The redox reactions can be expressed in equation (6) and (7) >*°°. However, its shortcomings
are still poor rate capability and cycle stability.

Co(OH), + OH™ & CoOOH + H,0+ e~ (6)
CoOOH + OH™ & Co0O, + H,0+ e~ @)

In summary, the specific capacitances of Co(OH)2-based supercapacitor electrodes higher
than that of Co3O4. However, such high specific capacitance of Co(OH)is only located in low
potential ranges, which limits its practical application in supercapacitors.
1.3.2.4 NiO/Ni(OH):

Nickel oxide is considered an alternative electrode material for supercapacitor in alkaline
electrolytes due to its easy synthesis, relatively high specific capacitance, environment
friendliness, and low cost *6-%’. The redox reaction of nickel oxide in a KOH electrolyte can be
expressed by reaction equation (8) *%.

NiO + OH~ < NiOOH + e~ (8)

At this stage, NiO electrode materials are suffering their poor cycle performance and low
electrical conductivity. To address these problems, fabricating nanostructured NiO and
composing NiO with other materials are both feasible.

Ni(OH): is a hexagonal layered structure and has two polymorphs, a- and B-Ni(OH), *°.
a-Ni(OH)2 is a hydroxyl-deficient phase with interlayered anions and water molecules. -
Ni(OH). possesses a brucite structure without water molecules. Compared to NiO electrode
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material, Ni(OH). can yield much higher specific capacitances. Further optimize its porous
structure, Ni(OH)2 can be achieved much better performance.
1.3.2.5. Binary metal oxides

Recently, binary metal oxides with spinel structures have received much attention, such as
NiFe204 %, NiC0,0;4 5, ZnMnO; %2, CoFe;04 %, ZnCo,04 % and CoMn,04 ®°. Some recent
studies indicate that the electrical conductivity of these binary metal oxides is higher than that
of unitary metal oxides and contain both components contributions to the total capacitance,
which result in better electrochemical performance than individual components %657,
1.3.2.6 Other metal oxides

Many other metal oxide materials, such as V20s ¢, SnO ¢, Bi>O3 °, MoO, ™ and TiO- ™2,
have also been extensively studied by researchers. But these materials usually suffer from low
capacitance or some other drawbacks. They may become promising supercapacitive materials
if researchers make breakthroughs in solving their shortcomings.

1.3.3 Conducting polymers (CPs)

Conducting polymers are generally attractive electrode material for supercapacitor as they
have high conductivity, high voltage window, high storage capacity/porosity/reversibility, low
cost, and low environmental impact ">-7°,

Conducting polymers stores charge through a redox reaction. When oxidation takes place,
ions are transferred to the polymer backbone, and when reduction occurs, the ions are released
from this backbone into the electrolyte. The redox reaction in the polymer backbone occurs
throughout the bulk of the material, not only on the surface ’®. As the charging/discharging
process does not involve any phase changes, the processes are highly reversible.

Conducting polymers can be p-doped with (counter) anions when oxidized and n-doped
with (counter) cations when reduced. The simplified equations for these two
charging/discharging processes are as follows:

CPs & CPs"* (A7), + ne”  (p-doped) ©))
CPs + ne~ & (C*),CPs™" (n-doping) (10)

The conducting polymers that are most commonly studied for use in supercapacitor
electrode material are polypyrrole (PPy), polyaniline (PANI), polythiophene (PTh), and their
corresponding derivatives ’’. PPy and PANI are usually in the form of p-doped type due to their
n-doping potentials are much lower than the reduction potential of common electrolyte
solutions. So, they are generally used as cathode materials. PTh and its derivatives can be in the
form of p-doped and n-doped type.
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Figure 1.4. Chemical structure of typical conducting polymer.

Unfortunately, swelling and shrinking of conducting polymer may occur during the
doping/de-doping (intercalation/deintercalation) of ions. These problems often lead to
mechanical degradation of the electrode, causes fading electrochemical performance under
prolonged cycling. Conducting polymer, as an electrode material, usually remarkably degrade
under less than a thousand cycles. It has been reported that the PPy electrodes showed an initial
capacitance of 120 F/g at a current density of 2 mA/cm?, which was degraded by ~50% within
one thousand cycles "®. PANI also suffered from a similarly serious problem due to its
volumetric changes during the intercalation/deintercalation process. The capacity degradation
of PANI nanorods could be as high as 29.5% within 1000 cycles between 0.2 and 0.8 V ”°. As
to PTh, the relatively poor stability of the n-doped state could lead to a continuous decrease in
electrochemical performance under long cycling . Apparently, poor cycle life is a very serious
problem for conducting polymer materials when they are used as supercapacitor electrode.

To solve the problem of low stability of conducting polymer electrodes, many efforts have
been devoted to realizing improved electrochemical performance. (1) Design nanostructured
conducting polymer materials. Nanostructured conducting polymers, such as nanofibers,
nanorods, nanowires, and nanotubes, have received much attention. Because they could reduce
cycling degradation problems caused by volumetric changes or mechanical forces by providing
a relatively short diffusion length to enhance the utilization of electrode materials. It has been
reported that the packed nanometer-scale PANI whisker discharge capacitance loss was about
5% after 3000 cycles, which indicated the materials have long-term electrochemical stability 8.
(2) Fabricating composite electrode materials. It was demonstrated the development of
composite conducting polymer electrodes such as couple other materials such as carbon
materials or metal oxides could enhance the cycling stability. For example, PANI/GO
composites showed excellent electrochemical performance, high electrochemical capacitance,
and long cycling stability (~92% retention after 2000 cycles) 8. Compared with pure PPy
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electrodes whose loss in specific capacitance was close to 50%, the MnO2/PPy nanocomposite
electrodes showed a relatively stable performance degrading only by ~10% in the initial 1000
cycles and a relatively stable performance at much higher specific capacity is seen in the
subsequent 4000 cycles at a current density of 2 mA/cm? 8. Recent research finds that
conducting polymer composite materials can give a wide distribution of capacitance values,
which are also dependent on many parameters such as the electrolytes, current load, scan rate,
constituents of composites, and the mass ratio of the components as well as cell configuration.
Therefore, more efforts are still needed to optimize these parameters to achieve optimized
electrochemical properties of these conducting polymer-based composites for supercapacitor
applications “.

1.3.4 Trends in supercapacitor electrodes

To develop new materials with optimal performance, two important research directions in
supercapacitor electrode exploration are:

Nanomaterials Classification Typical Nanocomposites Classification
Corelshell Coaxial Carbon Coated Future 3-D
& nanoparticle Nanowires
0d & @ Nanostructures
e g (i
“he . 2 : ‘
Oo ) \ / §
spheresand nanofibers, thin films, plates bulk nanomaterials 0-D 1-D M il

clusters wiresand rods

Figure 1.5. Typical nanomaterials and nanocomposites classification 83-84,

(1) Synthesis of novel nanostructured electrode materials

In the design of electrode materials, the favored properties of electrode materials include
large active surface area, high electric conductivity of the active material, and excellent
connection and contact between active materials and substrates. Apparently, the capacitance of
supercapacitor heavily depends on the specific surface area of the electrode materials. Material
morphology is closely related to the specific surface area and the diffusion of ions in the
electrode. Nanostructured materials possess a high specific surface area. They can provide short
transport/diffusion path lengths for ions and electrons, leading to faster kinetics, more efficient
contact of electrolyte ions, and more electroactive sites for faradaic energy storage, resulting in
high charge/discharge capacities even at high current densities.
(2) Design of composite electrode materials

The composite design is the future trend in the development of electrode materials. The
individual substances in the composites can have a synergistic effect through minimizing
particle size, enhancing specific surface area, inducing porosity, preventing particles from
agglomerating, facilitating electron and proton conduction, expanding active sites, extending
the potential window, protecting active materials from mechanical degradation. And the
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composite can significantly improve cycling stability, and providing extra pseudocapacitance.
As a result, the obtained composites can overcome the drawbacks of the individual substances
and embody the advantages of all constituents.

1.4 Electrolytes for Supercapacitors

The electrolytes used in supercapacitor devices are as significant as the electrode materials,
because they define the performance of supercapacitors, especially the energy density. Up to
now, various types of electrolytes have been developed by researchers. The electrolyte used in
supercapacitor can be classified into three types: (1) aqueous electrolyte, (2) organic electrolyte,
(3) ionic liquids electrolyte, and (4) solid-state polymer electrolyte.

(1) Aqueous electrolyte

Compared with organic electrolytes, aqueous electrolytes gave higher capacitance and
higher power than those with organic electrolytes, probably due to higher ionic concentration
and smaller ionic radius. Besides, aqueous electrolytes can be prepared and utilized without
stringently controlling the preparing processes and conditions, while organic ones need strict
processes and conditions to obtain ultra-pure electrolytes.

Unfortunately, aqueous electrolytes have a large limitation in terms of improving both
energy and power densities due to their narrow voltage window as low as about 1.2 V, much
lower than those of organic electrolytes. This is the reason why organic electrolytes are often
recommended.

(2) Organic electrolyte

Compared to aqueous electrolytes, organic electrolytes can provide a voltage window as
high as 3.5 V. This is a significant advantage of organic over aqueous electrolytes. Among
organic electrolytes, acetonitrile, and propylene carbonate (PC) are the most commonly used
solvents. Acetonitrile can dissolve larger amounts of salt than other solvents, but suffers from
environmental and toxic problems. PC-based electrolytes are friendly to the environment and
can offer a wide electrochemical window, a wide range of operating temperature, as well as
good conductivity. Besides, organic salts such as tetraethylammonium tetrafluoroborate,
tetraethyl phosphonium tetrafluoroborate, and triethylmethylammonium tetrafluoroborate
(TEMABF4) have also been used in supercapacitor electrolytes.

(3) lonic liquids electrolyte

Recently, ionic liquids have received significant interest as alternative electrolytes for
supercapacitors because of their negligible volatility, high thermal, chemical and
electrochemical stability, low flammability, and wide electrochemical stability window of 4.5
V. The main ionic liquids studied for supercapacitor applications are imidazolium,
pyrrolidinium, as well as asymmetric, aliphatic quaternary ammonium salts with anions such
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as tetrafluoroborate, trifluoromethanesulfonate,  bis(trifluoromethanesulfonyl)imide,
bis(fluorosulfonyl)imide or hexafluorophosphate . The challenge for ionic liquids is to design
them having a wider potential range together with high conductivity in a wide temperature range.
(4) Solid-state polymer electrolyte

Solid polymer electrolyte-based supercapacitors have attracted considerable interest in
recent years due to the rapidly growing demand for power for various types of electronics. The
solid polymer electrolytes can act as ionic conducting media and electrode separators. There
are three types of polymer-based solid electrolyte for supercapacitors: dry polymer electrolyte,
gel polymer electrolyte, and polyelectrolyte. Among these, the gel polymer electrolyte has
recently been the most extensively investigated electrolyte because of its high ionic
conductivity. Additionally, the gel polymer electrolyte is known as a hydrogel polymer
electrolyte when using water as the plasticizer. And this type of hydrogel polymer electrolyte
generally possesses three-dimensional polymeric networks. Owing to easy preparation,
excellent hydrophilicity, outstanding film-forming properties, non-toxic features, and low cost,
poly(vinyl alcohol) (PVA) has been the most greatly investigated polymer matrix to date, and
is commonly mixed with other aqueous solutions .

1.5 Supercapacitor Systems

According to the composition difference of electrode materials, supercapacitor devices can
be classed as follows: symmetric supercapacitor, asymmetric supercapacitor, and hybrid
supercapacitor, as shown in Figure 1.6. The classification of supercapacitor categories has been
well reviewed recently % 87; herein, we briefly describe the characteristics of symmetric,
asymmetric, and hybrid supercapacitors.

[ SUPERCAPACITORS ]

] I | ]
{ Hybrid { Battery-

Electrical double
layer capacitor Pseudocapacitors
(EDLC)

SC with different
electrolytes

various mass

electrolytic ty
loading YPe

EDLC with
capacitor

Most symmetric
Composite

Carbon Activated Carbon Metal Conducting
nanotube carbon aerogel oxide polymer

Figure 1.6. Classification of supercapacitor categories and classes 1 &7,

1.5.1 Symmetric supercapacitors

Symmetric supercapacitors are typically composed of two identical supercapacitor-type
electrodes, including activated carbons (AC) and pseudocapacitive materials. It is noted that,
although the symmetric supercapacitors are using the same supercapacitor-type materials as the
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positive and negative electrode, the masses of the two electrodes are different based on the
different electrolyte ions absorbed on the positive and negative electrodes during the charge-
discharge process.

1.5.2 Asymmetric supercapacitors

Asymmetric supercapacitors are composed of two different supercapacitor-type electrodes,
one electrode being of a double layer carbon material and the other being of a
pseudocapacitance material. For example, AC//MnO. is one type of promising asymmetric
supercapacitor and has recently been widely studied for energy storage .

1.5.3 Hybrid supercapacitors

Hybrid supercapacitors are typically composed of a supercapacitor-type electrode and a
battery-type electrode 89-°1, Recently, many hybrid systems have been reported in aqueous or
nonaqueous electrolytes, such as AC//PbO,, AC/INi(OH)2, AC//Li4TisO12, AC//graphite, and
AC//LiMn,0, %,

1.6 Objectives and Scope of the Dissertation

As mentioned above, the electrode material is the most critical part of supercapacitor, and
it is also a critical factor in determining its performance. Pseudocapacitor has the potential to
achieve higher specific capacitance and higher energy storage compared to EDLC. In this thesis,
the pseudocapacitors electrode materials are mainly studied, include metal oxides/hydroxides
and conducting polymers. To obtain new electrode materials with high electrochemical
performance, two major research directions are the synthesis of nanostructured electrode
materials and composite materials.

Specifically, the intention of this dissertation research is to develop nanostructured metal
oxide/hydroxide and metal oxide/hydroxide with conducting polymer hybrid electrodes to
realize improved electrochemical performance in terms of specific capacitance, energy and
power densities, and cycling stability.

In more specific terms, the main objective of this research is to develop nanostructured
metal oxide/hydroxide and metal oxide/hydroxide with conducting polymer hybrid electrodes
for supercapacitors with the following considerations.

(1) Development of porous nanostructured metal oxide/hydroxide electrodes with different
morphologies by hydrothermal method. Usually, the nanostructured porous materials can
facilitate ionic motion, improve the rate capability, and increase the utilization of active
materials. In this thesis, the CoAl, NiAl and NiFe layered double hydroxides (LDHs) nanosheet
films were first synthesized. The LDHs nanosheet films with porous structure were grown
perpendicularly on the substrate as binder-free electrodes. In addition, the preparation of
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oriented CoAl LDH nanosheet was achieved by hydrothermal grow and slip casting with the
assistance of a strong magnetic field. The hexagonal tungsten oxide (h-WOz) nanowire films
with porous structure were also synthesized. The h-WO3 nanowire films can grow directly on
the substrate as a binder-free electrode.

(2) Design and fabrication of metal oxide/hydroxide with conducting polymer hybrid
electrodes. Unfortunately, transition metal oxides/hydroxides are mostly low electric
conductivity, and as a result, it is challenging to build effective supercapacitors based on pure
metal oxides/hydroxides electrodes. In this thesis, we report a new strategy for achieving high
performance supercapacitors and overcoming the low electric conductivity problems of
transition metal oxides/hydroxides by hybridization metal oxides/hydroxides with a conductive
polymer, polyaniline (PANI). A synergistic effect is observed in this strategy. The deposited
PANI can efficiently improve the conductivity of metal oxides/hydroxides and enhance faradaic
processes across the interface. In this thesis, we mainly synthesized CoAl LDH-PANI and
WO3-PANI hybrid nanomaterials by the hydrothermal-electrodeposition method.

(3) Identification of the effect of PANI content in the hybrid materials on the
electrochemical performance of supercapacitors in order to maximize the specific capacitance
and energy density. The mechanism for the synergistic effects was proposed.

(4) Structural characterization of electrode materials using the following: Fourier
transform infrared spectrometer (FTIR), X-ray diffraction (XRD), synchrotron X-ray
diffraction (SXRD), field emission scanning electron microscopy (SEM), energy dispersive X-
ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS).

(5) Evaluation and optimization of electrochemical performances, such as specific
capacitance, rate ability, equivalent series resistance (ESR), energy density, power density, and
cycle life of the fabricated supercapacitors using the synthesized materials.

1.7 Organization of the Dissertation

The structure of this dissertation can be summarized as follows.

In Chapter 1, it focuses on the literature review on supercapacitors, including energy
storage mechanisms, electrode materials, electrolytes, and classification of supercapacitors.

In Chapter 2, a series of layered double hydroxides (LDHs) CoAl LDH, NiAl LDH, and
NiFe LDH nanosheet films with porous structures were successfully synthesized by
hydrothermal methods. The LDHs nanosheet films were grown perpendicularly on the substrate
and examined them as binder-free electrodes for pseudocapacitors. The CoAl LDH has the best
reversibility and the highest capacitance among the three types of LDHs, which make it
promising candidates for practical application as supercapacitor electrode materials.
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In Chapter 3, a novel inner/outer layer structured CoAl LDH-PANI hybrid nanomaterial
was successfully synthesized through the hydrothermal-electrodeposition process. The hybrid
architecture CoAl LDH-PANI exhibited greatly enhanced specific capacitance and cycling
stability and was superior to the non-decorated CoAl LDH.

In Chapter 4, the preparation of oriented CoAl LDH nanosheets was studied by
hydrothermal grow and slip casting with the assistance of an external magnetic field. The
preferred growth orientation of CoAl LDH nanosheets was obtained with the assistance of an
external magnetic field. The addition of a strong magnetic field has no change the crystal phase,
but the obvious reduced the amount of interlayer water molecules in CoAl LDH. The
supplemental strong magnetic field provides a novel strategy for developing an oriented
microstructure.

In Chapter 5, the hybrid architecture WO3z-PANI was successfully synthesized through the
hydrothermal-electrodeposition process. The hybrid architecture WO3-PANI exhibited an
outstanding areal specific capacitance, good rate capability, and excellent cycling stability. The
fabricated all-solid-state supercapacitor device also exhibited high flexibility, high capacitance
retention, and long lifetime.

In Chapter 6, it mainly concludes the dissertation with major findings and focuses on future
research recommended for the future development of supercapacitors.
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Chapter 2 Synthesis and Electrochemical Properties of CoAl,
NiAl, CoFe and NiFe Layered Double Hydroxide Films

2.1 Introduction

Worsening depletion of energy resource and global warming have stimulated intense
research on energy storage and conversion from alternative energy sources. Supercapacitors
(also known as electrochemical capacitors), as promising energy storage devices, have attracted
considerable attention due to their fast charge-discharge capability, high power density and long
cycle life 3. Depending on different charge storage mechanism, supercapacitors can be
classified into pseudocapacitors and electrical double layer capacitors (EDLCs) #. Compared to
EDLCs, pseudocapacitors have the potential to achieve high specific capacitances and high
energy storage, and the research on pseudocapacitors has gradually become a hot research area
of supercapacitor in recent years °.

As well know, the electrochemical activity of electrode materials plays the key factor in
determining its performance of supercapacitors. The electrode materials of supercapacitors.
mainly include transition metal oxides/hydroxides, carbon-based materials and conductive
polymers at this stage ©. Transition metal including layered double hydroxides (LDHs), also
called anionic clays, have a general molecular formula of M?2*1.xM3"«(OH)2(A™)xn MH-0,
where M?* and M** are divalent and trivalent ’. Generally, Mg, Co, Zn and Al are used divalent
and trivalent metal cations, which can be replaced by some transition metal. The unique
hydrotalcite-like space structure of LDH not only makes it have thermal stability and structural
controllability, but also provides large active specific surface area for redox reaction. Moreover,
the interlayer variable valence anions can also provide a large number of electrochemical active
sites to produce high capacitance 8. Based on it, LDHs may be ideal electrode materials for
pseudocapacitors because of their high surface areas, high redox activity, low cost and
environmentally friendly nature %°, Previously, the powder LDHs have been reported as
electrode materials of supercapacitor 12, However, the powder LDHs need to be used as
electrode with additives and binders 3. They restrict the active LDHs having large active
specific surface area for redox reaction and thus greatly reduce the capacitance. In this study,
we synthesized CoAl, NiAl, CoFe and NiFe LDH nanosheet structures directly grown on nickel
substrates by facile hydrothermal methods and examined them as binder-free electrode for
supercapacitor. We investigated the differences in structural morphology and electrochemical
properties of the LDHs samples.
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2.2 Materials and Methods

2.2.1 Synthesis of the LDHs nanosheet structures.

The CoAl, NiAl, CoFe and NiFe LDHs were synthesized by a simple homogeneous
hydrothermal method as follows. The CoAl LDH were prepared as follows (The preparation of
CoFe, NiAl and NiFe were the same method). In a typical synthesis, 0.686 mmol of
Co(NO3z)2 6H20, 0.23 mmol of Al(NO3z)z 9H20, 4.56 mmol of CO(NHz)2 and 2.3 mmol of
NHsF were dissolved in 40 mL distilled water. The mixed solution was stirred and then
transferred into a stainless-steel autoclave with a Teflon lining. A piece of clean nickel plates
(size: 50 mm > 10 mm, thickness: 0.1 mm) were immersed into the reaction solution (In this
paper, Ni plates were used as substrate for LDH nanofilms growth). The autoclave was sealed
and the reaction was conducted at 120 <C for 6 h in the oven. Subsequently, the autoclave was
cooled to room temperature. Finally, the reaction product was taken out gently from the solution
and washed with distilled water several times. The products were then dried at 60 <C for 5 h.
The mass loading of CoAl LDH was about 0.7 mg/cm? on Ni substrate. We also obtained NiAl,
CoFe and NiFe samples by the same method.

2.2.2 Structural characterization and electrochemical measurement

To analyse the structure of the sample, X-ray diffraction (XRD) patterns were measured
by an X-ray diffractometer with monochromated Cu Ko radiation (RINT-2100, Rigaku). The
sample chemical structures were further examined by Fourier transform infrared (FTIR)
spectrometer (FTIR4100, JASCO) analysis with ATR attachment. The surface morphologies
of particle shapes in the films were observed by field emission scanning electron microscopy
(JSM-6500F, JEOL).

The electrochemical measurements were carried out in a three-electrode cell by
electrochemical workstation (HZ 7000, Hokuto Denko) at room temperature with the 1 M
KOH/KCI aqueous solution. Galvanostatic charge-discharge (GCD) and cyclic voltammetry
(CV) were measured between 0 to 0.6 V, in a three-electrode cell with a SCE as the reference
electrode and a Pt plate as the counter electrode.

Specific capacitance was calculated from the galvanostatic charge-discharge curves, by

the equation *:

_ 2ipJVvadt
- (Vfg_Vlz) (1)

where C (F/g) represents the galvanostatic charge-discharge specific capacitance. im is the

controlled current density. V is the measured potential, and Vx and V represent high and low
potential values.
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The specific capacitance values were calculated from the CV curves using the following

equation:
1

C=——— [Mhigv )

sm(Vp=Vy) Vi
where C (F/g) represents specific capacitance from the cyclic voltammetry. The factors of
s and m are scanning rate and mass of the samples, respectively. Vi and Vi mean high and low
potential values, and i is the oxidation or reduction current.

2.3 Results and Discussion

2.3.1 Structural study
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Figure 2.1. XRD patterns of the CoAl LDH powder, NiAl LDH powder, CoFe powder, NiFe LDH
powder, CoAl LDH film, NiAl LDH film, CoFe LDH film and NiFe LDH film.

The crystal structures of LDHs were confirmed by X-ray diffraction. Figure 2.1 shows the
XRD patterns of the LDHs powder and films. From the XRD patterns of the powder sample, it
can be seen that the characteristic diffraction peaks of CoAl, NiAl and NiFe LDHs were
consistent with the same position. The diffraction peaks at 20 values of around 11.5°, 23.1°,
34.3< 38.99 46.4< 59.7<and 60.9< corresponding to (003), (006), (012), (015), (018), (110)
and (113), respectively, and combination of these peaks indicate that the LDH structure has
been successfully obtained >, For CoAl and NiAl LDH film and powder samples, all
diffraction peaks are sharp and narrow, indicating the highly crystalline nature of both types of
LDHs. The X-ray diffraction pattern of NiFe LDH shows that it generates a little amount of
impurities during the reaction, and characteristic peaks of layered structure can be easily found
in NiFe LDH film spectra. But the XRD pattern of CoFe LDH powder shows that many
impurities emerge during the reaction and no characteristic peaks of LDH have been found in
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the CoFe LDH film. These results show that we didn’t successfully obtain CoFe LDH under
this experimental condition. For CoAl and NiAl samples, compared to the powder samples, the
diffraction peaks (00l) diminished for the thin film samples. Such difference may result from a
preferential orientation of LDH crystallites on Ni substrate with their ab plane perpendicular to
the Ni substrate, which can be further confirmed by the SEM observation.

a CoAl LDH
b NiAl LDH
CoFe LDH

o

Intensity (a.u.)

Y T Y T Y T Y T Y T Y T Y T Y T Y
3600 3200 2800 2400 2000 1600 1200 800
Wavenumber / cm™

Figure 2.2. FTIR spectra of (a) CoAl LDH, (b) NiAl LDH, (c) CoFe LDH and (d) NiFe LDH.

FT-IR analysis was carried out to verify the conversion of CoAl, NiAl, CoFe and NiFe
LDH in the reaction process. As shown in Figure 2.2, for CoAl, NiAl and NiFe LDHs, the
characteristic absorption peaks were consistent with the same position. A strong broad band
around 3400 cm™ correspond to the stretching mode of metal-OH and hydrogen bonded H,O
surrounding the interlayer anion. The absorption peak at 1640 cm™ could be ascribed to the H-
O-H bending vibration of interlayer water molecules, while those at 1360 and 750 cm™ could
be assigned to the asymmetric stretching vibration of CO3% of the C-O bond. The lower
wavenumber of absorption bands at 600-800 cm™ ascribed to the vibrational modes of M-O, O-
M-O, and M-O-M 317, The FT-IR spectra of CoFe LDH do not contain signals associated with
the interlayer carbonate anion (1360 cm™). These absorptions implied that CoFe LDH was not
obtained in the reaction process. Based on this, we have not further analysed the CoFe sample
in the following.
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Figure 2.3. SEM micrographs of the surface of (a, b) CoAl LDH film, (c, d) NiAl LDH film (e, f) and
NiFe LDH film.

Figure 2.3 shows the SEM micrographs of the surface of the CoAl, NiAl and NiFe LDH
films prepared by hydrothermal treatment. SEM image shows that the LDH nanosheets in the
prepared films tend to be vertically oriented and randomly distributed on the substrate surface.
This result is relatively consistent with the XRD analyses. The high magnification SEM
micrographs show that nanoflakes of CoAl LDH have a thickness of ~100 nm. The NiAl LDH
had a randomly arrangement with a thickness of ~ 40 nm. The NiFe LDH was found to be closer
arrangement with a thickness of ~85 nm. SEM micrograph shows that the LDHs films are
arranged by nanosheet morphology. In addition, it can be seen from the SEM image that there
IS no aggregation of LDHSs on the substrate surface. It shows that nickel plate is beneficial to
the specific orientation growth of LDHs.

2.3.2 Electrochemical performance
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Figure 2.4. (a) CV curves of the CoAl, NiAl and NiFe LDH films at a scan rate of 20 mV/s within the
potential window of 0 to 0.6 V.

Cyclic voltammetry was carried out to study the electrochemical performance of the CoAll,
NiAl and NiFe LDH films. Figure 2.4 shows the cyclic voltammograms of LDH films measured
in 1M KOH/KCI mixed electrolyte with a scan rate of 20 mV/s and a voltage range of 0 V to
0.6 V (vs. SCE). For the three types of LDHs, they all have a pair of redox peaks, which
indicates that all LDHs have faradaic capacitance. For the CoAl LDH electrode, the CV curves
possess a pair of anodic and cathodic (~0.3 and ~0.24 V) redox peaks, which were caused by
the quasi-reversible faradic redox reactions. This pair may correspond to the valence
transformation between Co(OH), and CoOOH ** and then the faradaic reaction can be easy to
occur as shown in equation (3). For the NiAl LDH electrode, the CV curves possess a pair of
anodic and cathodic (~0.53 and ~0.36 V) redox peaks. For the NiFe LDH electrode, the CV
curves possess a pair of anodic and cathodic (~0.45 and ~0.34 V) redox peaks. They should be
attributed to the valence transformation between Ni(OH), and NiOOH *® and then the faradaic
reaction can be easy to occur as shown in equation (4).

Co(OH), + OH" CoOOH +H,0 +e  (3)

Ni(OH), + OH" NiOOH +H,0+¢  (4)

In the three types of LDHs, the potential difference of the CoAl LDH between the cathodic
and the anodic peak is minimum, indicating that the electrochemical oxidation reaction has the
best reversibility °. The specific capacitance of CoAl, NiAl and NiFe LDH were calculated to
be 520, 159 and 71 F/g, respectively. These results apparently indicated that CoAl LDH has the
best reversibility and the highest capacitance among the three types of LDHs. Then we tested
the cycle stability of CoAl LDH sample.
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Figure 2.5. Cycling stability of the CoAl LDH. (Current density 10 A/g).
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The cycling performance is one of the most important indexes in the practical use of
supercapacitor. The long-term stability of CoAl LDH electrode was carried out at a current
density of 10 A/g using galvanostatic charge-discharge techniques. Figure 2.5 shows cycling
stability of the CoAl LDH. After 6000 times cycle test, the specific capacitance remained at
425 F/g and retained 77.3% of the initial value, indicating that the CoAl LDH nanosheets had
relatively good cycling stability. With the increase in the cycle numbers, the specific
capacitance of LDH decreases due to the destruction of the layered structure. In order to better
understand the results, then we studied the surface morphology of CoAl LDH obtained by 6000
cycles.

Figure 2.6. SEM micrograph of (a) pristine CoAl LDH (b) CoAl LDH obtained by 6000 cycles
galvanostatic charge-discharge test.

The morphology of CoAl LDH was also observed by SEM after 6000 cycles galvanostatic
charge-discharge test. Figure 2.6 shows SEM micrograph of CoAl LDH (a, b) obtained by 6000
cycles galvanostatic charge-discharge test. Compared with the pristine CoAl LDH vertically
arranged on the substrate (Figure 2.6a), the micrographs indicate that the nanosheets of CoAl
LDH seem to have a slant angle to substrate after 6000 cycles (Figure 2.6b). It may be
responsible for the specific capacitance of LDH decreased. In addition, it can be seen from the
SEM micrograph that the plate-like structure of LDH has been remained intact and no collapse
occurred after 6000 cycles. This good mechanical stability maybe a direct answer for the good
cycling stability.

2.4 Conclusion

In this work, we successfully synthesized CoAl LDH, NiAl LDH and NiFe LDH nanosheet
structures directly grown on Ni substrates by facile hydrothermal methods. Under identical
experimental conditions, CoFe LDH cannot be obtained. Although the samples have
hydrotalcite structure, due to their different morphology and composition, the electrochemical
properties of the LDHs have significant differences. The CoAl LDH has the best reversibility
and the highest capacitance (520 F/g) among the three types of LDHSs. In addition, CoAl LDH
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also has a good cycling stability with the specific capacitance remained at 425 F/g and retained
77.3% of the high value after 6000 cycles at a current density 10 A/g. The good cycling stability
was possibly related with the stable plate-like nanosheets structure demonstrated by SEM
analysis, which make it promising candidates for practical application as supercapacitor
electrode materials.
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Chapter 3 Enhanced Supercapacitor Performance Based on
CoAl LDH-PANI Hybrid Electrodes by Hydrothermal-

Electrodeposition Technology

3.1 Introduction

Supercapacitors (also known as electrochemical capacitors), as promising energy storage
devices, have excellent electrochemical properties such as fast charge-discharge capability,
high power density, and long cycle life 3. Pseudocapacitors (also called Faradaic capacitors)
represent an appealing type of supercapacitors, which have the potential to achieve high specific
capacitance and high energy storage resulting from the active electrode materials and reversible
redox reactions 4. The research on pseudocapacitors has therefore drawn increasing attention
in recent years ‘. In the meantime, the energy stored in the supercapacitor is still relatively lower
than battery and thus limiting its application in high cycle life and power density 8.

Electrode material is the most critical part of supercapacitor, and it is also a key factor in
determining its performance °. At this stage, there are three main categories of electrode
materials: transition metal oxides/hydroxides, carbon-based, and conductive polymers . The
transition metals, including layered double hydroxides (LDHSs), are ideal electrode materials for
pseudocapacitors owing to their high redox activity, structural controllability and
environmentally friendly nature 13, Nevertheless, the relatively poor cycling life and low
electronic conductivity of the LDHs limit their practical applications. To further improve the
electrochemical performance, several unique carbon hybrid materials such as activated
carbon/LDHs, carbon nanotube/LDHSs, graphene/LDHs, and graphene oxide/LDHs have been
fabricated 1417, Recently, more advanced and innovative nanocomposites based on LDHs have
been constructed to improve the performance of pseudocapacitive materials by creating
nanostructures, such as hollow LDHSs spheres, LDHs/metal hydroxides, and LDHs/conducting
polymers hybrid materials 23, A few studies so far have focused on LDHs/conducting
polymers nanocomposites, with the aim of improving the specific capacitance and cyclic
stability. Han et al. successfully prepared CoAl LDH@PEDOT nanocomposite, which
exhibited excellent long-term cycling stability 1°. Whereas, its specific capacitance didn’t show
a significant increase and needed to be further improved. Shao et al. prepared PPY@ LDH core-
shell composite via a two-step electrosynthesis, which exhibited a high energy density and
excellent cycling stability ?*. Compared to conductive polymer polypyrrole (PPY) and poly(3,4-
ethylenedioxythiophene) (PEDOT), polyaniline (PANI) has broader application and becomes
important research subject because of its excellent electrical conductivity, good environmental
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stability, high specific capacitance, ease of synthesis and redox stability 2°-28, Little is known,
however, about the investigation of CoAl LDH-PANI nanocomposite. The aim of this research
was consequently to study the performance of CoAl LDH-PANI nanocomposite. We deemed
that the study of CoAl LDH-PANI would usefully supplement and extend the research field of
LDHs/conducting polymer hybrid electrode.

Inspired by the idea that conductive polymer of PEDOT and PPY can improve the
electrochemical performance of LDHSs, here, we elaborately designed and fabricated CoAl
LDH-PANI nanocomposites directly grown on a Ni substrate by the hydrothermal-
electrodeposition route and used them a binder-free electrode for pseudocapacitor. The
nanocomposite exhibited significantly improved specific capacitance, good rate performance,
and cyclic stability. The synergistic effect of inner LDH and outer PANI layer was studied in
detail. Hence, we also believe that this work provides a promising approach for design and
fabricate LDH/PANI electrode, which can be potentially used in energy storage devices.

3.2 Materials and Methods

3.2.1 Synthesis of the CoAl LDH nanosheet structures

The CoAl LDH was synthesized by a homogeneous hydrothermal method. In a typical
synthesis, Co(NOz)2 6H20 (0.857 mmol), Al(NOz)z 9H,0 (0.286 mmol), NH4F (2.86 mmol)
and urea (5.7 mmol) were dissolved in 50 mL distilled water. The mixed solution was stirred
for 30min and then transferred to an autoclave with a Teflon lining. A piece of clean nickel
plate (50 mm <10 mm =0.1 mm) was immersed into the reaction solution. The autoclave was
sealed and heated at 120 <C for 6 h, subsequently cooled to room temperature. Finally, the
sample was taken out gently from the solution and washed three times with distilled water. The
sample was then dried at room temperature. The load weight of CoAl LDH on the Ni substrate
was measured with an analytical microbalance, and the mass loading was about 1.4 mg/cm?.

3.2.2 Synthesis of the CoAl LDH-PANI nanocomposites
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electropolymerization of aniline monomer. (b) Chronoamperograms of 0.05 M aniline in an aqueous
solution (0.02 M SDS + 0.1 M LiCIlQO4) on the Ni plate at 1.18 V versus SCE.

Hybridization with polymer PANI was carried out by a potentiostatic electrodeposition
technique in an aqueous medium (0.05 M aniline + 0.02 M sodium dodecyl sulfate + 0.1 M
LiClOs). Cyclic voltammetry experiments were performed to determine the deposition potential
of PANI in a three-electrode electrochemical cell with a Ni substrate as the working electrode,
a saturated calomel electrode (SCE) as the reference electrode, and a Pt plate as the counter
electrode, respectively. As shown in Figure 3.1a, the optimum redox potential is selected at
1.18 V vs. SCE electrode according to the CV curve of aniline monomer. Subsequently, the Ni
substrate/CoAl LDH film was used as the working electrode for the deposition of PANI at 1.18
V vs. SCE, as seen from Figure 3.1b. The deposition time varied from 50 to 600 s. After
deposition, extreme caution must be taken when the as-prepared CoAl LDH-PANI electrode
was washed with distilled water to prevent wash away PANI coating. And then the composite
electrode was dried at room temperature. Finally, the mass loading of these deposited PANI on
the Ni plate was obtained by the weight difference before and after electrochemical deposition.

3.2.3 Structural characterization, theoretical calculation and electrochemical
measurement

The chemical structures of the samples were examined by Fourier transform infrared
spectrometer (FTIR, FTIR4100, JASCO) analysis with ATR attachment. X-ray diffraction
(XRD) patterns of the samples were obtained on an X-ray diffractometer with monochromated
Cu Ko radiation (RINT-2100, Rigaku). Synchrotron X-ray diffraction (SXRD) measurements
in this study were performed at SPring-8, BL02B2. The surface morphologies of the samples
were characterized by field emission scanning electron microscopy (FESEM, JSM-6500F,
JEOL) equipped with EDX analyzer. The surface compositions of the samples were analyzed
by X-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD, Kratos). The band structure and
density of states (DOS) curves of the host CoAl LDH crystals were calculated by the Vienna
ab-initio simulation with VASP 5.3 2%, The model structure of the calculation was the LDH
with Co:Al of 3:1 with intercalation of chlorine anion. The structure was optimized up to the
convergence and then the band structure was calculated. These calculations were carried out by
Perdew-Burke-Ernzerhof (PBE) potentials. The DOS curves for guest PANI molecules in the
supporting information were calculated by DV-Xa. simulation 3.

The electrochemical measurements were carried out in a three-electrode mode using the
HZ 7000 electrochemical workstation (Hokuto Denko) at room temperature with the 1 M
KOH/KCI aqueous solution. Cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) were measured in a three-electrode cell within the potential window between 0 to 0.56
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V. The Ni substrate/sample was used as the working electrode, an SCE as the reference
electrode, and a Pt plate as the counter electrode. Electrochemical impedance spectroscopy (EIS)
measurements were conducted by using an AC voltage with 5 mV amplitude at 0.3 V in a
frequency range from 0.01 to 100 kHz.

The specific capacitance and specific capacity values were calculated from the CV curves
using the following equation (1) and (2) %2

. 1 Vi
Capacitanceg, = pmyc— fvlh idv 1)
. 1 V.
Capacitys, = -—— fvlh idv @)

Where C (F/g) and C (mAh/g) represent the specific capacitance and specific capacity
from the CV curves; s and m are scanning rate and mass of the samples separately; V;,, and V;
represent high and low potential values; i is the oxidation or reduction current. Specific
capacitance and specific capacity were also calculated from the galvanostatic charge-discharge
curves, by the equation (3) and (4) *:

, 2im [Vt
Capacitances, = (:;;—{sz) 3)

2iy [Vat

Capacitys, = 35—

4)

Where C (F/g) and C (mAh/g) represent the specific capacitance and specific capacity
from the GCD curves; in is the current density; [ Vdt is the integral current area; V), and V,
represent high and low potential values.

3.3 Results and Discussion
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Figure 3.2. Schematic illustration of the two-step fabrication process of CoAl LDH-PANI nanosheet
structures.
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3.3.1 Structural study

Our approach for constructing hierarchical CoAl LDH-PANI as a binder-free electrode
involves a two-step process, as schematically shown in Figure 3.2. Firstly, vertically arranged
CoAl LDH nanosheets were obtained on a Ni substrate as a binder-free electrode through
homogeneous hydrothermal method. Secondly, a thin layer of conductive polymer PANI was
hybridized with the pristine CoAl LDH by electrodeposition technique to form the inner/outer
coating layer structures.
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Figure 3.3. FT-IR spectra of (a) PANI, (b) CoAl LDH, and (c) CoAl LDH-PANI composite.

The molecular structures of as-prepared samples were characterized by Fourier transform
infrared (FT-IR) spectroscopy. The FT-IR spectrum of pure PANI in Figure 3.3a shows the
spectrum information is consistent with previously reported results 33", The peaks at 2923 and
2853 cm are separately ascribed to the asymmetric and symmetric stretching vibration of -
CHa-, which caused by sodium dodecy! sulfate (SDS) doped with PANI %8, The main peaks at
1585 and 1502 cm* are assigned to stretching deformations of benzene and quinoid rings. Also,
the bands at 1302, 1152 and 818 cm™ can be attributed to C-N stretch vibration, the aromatic
C-H in the plane and out of plane bending vibration of the 1,4-disubstituted benzene ring,
respectively. As to the CoAl LDH in Figure 3.3Db, the strong, broad band around 3500 cm™ can
be explained as the metal-OH stretching mode and hydrogen bond interlayer H>O surrounding
the interlayer anion *°. The weak absorption band near 1640 cm™ can be assigned to the H-O-
H bending vibration of interlayer water molecules. The intense peaks at 1360 and 740 cm™ can
be attributed to COs%, owing to the asymmetric stretching vibration of the C-O bond. The lower
wavenumber absorption bands at 400-700 cm™ belong to the M-O, O-M-0, and M-O-M related
vibrational modes of LDHs °. After the PANI modified CoAl LDH, several new characteristic
peaks appear at 2923, 2853, 1592 and 1510 cm™*; these peaks were associated with PANI-SDS,
which indicated the CoAl LDH has been successfully coated by PANI.
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Figure 3.4. XRD patterns of CoAl LDH powder, CoAl LDH film, CoAl LDH-PANI film, PANI film,
and SXRD patterns of the powder obtained from CoAl LDH film.

As shown in Figure 3.4, the crystal phase of each sample is further confirmed by X-ray
diffraction (XRD). For the CoAl LDH powder, the diffraction peaks at 26 values of around
11.5%23.1< 34.3< 38.9< 46.4< 59.7<and 60.9< corresponding to (003), (006), (012), (015),
(018), (110) and (113) of CoAl LDH phase (JCPDS: 51-0045), respectively *°. Compared to
the CoAl LDH powder sample, the diffraction peaks (00I) diminished for the thin film sample.
Such a difference may result from a preferential orientation of LDH crystallites with their ab
plane perpendicular to the Ni substrate, which can also be further confirmed by the FESEM
observation. The existence of the LDHSs on the substrate surface was also identified by SXRD.
By calculating the interplanar spacing of the SXRD spectrum of CoAl LDH film, the results
exhibited that the diffraction peaks of CoAl LDH film were consistent with CoAl LDH powder.
It indicated that LDHs could grow well on the substrate by the hydrothermal method.
Additionally, the presence of PANI in the CoAl LDH-PANI was also tested by XRD analysis.
As the PANI is a long-range disordered amorphous structure, only one broad peak reflections
around 20 = 24.2° can be observed, which is caused by the emeraldine base form of PANI 4142,
The XRD patterns of CoAl LDH-PANI film showed similar peaks to those CoAl LDH film,
except that the peak intensities were decreased obviously. It could be attributed to the presence
of the uniform coating of PANI on the CoAl LDH nanosheets.
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Figure 3.5. FESEM micrographs of (a, b) top-view of CoAl LDH, (c) cross-section of CoAl LDH,
and (d) CoAl LDH-PANI composite.

The morphologies of CoAl LDH and CoAl LDH-PANI are investigated by field emission
scanning electron microscope (FESEM), as shown in Figure 3.5. Figure 3.5a and 3.5b display
top-view FESEM observations of the CoAl LDH nanosheets with a porous structure, and the
nanoflakes with the thickness of ~100 nm. Figure 3.5a also displays that the CoAl LDH film
can distribute uniformly on the substrate surface and consists of closely packed nanosheets with
vertically arranged on the substrate in large amounts. A representative cross-sectional FESEM
micrograph in Figure 3.5c shows that the CoAl LDH nanosheets have an average lateral size of
~2.1um. As to the composite in Figure 3.5d, it reveals that the LDH nanosheets are evenly
wrapping with PANI coating layer and the morphology of CoAl LDH is well retained after the
deposition of PANI, with the thickness of ~180 nm.
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Figure 3.6. (a-i) FESEM micrographs of (a) PANI obtained by electrodeposition 600 s, (b-i) the CoAl
LDH-PANI obtained by electrodeposition for various times: (b) 0's, (c) 50 s, (d) 100 s, (e) 200 s, (f) 300 s,
(9) 400 s, (h) 500 s, and (i) 600 s.

In addition, the morphologies of CoAl LDH-PANI composite obtained at different
electrodeposition time were further observed by FESEM (Figure 3.6). In Figure 3.6a, the
morphology of PANI film is flat and smooth wrapping on the Ni substrate surface, which
implies the chronoamperometry technique is appropriate to prepare CoAl LDH hybrid PANI.
From Figure 3.6b-e, with increasing the deposition time from 0 s to 200 s, the PANI coating is
deposited and tends to form a thin film on the surface of LDH nanosheets, which is uniformly
covered the layer of thin film at deposition 200 s. Further prolonging the deposition time from
300 to 500 s, as shown in Figure 3.6f-1, the mass of PANI coating is further increased. Also, the
gaps between the layers are gradually covered, and the porous structure is gradually blocked. It
is known that the suitable mesopore size distribution is beneficial for the insertion of a large
number of guest ions, which can effectively increase the storage capacity. It is also one of the
vital factors to consider for electrodeposited CoAl LDH-PANI electrode.
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Figure 3.7. (a) The XPS full spectra and (b) Co 2p spectra of CoAl LDH and CoAl LDH-PANI. (c) N
1s spectrum of CoAl LDH-PANI. (d-f) FESEM image of CoAl LDH-PANI corresponding to the EDX
elemental mapping images of Co, Al, S, and C showing uniform distribution of the elements.

In order to further study the elemental valence state and elemental distribution, X-ray
photoelectron spectroscopy (XPS) and energy dispersive X-ray spectrometry (EDX) were
carried out to characterize the pristine CoAl LDH and CoAl LDH-PANI samples. As illustrated
in Figure 3.7a, Co 2p, O 1s, C 1s, and Al 2p peaks appear in the survey spectrum of pristine
CoAl LDH, suggesting stacked CO3?-LDH in CoAl-LDH. The full XPS spectrum of the CoAl
LDH is also consistent with previously reported “3, while the presence of the N 1s and S 2p
peaks in CoAl LDH-PANI spectrum indicate that CoAl LDH successfully hybrid PANI.

- 42 -



University of Yamanashi Doctoral Dissertation

Furthermore, S 2p peak revealed in the spectrum of the CoAl LDH-PANI, which was ascribed
to the SDS doped PANI in the CoAl LDH-PANI composites. As shown in Figure 3.7b, the Co
2p line of CoAl LDH is split into Co 2p1» (796.9 eV) and Co 2ps» (780.6 eV) peaks
accompanied by satellite bands. After hybrid with PANI, the Co 2ps2 and Co 2p1/2 main peaks
slightly shift to lower energy levels (796.1 and 780.1 eV, respectively). The shift in the binding
energy of Co 2p peak position provides evidence of an interaction between the inner CoAl LDH
and outer PANI coating layer. The N 1s line of CoAl LDH-PANI in Figure 3.7c can be
deconvoluted into three peaks at 398.50, 399.27 and 400.37, as reported previously *2. EDX
analysis in Figure 3.7d-f shows homogeneously distributed elements, Co, Al, C, and S, which
implied the CoAl LDH-PANI was well distributed on the substrate surfaces. As the low energy
of the characteristic X-rays in light elements, the N element has not been captured. In additional,
the superposition image in Figure 3.7e reveals that S element is uniformly decorated on the
nanosheets and it gives visualized evidence that PANI is evenly coated the CoAl LDH
nanosheet, resulting in uniform CoAl LDH-PANI inner/outer coating nanostructure.

3.3.2 Electrochemical performance
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Figure 3.8. (a) CV curves of pristine PANI, CoAl LDH, and CoAl LDH-PANI composite obtained by
deposition 200 s. (b) Specific capacitance values (obtained from CV measurement) and mass ratio of
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Cyclic voltammetry (CV) was carried out to study the electrochemical performance of as-
prepared electrodes using a three-electrode system at a scan rate of 20 mV/s. For the PANI
electrode in Figure 3.8a, the CV curve possesses a pair of redox peaks (0.37/0.26 V), which has
been reported previously 4. As to the CoAl LDH electrode, the CV curve possesses a pair of
redox peaks (0.34/0.25 V), which is caused by the quasi-reversible faradic redox reaction (1) °.
The nonrectangular shape of the CV curve also indicated that faradaic reactions contributed to
most of the charge storage.

Co(OH), + OH™ & CoOOH + H,0 + e~ (1)

For the CoAl LDH-PANI electrode, the CV curve possesses characteristic redox peaks of

CoAl LDH (0.34/0.25 V) and PANI (0.39/0.29 V), which revealed the composite possesses the
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characteristics of both constituents. Unexpectedly, the CoAl LDH-PANI exhibited a lower
current than those of the CoAl LDH. For the composite, the intensity of the CV curve was
weakened, and the peak potential has slightly changed, which was caused by hybrid PANI in
the initial cycle. The pristine PANI electrode exhibited a very lower resulting current than those
of CoAl LDH and CoAl LDH-PANI electrodes. From the data in Figure 3.8b, the specific
capacitance values of CoAl LDH-PANI are a trend of decreasing with the electrodeposition
time increases. Comprehensive analysis of the morphologies in Figure 3.6 and specific
capacitance values in Figure 3.8b, the CoAl LDH-PANI with deposition 200 s (PANI: CoAl
LDH mass ratio of 0.21:1) was chosen as the test electrode for further evaluation of
electrochemical performance.

For the pristine CoAl LDH and CoAl LDH-PANI electrodes, the oxidation and reduction
reactions could be explained by the following equation (1), and the theoretical specific
capacitance (Ct) could be calculated by the following equation (2).

F
C, = AT;_M (2)

Where AE is the potential range; M is the molecular mass of monomer; F is the Faraday
constant (96485 C/mol); n is the average number of electrons transferred during the redox
reaction.

The theoretical capacitance value of ~ 1834 F/g is obtained in the potential range of 0 ~
0.56 V for Co(OH).. Therefore, we can simply calculate the electrochemically active Co (I1)
amount in both the pristine CoAl LDH and composite electrodes. For the CoAl LDH electrode,
the practical specific capacitance value of ~ 525 F/g is calculated from Figure 3.8, and its
electrochemically active Co (1) amount is about 28.6%. If we assume that there is no interaction
between CoAl LDH and PANI in the composite, the specific capacitance of CoAl LDH-PANI
should be the sum of specific capacitance of CoAl LDH and PANI. For the CoAl LDH-PANI
(PANI: CoAl LDH mass ratio of 0.21:1), its specific capacitance can be calculated by the
following equation (3).

1 0.21

Crpu-pant = Crpu (1+021) + Cpant (1+0.21) )

Based on the CV curves in Figure 3.8a, the practical specific capacitances of CoAl LDH-
PANI and PANI are 318 and 120 F/g. After calculation by equation (3), the specific capacitance
of CoAl LDH in the composite is 360 F/g. The electrochemically active Co (1) amount of CoAl
LDH in composite is about 19.6%. Compare the electrochemically active Co (11) amount in the
both pristine CoAl LDH and CoAl LDH-PANI electrodes, it indicates that the inner active CoAl
LDH in the composite have not been fully utilized at the initial cycle.
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Figure 3.9. (a, ¢) CV curves of CoAl LDH and CoAl LDH-PANI electrodes at various current
densities. (b, d) Specific capacitance and specific capacity of CoAl LDH and CoAl LDH-PANI electrodes
calculated from CV curves. The insets in Figure 3.9b,d show the linearity of anodic current density with
scan rate.

Figure 3.9a,c show CV curves of the pristine CoAl LDH and CoAl LDH-PANI electrodes
at various scan rates. As the scan rate increases, the cathodic and anodic peaks shift to lower
and higher potentials, respectively. And this shift was caused by the polarization of the electrode
in highly porous LDH. As shown in the insets of Figure 3.9b,d, the almost linear relationship
of the plot of anodic peak current versus the scan rate displays the surface-controlled redox
reaction, which indicated the pseudocapacitance behavior of both electrodes *°. As to the
pseudocapacitance-battery behaviors of CoAl LDH and CoAl LDH-PANI, the electrochemical
performances of the electrodes were assessed by determining the specific capacitance (F/g) and
specific capacity (mAh/qg), respectively.
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Figure 3.10. (a, ¢) Galvanostatic discharge curves of CoAl LDH and CoAl LDH-PANI electrodes at
various current densities. (b, d) Specific capacitance and specific capacity of CoAl LDH and CoAl LDH-
PANI electrodes calculated from galvanostatic discharge curves.

Rate capability is one of the significant parameters for supercapacitor. Herein,
galvanostatic charge-discharge (GCD) curves were used to test the rate capability of the pristine
CoAl LDH and CoAl LDH-PANI electrodes (Figure 3.10). Figure 3.10 illustrates galvanostatic
discharge curves at various current densities in the initial cycle numbers. At the same current
density, the specific capacitance of CoAl LDH-PANI electrode was lower than that of CoAl
LDH electrode. The specific capacitance of both electrodes has a high retention rate at high
current density. At a high current density of 40 A/g, the specific capacitance maintains 70.5%
and 67.7% for the pristine CoAl LDH and CoAl LDH PANI electrodes, which revealed good
rate capability of the as-prepared electrode. The GCD test results indicated that the composite
electrode also has good rate performance.
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Figure 3.11. Nyquist plots of the EIS in the frequency range from 0.01 Hz to 100 kHz with an AC
amplitude of 5 mV in 1 M KOH/KCI electrolyte.

Table 3.1. The Re, Ret and n parameters of electrodes obtained from the Nyquist plot

fitting.
Electrode Re(Q) Ret(Q) W (Q/s'?) Nai Ne
CoAl LDH 0.304 0.076 0.137 0.891 1
CoAlI LDH-PANI  0.375 0.381 0.315 0.729 0.974

In the initial cycle, the reduced capacitance of the composite has further analyzed the
reasons by the electrochemical impedance spectroscopy (EIS) tests. Figure 3.11 shows the
Nyquist plots of the EIS spectra for CoAl LDH and CoAl LDH-PANI, which consist of
approximate semi-circles in the high-frequency range and an inclined straight line in the low-
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frequency range. The Nyquist plots are analyzed by applying the equivalent circuit shown in
the inset of Figure 3.11. The inset shows the equivalent circuit diagram. Re is the equivalent
series resistance, including the ionic resistance of the electrolyte, the intrinsic resistance of the
substrate and electroactive material, and contact resistance at the interface between electrolyte
and electrode “6, R is the charge-transfer resistance. Due to the porous surface of electrodes,
the constant phase element (CPE) is used in the equivalent circuit. The impedance of CPE is

definedas Q = :

T(w)™'’
factor range from -1 to 1. If n=-1, the CPE is an inductor and if n=1, CPE is a pure capacitor
and if n=0, CPE is a pure resistor *’. Qqi represents the constant phase element, which is mainly
attributed to the double-layer capacitance. Qr represents the constant phase element, which is
mainly attributed to the faradic pseudocapacitance. W is the Warburg resistance, which is
caused by the diffusion/transport of OH" ions within the porous structure of electrodes 6. A
summary of the CoAl LDH and CoAl LDH-PANI fitting parameters from the impedance
spectra is presented in Table 3.1. In the high-frequency range, the intersecting point with the
real axis represents the equivalent series resistance (Re). In addition, the approximate semi-
circle is associated with Faradic reactions, and its diameter represents the interfacial charge-
transfer resistance (Rct). In the low-frequency range, the slope is caused by the Warburg
impedance (W), which is related to the diffusion resistance of the OH" electrolyte ions in the
electrode pores *°. Furthermore, in the very low-frequency range (< 100 mHZ), the EIS spectra
deviate from the idealized porous electrode model, and the slope of the straight line is larger
than 45< For the PANI-coated CoAl LDH electrode, this deviation behavior becomes more
pronounced. Such behavior at very low frequency, also reported by Cooper “° and Chamaani *°,
is related to the frequency dispersion originating from the deficiency in the porous electrode
structures. As shown in the inset of Figure 3.11, the value of the intersecting point with the real
axis of CoAl LDH-PANI (0.375 Q) is slightly larger than that of CoAl LDH (0.304 Q),
revealing that PANI only a small increase resistance to the composite electrode. The diameter
of the approximate semi-circles of CoAl LDH-PANI is larger than CoAl LDH, and the slope of
the straight line for CoAl LDH-PANI is less than CoAl LDH. It indicated that the composite
electrode has a larger interfacial charge-transfer resistance and higher diffusion resistances that
correspond to a reduced capacitance, compared to CoAl LDH. To put that another way, the
PANI-coated CoAl LDH leads to an increase in “inactive” material (inner CoAl LDH) which
IS not very accessible to the OH" electrolyte ions, and thus causes lower utilization of active
material in the initial cycle. The n-value obtained from the Nyquist plot fitting is between 0.7
and 1, indicating the capacitive behavior of the CoAl LDH and CoAl LDH-PANI electrodes.

where T and n are the frequency- independent constant and a correction
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Figure 3.12. (a) CV curves of CoAl LDH-PANI electrode at different scan cycles. (b) Specific
capacitance and specific capacity values (obtained from CV curves) of CoAl LDH-PANI electrode as a
function of cycle numbers. (scan rate 20 mV/s)

The CV curves in Figure 3.12a exhibit the redox process of CoAl LDH-PANI electrode
with cycle number from 100 to 6000 cycles. Interestingly, with the scan cycles increase, the
CV curve tends to enlarge area accordingly, which indicates the specific capacitance and
specific capacity increase correspondingly. As can be seen, the specific capacitances of CoAl
LDH-PANI are calculated to be 308 F/g and 567 F/g after 100 and 6000 cycles. Besides, the
specific capacity is also presented in Figure 3.12b. The specific capacity values of the CoAl
LDH-PANI are calculated to be 47.9, 63.1, 76.6, 86.2, 92.9, 90.1 and 88.2 mAh/g as scan cycles
of 100, 1000, 2000, 3000, 4000, 5000 and 6000 cycles, respectively. The CoAl LDH-PANI
electrode exhibited increase current of redox peaks before 2000 cycles. The enhancement in
specific capacitance could be attributed to the self-activation process of the inner CoAl LDH,
which has also been supported by earlier reported %2, Based on the EIS analysis, after hybrid
with PANI, the inner active materials of CoAl LDH have not been fully utilized in the initial
cycle. After repetitive redox process, the gradual activation of inner active points of the
electrode materials exposed to the electrolyte, and hence enhanced the specific capacitance. It
is also interesting to find that the current for the CoAl LDH-PANI increases continuously over
2000 cycles, with the disappearance of the PANI redox peak. It may have occurred the
decomposition of polyaniline and formation of new active materials with highly
electrochemically during the long scan process 534, Perhaps the self-activation and degradation
processes occurred simultaneously throughout the cycles. This enhanced capacitance is what
we expect and will be further discussed the reasons below.

T
0.0 0.1
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Figure 3.13. (a) Galvanostatic discharge curves of the CoAl LDH-PANI electrode at different scan
cycles. (b) Cycling performance of the CoAl LDH, PANI, and CoAl LDH-PANI electrodes, respectively.
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Figure 3.14. Galvanostatic charge-discharge curves of first 8 cycles and last 8 cycles for (a) CoAl
LDH and (b) CoAl LDH-PANI during 6000 GCD cycles (current density of 10 A/g).

The cycling performance is one of the most critical indices in the practical use of
electrochemical supercapacitors. The long-term stability of as-prepared electrodes was tested
by GCD, and the results are presented in Figure 3.13. As can be seen from Figure 3.13a, the
galvanostatic discharge curves of the CoAl LDH-PANI electrode are extended the time with
cycle numbers from 100 to 6000 cycles, which indicate the specific capacitance rise
correspondingly. For the CoAl LDH electrode, the GCD time of the last 8 cycles decreased
notably than that of the first 8 cycles (Figure 3.14). However, for the CoAl LDH-PANI, the
GCD time of the last 8 cycles increased greatly compared with the first 8 cycles after 6000
GCD cycles. The results of this study indicated that the advantage of CoAl LDH-PANI was the
increase of specific capacitance at high cycles. For the CoAl LDH electrode in Figure 3.13b,
its specific capacitance increases from 510 to 535 F/g (79.3 to 83.2 mAh/g) in the initial 400
cycles due to the self-activation process, and then continuous decline from 535 F/g to 425 F/g
(83.2 to 66.1 mAh/g, 83.3% retention after 6000 cycles). For the CoAl LDH-PANI electrode,
it is pleasantly surprising to find that the specific capacitance increases from 370 to 600 F/g
(57.6 to 93.3 mAh/g) over 3500 cycles, and then gradually decreased from 600 to 528 F/g (93.3
to 82.1 mAh/g, 142.7% retention after 6000 cycles). The cycling stability behavior was also
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observed for the PANI electrode. The specific capacitance of pristine PANI electrode has a
dramatic drop from 180 to 76 F/g (28 to 11.8 mAh/g, 42.2% retention after 6000 cycles), which
was ascribed to PANI structures suffer from a large volumetric alternation during the charge-
discharge process. Comprehensive analysis of Figure 3.12 and Figure 3.13, the enhanced
specific capacitance of CoAl LDH-PANI electrode may be attributed to both the self-activation
process of electrode materials and decomposition of PANI to form new active substances during
the long cycle process. Nevertheless, so far, the process of polyaniline degradation to form new
active substances has not been made clear yet. In order to deeply investigate the reasons, we
studied this reason by using the FT-IR, FESEM and XPS methods.

Intensity (a.u.)

— 713 ,
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm”

Figure 3.15. FT-IR spectra of (a) CoAl LDH obtained by pristine sample, (b) CoAl LDH obtained by
6000 GCD cycles, (c) CoAl LDH-PANI obtained by pristine sample, and (d) CoAl LDH-PANI obtained by
6000 GCD cycles.

After 6000 GCD cycles, the molecular structures of CoAl LDH and CoAl LDH-PANI
samples were further characterized by FT-IR spectroscopy. What stands out in Figure 3.15 is
the apparently different infrared spectrum of CoAl LDH-PANI before and after 6000 GCD
cycles. For the CoAl LDH in Figure 3.15b, the intensity of the peak around 3400 cm™ decreases
and the peak becomes broader. The lower wavenumber absorption bands at 700-800 cm™
become very weak. Combined with the analysis of Figure 3.3b, it implied that the part of CO3*
anion interlayer space exchange to OH". As to the CoAl LDH-PANI in Figure 3.15d, there are
numerous new peaks appeared in the spectra, which indicate the oxidative degradation of PANI
in alkaline solution. The peaks at 2923 and 2853 cm™ disappear, which is assigned to the de-
doping of SDS of PANI backbone in alkaline solutions (Possible degradation process sees the
Supporting Information, Scheme S1). The release of dopant anion in the PANI backbone may
cause its conductivity to decrease. Moreover, the absorption peaks of the degradation products
group overlap with CoAl LDH, resulting in broader and enhanced absorption bands. The
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enhanced peak around 1625 cm™ is caused by the H-O-H bending vibration of LDH interlayer
water molecules, the stretching vibration of the terminal group C=0, and C=N stretching
vibration of aromatic . The weak band at 1546 cm™ is assigned to the asymmetric stretching
vibrations of NO2. The band at 1510 cm™ becomes very weak in the spectrum, indicating the
absence of p-phenylenediamine form (N-B-N) during the degradation process. The enhanced
peak around 1390 cm™ may be assigned to the interactions between the asymmetric stretching
vibration of the C-O bond and symmetric stretching modes of the terminal group NO.. Herein,
we speculated that the nitro group might be due to oxidizing the amino group and the imino
group to form, which can be further confirmed by the XPS analysis. The bands at 1007 and 830
cmt are severally due to the C-H in-plane bending and the C-H out-of-plane bending vibrations
of the 1,4-disubstituted benzene ring 3. Considering the fact that the oxidative degradation of
PANI, we may conclude that the polymer suffers oxidative degradation was ascribed by an
inherent instability of PANI at high potentials.

+
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Scheme 1. Degradation of PANI durmg electrochemical process in the alkaline solutions.
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GCD cycles.
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Figure 3.17. Co 2p spectra of pristine CoAl LDH-PANI and CoAl LDH-PANI obtained by 6000

GCD cycles.

The morphologies of CoAl LDH and CoAl LDH-PANI electrodes were further observed
by FESEM after 6000 GCD cycles. Compared with the pristine CoAl LDH (Figure 3.5a)
vertically arranged on the substrate, it can be seen from the micrographs in Figure 3.16a and
3.16b that the nanosheets of CoAl LDH seem to have a slant angle to the substrate and partial
collapse after 6000 GCD cycles. As to the CoAl LDH-PANI electrode in Figure 3.16¢ and
3.16d, they give visible evidence that the structures were well-preserved without any
nanosheets cracks and collapses occurred. As we mentioned before, for the composite, the LDH
nanosheets were uniformly wrapping with PANI coating layer and covered the gaps between
the layers, which might play an essential role in the prevention of the electrolyte ions from
degrading the inner nanosheets. Judging from this aspect, the presence of PANI coating layer
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sharply enhanced the structural stability of LDH nanosheets during the redox reaction. This
good structural stability may be a direct answer for the better cycling stability. Figure 3.17
shows Co 2p spectra of pristine CoAl LDH-PANI and CoAl LDH-PANI obtained by 6000 GCD
cycles. After 6000 GCD cycles, the Co 2ps;2 and Co 2p12 main peaks slightly shifted to higher
energy levels with the intensity of the Co 2p peaks and satellite bands significantly decreased.
These differences indicated that part of Co?* in the composite was oxidized to Co®" after 6000
GCD cycles. Furthermore, after 6000 GCD tests, the crystallinity seemed to be preserved due
to the morphology of nanosheet on the plate could be observed in Figure 3.16. Given the result
of SEM micrograph and XPS spectrum, it indicated that crystallinity of CoAl LDH in composite
after 6000 GCD cycles was partially preserved.
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Figure 3.18. C 1sand N 1s spectra of (a, c) pristine CoAl LDH-PANI and (b, d) CoAl LDH-PANI
obtained by 6000 GCD cycles.

Figure 3.18 illustrates the surface elemental C 1s and N 1s spectra of pristine CoAl LDH-
PANI and CoAl LDH-PANI obtained by 6000 GCD cycles. The C 1s line of pristine CoAl
LDH-PANI in Figure 3.18a can be deconvoluted in three peaks at different binding energies:
284.89 eV (C-C/C-H), 285.78 eV (C-N/C=N) and 287.12eV (C-O/C=0) *®. The peak at 287.12
eV can be assigned to carboxylate carbon, indicating that CoAl-LDHs are partly intercalated
by COsz® anion ®'. Whereas the C 1s line of CoAl LDH-PANI in Figure 3.18b can be
deconvoluted in four peaks at different binding energies: 284.91 eV (C-C/C-H), 285.52 eV (C-
N/C=N), 286.39 eV (C-0) and 288.89 eV (C=0). As mentioned in Figure 3.15, most of the
carbonate ions in the LDH intercalation are replaced by hydroxide ions after LDH 6000 GCD
cycles. Thus the C=0 functional groups might be assigned to the formation of the terminal
group C=0 structure with degradation products. The N 1s line of pristine CoAl LDH in Figure
3.18c can be deconvoluted into three peaks at different binding energies: 398.50 eV (-N=),

- B3 -



Study on Synthesis of Metal Oxide/Hydroxide-Conductive Polymer Hybrid Film and Its Electrochemical Properties

399.27 eV (-NH-) and 400.37 eV (-N*H-) 4. However, as to the CoAl LDH-PANI in Figure
3.18d, there is a new N 1s peak line appeared at 404.41eV (N4), which can be assigned to the
formation of the terminal nitro group (-NO) with degradation products °®°, And the N 1s peak
also has similar deconvoluted with those of pristine CoAl LDH-PANI. Furthermore, the
intensity of N1 line was maximum in Figure 3.18d, which indicated the composite has a higher
ratio of quinoid groups. The above analysis results are also in accord with the FTIR analysis in
Figure 3.15. The degradation products may be the critical factor for achieving higher
electrochemical activity in electrolyte to increase the capacitance. Generally, hydroquinone can
be oxidized to benzoquinone at 0.7 V versus SHE in acidic condition. This potential will
decrease to around -0.1 V in the alkaline condition from Lewis equation. For the C=0O group in
our sample, the quinone ring is bonded with imino group which shows electron attraction by
mesomeric (-M) effect. The imino group is connected with nitrophenol having the electron
attractive property. These electron attractive groups will tend to increase the potential of the
redox reaction between C=0 and C-OH. Therefore, the redox process may occur within the
potential window between 0 to 0.56 V versus SCE and contribute to increasing the capacitance.
Furthermore, the degradation products of the terminal nitro group may also be closely related
to achieving high electrochemical activity. Given the results of FT-IR and XPS analysis, it was
also worthwhile mentioning that the degradation behavior of PANI was a difference between
the alkaline and acid electrolyte solutions -1, We were also aware that our research might also
have the limitation. It is generally known that the random chain scission of polymer molecular
chains is relatively complicated during the degradation of the PANI. Herein, we have only
confirmed the possible terminal group structures generated during the degradation process.
Regrettably, however, we were unable to definitely give the specific molecular formula of the
new active materials.

3.3.3 Band structure and synergistic mechanism
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Figure 3.19. Band structure, total DOS, and partial DOS for each element of CoAl LDH.
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energy / eV
Figure 3.20. Charge density model and DOS of PANI molecules.

Up to this point, a fundamental understanding of the synergistic mechanism of inner CoAl
LDH and outer PANI layer is still missing. Here, we tried to reveal the synergistic mechanism
from the perspective of the band structure. Figure 3.19 shows the band dispersion, density of
states (DOS) of a total, Co, Al, and O calculated by ab-initio simulation. For these curves, the
Fermi level is at 0 eV. From the band dispersion curve, Fermi level was slightly lower than the
conduction band minimum (CBM), which was composed of down spin. Actually, CoAl LDH
shows a slight conductive property. From the partial DOS, only the 3d electrons in Co was split
between up and down spin nearby the Fermi level by exchange splitting due to delocalization
of d orbital. In both spins, d orbitals are a bimodal shape with separation of around 1.9 eV, and
components of each band are same as follows. The lower band is composed of large dz.-r2 orbital
and small amounts of dxz.y2, dxy, dyz, and dx; orbitals. In the higher band, large dy; and dx; orbitals
and small dxz2y2 and dyy orbitals exist. These components implied that these separations were
provided from degeneracy by crystal field splitting, focusing on the same direction of z-axis
between electron orbital crystal structure. Since CoOe octahedra are connected with edge
sharing, d orbitals may be overlapped and provide electron conductivity with layer direction.
On the other hand, the band with lower energy composed of O 2p is also split to p, and the
others. The p, orbital binds with a 1s electron in a proton. There is a small energy gap of 0.25
eV at around 7-8 eV. Therefore, the electron should be hopped when the redox reaction (1)
occurs. In the case of CoAl-LDH with PANI hybrid, charge transfer may occur between LDH
and PANI. Figure 3.20 shows DOS of PANI calculated by Discrete Variational X (DV-X).
From these curves, orbital of N 2p distributes widely within the band in the range from -10 to -
3 eV for amino and from -8 to 0 eV for imino group, respectively. Such wideband structure
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may result in easy hopping for the charge transfer due to overlapping energy with both O 2py,
py and p; in the LDH structure.
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Figure 3.21. A schematic cross section illustration of electrolyte diffusion paths in CoAl LDH-PANI
nanosheets.

Based on the above results, the high specific capacitance and excellent cycling stability of
CoAl LDH-PANI composite should be related to its well-designed nanosheets structure and
synergistic effect between the inner LDH layer and outer PANI coating layer. They can be
explained by the following reasons. (1) The CoAl LDH nanosheet can directly grow on the
substrate with its ab-faces perpendicular to the substrate without any additive, which revealed
a lower contact resistance and large specific surface area. As shown in Figure 3.21, the porous
structures of CoAl LDH inner and thin PANI outer resulted in high utilization of active
materials and short ionic diffusion path. (2) The space between CoAl LDH nanosheets is large
enough to buffer the large volumetric swelling/shrinkage of PANI during charging/discharging
process; while stable PANI shell also acts as a protection layer to preserve the CoAl LDH
nanosheets from direct exposure to the corrosive environment. Especially Al can be dissolved
in a strong alkaline solution. In this sense, the composite design that couple CoAl LDH with
PANI can effectively make up the disadvantages of cycling stability of each component. (3)
The enhancement in specific capacitance can be attributed to two aspects. The first aspect is
due to the self-activation process of composites. At the initial cycle, active materials are not
fully utilized, and it can delay the increase of the capacitance. After repeated charge-discharge
process, the continuous activation of redox components is fully exposed to the electrolyte and
they can greatly increase the capacitance by synergistic effect. The other aspect is the PANI
can further maximize the specific capacitance of the whole electrode due to the decomposition
of PANI to form new materials with highly electrochemically, and the improvement of ion
diffusion rose the specific capacitance.
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3.4. Conclusion

In summary, we have successfully used in hydrothermal-electrodeposition method to
prepare a novel inner/outer layer structural CoAl LDH-PANI nanocomposite in which the CoAl
LDH nanofilms are well grown on Ni surface and the inner CoAl LDH is decorated by outer
PANI layer. The hybrid architecture CoAl LDH-PANI exhibited greatly enhanced specific
capacitance and cyclic stability (528 F/g at a current density of 10 A/g, 142.7% retention after
6000 cycles) and was superior to the non-decorated CoAl LDH (425 F/g at a current density of
10 A/g, 83.3% retention after 6000 cycles). The hydrothermal-electrodeposition method for
synthesis of LDH-PANI growth on Ni substrate was straightforward and controllable. Our study
results indicate that the PANI can be oxidized to other products which can act in the alkaline
solution to increase of the capacitance under a proper working electrode and device voltage.
Future studies are required to further identify the specific molecular structures of PANI
degraded active products for the enhanced electrochemical activity of the LDH-based hybrid
capacitor, and they are currently underway to examine in our laboratory. The possible
mechanism of synergistic effect is also proposed in a new perspective. We deem that our
research will be valuable in improving knowledge about LDHs/conducting polymer hybrid.
The novel design strategy presented here also have a potential application for the direct design
and fabrication of other hydroxides/oxides and conductive polymers hybrid films, for obtaining
high electrochemical performance supercapacitor electrode material.
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Chapter 4 Effects of a Strong Magnetic Field on
Microstructure Orientation in CoAl Layered Double
Hydroxide Prepared by Hydrothermal and Slip Casting
Methods

4.1 Introduction

The application of a magnetic field for advanced materials have attracted considerable
attention owing to their potential application in improving the optical, mechanical, chemical,
electronic properties, and so on 3. The controlled development of the crystal orientation in
nanomaterial is very useful for improving its properties. Recently, it has been found that a
crystal orientation in materials can be controlled by imposition of a high magnetic field. The
effects of a high magnetic on crystal orientation is not only ferromagnetic materials but also
nonmagnetic ones such as paramagnetic and diamagnetic *’. Layered double hydroxides
(LDHs), also called anionic clays, have the following general formula:
M$* M3+ (OH)2 (A" )y/n - mH,0, where M** and M*" are divalent and trivalent, and A™ is the
interlayer anion. CoAl LDH is a very attractive transition metal hydroxide material because of
its excellent properties, such as good thermal stability, unique structural anisotropy, high redox
activity, and flexible ion-exchangeability ®°. Nowadays, CoAl LDH nanomaterials are
considered as promising candidates for a range of applications, as catalysts, vehicles for drug
delivery, anion exchangers, and electrode material 12, The fabrication of the oriented CoAl
LDH nanostructure is one of the effective ways to improve its properties. Recently, magnetic-
field-assisted assembly of CoFe LDH ultrathin film has been achieved by layer-by-layer
method 2, which gives us the impetus to explore the fabrication of oriented CoAl LDH nanofilm
with the assistance of an external magnetic field. Synthetic LDHs mainly include
coprecipitation, ion-exchange, hydrothermal, and urea hydrolysis methods 3. Among these
methods, hydrothermal method is the simplest and most commonly used fabrication method for
the preparation of CoAl LDH nanomaterials. Hydrothermal reaction can also directly synthesis
of CoAl LDH nanofilm on substrates without binder, and this strategy is also advantageous to
keep its nanostructure. Little is known, however, about the investigation of hydrothermal
synthesis of oriented LDH film by an applied magnetic field.

Usually, an asymmetric crystal structure must give anisotropic magnetic susceptibilities.
When the particles with an anisotropic magnetic susceptibility are placed in a magnetic field, a
magnetic torque is generated from the interaction between this anisotropy and a magnetic field
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14 For the CoAl LDH film grows directly on the substrate, the adhesion between the substrate
and film is strong in the case of the out-of-flatness substrate surfaces provide bonding sites for
the crystal growth; this may also prevent each nanosheet in the film from free rotation under a
magnetic field. So, in order to fully investigate the induction effect of magnetic field on CoAl
LDH, it is necessary for the study the CoAl LDH particle under application of a magnetic field.
A well-dispersed suspension of particle is necessary for the effective utilization of a magnetic
field, because the presence of van der Waals attraction between the fine particles causing them
tend to spontaneously agglomerate. It is necessary to use colloidal processing for controlling
the stability of particles in order to effectively use a magnetic field to rotate the particles.
However, very little is known about the investigation oriented LDH achieved using colloidal
processing with the assistance of an external magnetic field. This study would usefully
supplement and extend the research field for fabricating the advanced LDHs material with the
assistance of an external magnetic field.

The effect of the applied strong magnetic field on the molecular structure, crystal phase,
morphology, and the crystal orientation of CoAl LDH prepared by hydrothermal synthesis and
slip casting, has been investigated with the assistance of an external magnetic field.

4.2 Materials and Methods

4.2.1 Hydrothermal synthesis of CoAl LDH nanosheet films

In a typical hydrothermal synthesis, 0.26 mmol of Co(NOs3), 6H.0, 0.09 mmol of
Al(NOz3)3 9H20, 0.86 mmol of NH4F and 1.71 mmol of CO(NH2)2 were added in 15 mL
distilled water under 15 min magnetic stirring. The mixed solution was transferred to a 20 mL
Teflon lined stainless steel autoclave. Then, a piece of clean titanium plates (30 mm <10 mm
% 0.1 mm) was immersed into the reaction solution. The autoclave was sealed and placed in a
heating jacket with covered the thermal insulation lid. Then the heating jacket was placed in
the central position of the magnet bore in the magnetic field device. When the preset magnetic
field strength was reached 12 T, the temperature control device was activated, and the
temperature maintains at 120 <C for 6 h. After the reaction was completed, the superconducting
magnet device was turned off, and the autoclave was removed. Finally, the thin film samples
on Ti substrate was taken out gently from the solution and washed three times with distilled
water. Meanwhile, the pink precipitates were collected and washed with distilled water for
several times. The samples were then dried at 60 <C for 2h. For comparison, one specimen was
prepared by hydrothermal synthesis without applying a strong magnetic field.
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4.2.2 Slip casting of CoAl LDH nanosheets

The as-synthesized CoAl LDH powders were used as the starting materials for colloidal
processing. Ethyl alcohol suspensions were prepared that contained 35 vol%; the solids
consisted of CoAl LDH that include 15 wt% polyvinylpyrrolidone (PVP, K90) as the binder.
The suspension was ultrasonicated for 20 min and stirred for 6 h. The suspension was put into
a vacuum desiccator to remove the air. Then the suspension was poured into a gypsum mold
and left to be consolidated by slip casting. A strong magnetic field of 12 T was applied to the
suspension during slip casting at room temperature. The direction of the magnetic field was
parallel and perpendicular to the casting direction. For comparison, one sample was prepared
by slip casting without applying a strong magnetic field.

The degree of crystalline orientation was evaluated by the Lotgering orientation factor (f)
from the intensities of the X-ray diffraction lines, as shown in equation (1).

P-P,
f=1=%,

Where P and Po were obtained from the ratio of ), 1(0kl)/ Y. I(hkl). The value of P was
calculated from the textured CoAl LDH sample. The value of Po was calculated from the ICDD
card as randomly oriented specimens.

4.2.3. Structural characterization

The chemical structures of the samples were examined by Fourier transform infrared
spectrometer (FT-IR, FTIR4100, JASCO) analysis with ATR attachment. X-ray diffraction
patterns of the samples were obtained on an X-ray diffractometer with monochromated Cu Ka
radiation (XRD, RINT-2100, Rigaku). The surface morphologies of the films were
characterized by field emission scanning electron microscopy (FESEM, JSM-6500F, JEOL)
equipped with EDX analyzer. The surface composition of the samples was analyzed by X-ray
photoelectron spectroscopy (XPS, AXIS Ultra DLD, Kratos). A strong magnetic field was used
in a room temperature bore of a superconducting magnet (JASTEC Inc., IMTD-12T100NC5).
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4.3 Results and Discussion
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Figure 4.1. (a) Schematic illustration of the fabrication of CoAl LDH nanosheet structures. SEM
images of (b,c) the Ti surface and (d,e) after covering with CoAl LDH. (f) XRD patterns of CoAl LDH
precipitate, CoAl LDH film, and CoAl LDH powder scrapped from film samples. (g) FT-IR spectra of

CoAl LDH film and CoAl LDH precipitate.
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4.3.1 Structural study

The fabrication process of CoAl LDH nanosheet film is illustrated in Figure 4.1a. Through
the homogeneous hydrothermal process, the SEM reveals that CoAl LDH nanosheets are grown
and well distributed across the substrate surface with forming the porous structure (Figure 4.1d),
and the nanosheet with the thickness of ~100 nm (Figure 4.1e). The crystal phase and molecular
structure of as-synthesized CoAl LDH were investigated by XRD and FT-IR spectroscopy. As
shown in Figure 4.1f, the XRD patterns of CoAl LDH precipitate and CoAl LDH film are
consistent with that of the desired CoAl LDH phase (JCPDS: 51-0045). As shown in Figure
4.1qg, the FT-IR spectrum of the CoAl LDH film is identical to that of the CoAl LDH precipitate.
The strong, broad band around 3500 cm™ can be explained as the metal-OH stretching mode
and hydrogen bond interlayer H,O surrounding the interlayer anion °. The intense peaks at
1360 and 740 cm are assigned to the asymmetric stretching vibration of the C-O bond, which
caused by the interlayer of COs? in CoAl LDH. The lower wavenumber absorption bands at
400-700 cm! belongs to the M-O, O-M-0O, and M-O-M related vibrational modes of LDHs 8.
From the XRD and FTIR analyses, the results indicated that CoAl LDH could grow well on the
substrate by the hydrothermal synthesis.
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Figure 4.2. (a) The XPS full spectra, (b) Co2p spectrum and (c) N1s spectrum of CoAl LDH. (d-f)
FESEM image of CoAl LDH corresponding to the EDX elemental mapping images of Co, Al, C, and O
showing uniform distribution of the elements.

We further characterized the chemical composition and elemental distribution of the CoAl
LDH by XPS and EDX. As shown in Figure 4.2a, Co 2p, Al 2p, C 1s, and O 1s peaks appear
in the survey spectrum of CoAl LDH, suggesting stacked CO3?-LDH in CoAl-LDH. The Co
2p and Al 2p spectrum (Figure 4.2b,c) are also consistent with previously reported 117, EDX
mapping analysis (Figure 4.2d-f) displayed a homogeneous distribution of the element (Co, All,
C, O) in the CoAl LDH nanofilm, which also implied the CoAl LDH nanosheets were well
distributed on the substrate surfaces.

4.3.2 Growth process and mechanism of CoAl LDH on the Ti substrate

Figure 4.3. SEM images of the products obtained on Ti substrate at various hydrothermal reaction
times: (@) 0.5h, (b) L h,(c)2h, (d) 3 h, (e) 4 h, (f) 6 h.
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To better understand the factors controlling the crystalline orientation of CoAl LDH
nanosheet film, the growth process was followed by SEM. As shown in Figure 4.3, the SEM
images of the products were obtained on the substrate at various reaction times. Before the
hydrothermal reaction, it can be seen from Figure 4.1b,c that the surface of the pretreated Ti
substrate is out-of-flatness. The defect site on the Ti surface can offer the hetero-nucleation site
for the growing of nanoparticle. After 0.5 h, a film with small particles of CoAl-LDH nuclei
was observed on the Ti surface (Figure 4.3a), and the number and size of the LDH nuclei slowly
increased from 1 to 2 h (Figure 4.3b,c). From this point, the growth of the LDH accelerated and
a dense film of LDH nanosheets with their (00l) planes perpendicular to the surface of the Ti
formed gradually (Figure 4.3d). Hereafter, the LDH platelets grew rapidly with time (Figure
4.3e and f). These results reveal that the formation process of CoAl LDH nanosheets on the Ti
substrate included both crystal nucleation and growth, and the nucleation is the rate-determining
step.

Preferential orientation during LDHSs crystal growth on solid surfaces has been observed
on a variety of substrate materials, including PAO/AI, graphene oxide, polystyrene, nickel, and
glass substrates 1% 2023, Herein, “evolution selection” which has used to explain the preferred
orientation of LDH film with the ab face of the crystallites perpendicular to the substrate, which
has also been supported by earlier reported 2% 24, In the early growth stages, crystal seeds would
grow in all possible directions. But for an anisotropic CoAl LDH crystallite, growth in the c-
direction is significantly slower than that in the ab-direction, which resulted in the direction
with the fastest growth rate makes a different angle to the normal to the surface for each crystal.
When two crystals meet, the less steeply growing crystal is prevented from further growth by
the more steeply growing crystal, which continues to grow. Repetition of this process ensures
that crystals with their fastest growth direction normal to the substrate eventually envelop all
the other crystals and finally dominate the film. Ultimately, the film becomes dominated by
crystallites growing with their ab-planes perpendicular to the substrate.
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4.3.3 The study of magnetic field on hydrothermal growth of CoAl LDH

Case 1 Case 2
Ti
Hydrothermal Synthesis " Hydrofhermal Syn'fHesi:s in
120 °C, 6h magnetic field 120 °C, 6h, 12T

Figure 4.4. The schematic view of the experimental apparatus for hydrothermal synthesis (case 1, 2)
and hydrothermal synthesis under a strong magnetic field (case 3, 4).

The present experimental apparatus of the hydrothermal synthesis is shown schematically
in Figure 4.4. A Ti plate was immersed into aqueous solution, and the plane of the Ti plate was
set in parallel (the specimen labelled as Case 1) and perpendicular (the specimen labelled as
Case 2) to the direction of gravity, respectively. For comparison, a strong magnetic field of 12
T was applied to the hydrothermal growth process. The plane of the Ti plate was set in parallel
(the specimen labelled as Case 3) and perpendicular (the specimen labelled as Case 4) to the
direction of gravity with applying a strong magnetic field.

Powder from LDH film in O T (Casel)
Powder from LDH film in 12 T (Case 3)
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Figure 4.5. SXRD patterns of the powder obtained from CoAl LDH filmin 0 T (Case 1) and 12 T
(Case 3).
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To verify the effect of the strong magnetic field on the crystal phase of the CoAl LDH, the
SXRD measurements were first performed. As shown in Figure 4.5, the SXRD patterns of CoAl
LDH obtained in Case 3 can be very well indexed to CoAl LDH obtained in Case 1, including
the intensity and position of each diffraction peak. It indicated the strong magnetic field could
not change the CoAl LDH crystal phase during the hydrothermal growth process. In other words,
the CoAl LDH crystal structure can also well keep balance between the positively charged
plates and interlayer anions under an external strong magnetic field. Figure 4.6a illustrates the
FT-IR spectra of CoAl LDH films obtained in O T and 12 T. The water molecules in the
interlayer region connected to both the metal hydroxide layers and interlayer anions through
extensive hydrogen bonding 2°%’. And some studies confirmed that these hydrogen bonds were
continuously breaking and reforming and that the water molecules were in a continuous state
of flux 2. Hence the precise nature of the interlayer region is extremely complex. Usually,
the amount of interlayer water in the LDHs is determined by factors such as the nature of the
interlayer anions, the water vapour pressure and temperature 2°3°. For the CoAl LDH sample
obtained in 12 T, very interesting is the observation that the decreases in the intensity of the
absorption peak of the H-O-H bending vibration at 1640 cm, which are probably attributed to
the interlayer water molecules contents decrease. Presumably, the strong magnetic field may
weak the integrated hydrogen bonding network among the hydroxyl slabs, the interlayer anions
and water molecules. As a result, it can lead to the water molecules to not stably insert between
the layers of a LDH. Unfortunately, this process could not be observed in any other way. Figure
4.6b illustrates the XRD patterns of CoAl LDH films obtained in 0 T and 12 T. It is noteworthy
that the relative intensities of the peaks corresponding to the (012)/(003) and (012)/(006) planes
become larger for the CoAl LDH film obtained in Case 3, indicating that a preferred orientation
of (012) plane in the CoAl LDH nanofilm obtained with the assistance of magnetic field. Hence,
it is expected that the application of external magnetic fields during hydrothermal synthesis can
induce orientated growth of the LDH crystals along the easy magnetic axis.
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Based on the measured XRD data, the degree of CoAl LDH nanosheets orientation was
evaluated by the Lotgering orientation factor (f), as shown in equation (1). For the specimen
synthesized in Case 1, the degree of crystalline CoAl LDH is approximates to 0.21. By
comparison, as to the specimens synthesized in Case 3, the orientation factor f is 0.46, which is
much larger than that of the specimens prepared without magnetic field. It indicated that under
the assistance of a strong magnetic field, the preferred growth orientation is along the (Okl)
direction (bc plane). These results revealed that the application of a strong magnetic field could
induce different oriented polycrystalline structures, which will be further discussed below.

“,""l‘{“ \ ! ‘ AN \\"‘\§; = !
Figure 4.7. SEM images of (a, b) CoAl LDH film obtained in 0 T (Case 1) and (c, d) CoAl LDH
film obtained in 12 T (Case 3).

Figure 4.7 shows the microstructures of the CoAl LDH nanosheet films synthesized in
Case 1 and Case 3. It can be seen that the films consist of thin nanosheets, which are the typical
morphology of CoAl LDH. In addition, the thickness of CoAl LDH nanosheets prepared in 12
T is consist with that of CoAl LDH nanosheets prepared in O T. However, the applied strong
magnetic field has an obvious effect on the development of oriented CoAl LDH nanofilm. For
the CoAl LDH synthesized in Case 1 (Figure 4.7a,b), the nanofilm is composed of tightly
packed nanosheets with ab plane vertically arranged on the substrate in large amounts, and the
ab plane vertically arranged in arbitrary directions. As to the CoAl LDH synthesized in Case 3
(Figure 4.7c,d), it is worthy to note that although the nanofilm has the similar morphology with
the Case 1, the nanosheets become more closely packed and align along the bc plane in accord
with the magnetic field direction. This result shows that the development of the CoAl LDH/Ti
orientation could be influenced by a strong magnetic field which is also consistent with the
above XRD results.
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Figure 4.8. XRD patterns of CoAl LDH film obtained in 0 T (Case 2) and 12 T (Case 4).
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We further studied the effect of the strong magnetic field on the orientation of CoAl LDH
nanosheets synthesized in Case 2 and Case 4. Figure 4.8 shows XRD patterns of the specimens
prepared in 0 T and 12 T, respectively. The XRD patterns of two specimens match well with
the CoAl LDH precipitation (Figure 4.1f), indicating the strong magnetic field has no effect on
the crystal phase of the product. Notably, the relative intensities of the peaks relevant to the
(003)/(012) and (006)/(012) planes become obviously decrease for the specimen prepared with
a strong magnetic field, indicating that under the assistance of magnetic field, the preferred
growth orientation is along the (Okl) plane. For the specimens synthesized in Case 2, the degree
of crystalline CoAl LDH is approximates to 0.15. By comparison, as to the specimens
synthesized in Case 4, the Lotgering orientation factor f is 0.37, which is much larger than that
of the specimens synthesized in Case 2. This result indicates that the development of the CoAl
LDH orientation can be controlled by utilizing a strong magnetic field and that the preferred
growth orientation is along the (Okl) direction (bc plane).
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Figure 4.9. SEM images of (a, b) CoAl LDH film obtained in 0 T (Case 2) and (c, d) CoAl LDH
film obtained in 12 T (Case 4).

As shown in Figure 4.9, the SEM images of CoAl LDH nanofilms synthesized in Case 2
and Case 4. One can see that both specimens consist of nanofilms constructed of thin nanosheets.
Furthermore, the applied strong magnetic field has little effect on the nanosheet size of
hydrothermally synthesized CoAl LDH, but some change is observed in the morphology. As to
the CoAl LDH synthesized in Case 2 (Figure 4.9a,b), the nanofilm was consist of tightly packed
nanosheets with ab plane nearly vertically arranged on the substrate and ab plane arranged in
arbitrary directions. For the CoAl LDH synthesized in Case 4 (Figure 4.9c,d), it is worthy to
note that although the nanofilm has the similar morphology with the Case 2, the CoAl LDH
nanofilm consist of closely packed nanosheets with forming the porous structure and the ab
plane more nearly vertical arranged on the substrate. This result shows that the development of
the CoAl LDH/Ti orientation could be influenced by a strong magnetic field which is also
consistent with the XRD results (Figure 4.8).

4.3.4 The study of oriented CoAl LDH by slip casting in magnetic field

Case 5 Case 6

Slip casting, Slip casting in magnetic field
12h at RT. 12T,12h at RT.

Figure 4.10. The schematic view of experimental apparatus for slip casting in 0 T (Case 5) and
slip casting under a strong magnetic field of 12 T (Case 6,7).
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For the CoAl LDH nanosheet films prepared by hydrothermal method, the in-situ growth
of nanosheets on a Ti substrate was inhibited the individual crystal rotation to some extent in
the magnetic field. Then, a slip-casting process under a magnetic field was used to study the
crystal orientation of CoAl LDH. The present experimental apparatus of the slip casting is
shown schematically in Figure 4.10. A strong magnetic field of 12 T was applied to the
suspension during slip casting at room temperature. The direction of the magnetic field was
perpendicular (the specimen labelled as Case 6) and parallel (the specimen labelled as Case 7)
to the direction of gravity, respectively. For comparison, one specimen labelled as Case 5 was
prepared without applying a magnetic field.
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Figure 4.11. XRD patterns of CoAl LDH samples obtained from the slip casting method with and
without a 12 T magnetic field.

Figure 4.11 shows the XRD patterns of the CoAl LDH are compacted by slip casting with
and without an applied magnetic field. It has a pronounced difference in the degree of crystal
orientation in an XRD analysis, which was detected between the specimens treated with and
without an applied magnetic field during slip casting. As shown in Case 5, it is clearly observed
that only the (00I) peaks of the CoAl LDH have the very high diffraction intensities, suggesting
that the CoAl LDH possesses c-axis preferred orientation. As shown in Case 6, with the
assistance of an external magnetic field, the relative intensities of the peaks corresponding to
the (OkI) /(00I) planes become much stronger, indicating that the development of the CoAl LDH
orientation can be induced by a strong magnetic field. When the CoAl LDH prepared in Case
7, the intensity of the (012) peak is increased remarkably compared with the Case 5 without
exposure to the magnetic field, and the intensities of (003) and (006) peaks almost diminished.
Such a difference resulted from a preferred orientation of LDH crystallites possess b,c-axes
crystals align in the magnetic field direction.
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Figure 4.12. SEM micrograph of CoAl LDH powder prepared by slip casting: (a,b) specimen without
applying a magnetic field (Case 5), (c,d) specimen in12 T (Case 6), and (e,f) specimen in12 T (Case 7).

Figure 4.12 shows the microstructure of the top surface of the CoAl LDH nanosheets
prepared by slip casting with and without applying a magnetic field. As shown in Figure 4.12a,b,
the CoAl LDH nanosheets are horizontally arranged on the substrate surface without exposure
to the magnetic field. As shown in Figure 4.12c,d, the CoAl LDH nanosheets are randomly
distributed in the specimen; namely, the surface morphology was out of flatness. On the other
hand, in Figure 4.12¢,f, the top surface of the CoAl LDH nanosheets show the closely packed
nanosheets with vertically arranged on the substrate. The SEM morphologies have also
confirmed the XRD results given in Figure 4.11. The results of XRD and SEM indicated the
imposed a strong magnetic field contributes greatly to crystal alignment in the CoAl LDH
nanosheets prepared by slip casting.

4.4 Conclusion

In summary, we have successfully prepared 2-D CoAl LDH material made of nanosheets
by a hydrothermal process. To fabricate CoAl LDH nanosheets with highly aligned crystals,
we introduced the method of hydrothermal growth and slip casting with the assistance of an
external magnetic field. The following results were obtained:

1. The CoAl LDH nanosheet films were synthesized by a hydrothermal process combined
with a strong magnetic field. For the CoAl LDH, the addition of a strong magnetic field has no
change the crystal phase, but the obvious reduced the amount of interlayer water molecules in
CoAl LDH. The preferred growth orientation of CoAl LDH nanosheets was obtained with the
assistance of an external magnetic field.
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2. The CoAl LDH nanosheets with highly aligned crystals are achieved by performing a
slip casting with the assistance of an external magnetic field. It indicates that the use of a
magnetic field is very effective for developing an oriented CoAl LDH nanosheets.

3. The supplemental strong magnetic field provides a novel strategy for developing an
oriented microstructure. It’s believed that applying an external strong magnetic field in
hydrothermal reaction and slip casting could promote the development of layered double
hydroxides with prospective application.

Reference

1. Tang, Y.; Chen, Q.; Chen, R., Magnetic field induced controllable self-assembly of
maghemite nanocrystals: From 3D arrays to 1D nanochains. Applied Surface Science 2015,
347, 202-207.

2. Shao, M.; Wei, M.; Evans, D.G.; Duan, X., Magnetic-field-assisted assembly of CoFe
layered double hydroxide ultrathin films with enhanced electrochemical behavior and
magnetic anisotropy. Chemical Communications 2011, 47 (11), 3171-3173.

3. Sahoo, Y.; Cheon, M.; Wang, S.; Luo, H.; Furlani, E.P.; Prasad, P.N., Field-Directed Self-
Assembly of Magnetic Nanoparticles. The Journal of Physical Chemistry B 2004, 108 (11),
3380-3383.

4. Suzuki, T.S.; Sakka, Y.; Kitazawa, K., Orientation amplification of alumina by colloidal
filtration in a strong magnetic field and sintering. Advanced Engineering Materials 2001, 3
(7), 490-492.

5. Suzuki, T.S.; Uchikoshi, T.; Sakka, Y., Effect of sintering conditions on microstructure
orientation in a-SiC prepared by slip casting in a strong magnetic field. Journal of the
European Ceramic Society 2010, 30 (14), 2813-2817.

- 76 -



University of Yamanashi Doctoral Dissertation

10.

11.

12.

13.

14.

15.

16.

17.

18.

Asai, S.; Sassa, K.S.; Tahashi, M., Crystal orientation of non-magnetic materials by
imposition of a high magnetic field. Science and Technology of Advanced Materials 2003,
4 (5), 455-460.

Li, S.; Sassa, K.; Asali, S., Fabrication of textured SisN4 ceramics by slip casting in a high
magnetic field. Journal of the American Ceramic Society 2004, 87 (7), 1384-1387.

Pan, G.X.; Xia, X.H.; Luo, J.S.; Cao, F.; Yang, Z.H.; Fan, H.J., Preparation of CoAl layered
double hydroxide nanoflake arrays and their high supercapacitance performance. Applied
Clay Science 2014, 102, 28-32.

Zhang, L.; Zhang, X.; Shen, L.; Gao, B.; Hao, L.; Lu, X.; Zhang, F.; Ding, B.; Yuan, C.,

Enhanced high-current capacitive behavior of graphene/CoAl-layered double hydroxide
composites as electrode material for supercapacitors. Journal of Power Sources 2012, 199,
395-401.

Yang, G.; Takei, T.; Yanagida, S.; Kumada, N., Enhanced Supercapacitor Performance

Based on CoAl Layered Double Hydroxide-Polyaniline Hybrid Electrodes Manufactured
Using Hydrothermal-Electrodeposition Technology. Molecules 2019, 24 (5), 976.

Li, F.; Duan, X., Applications of layered double hydroxides. Layered double hydroxides,
Springer: 2006; pp 193-223.

Del Hoyo, C., Layered double hydroxides and human health: an overview. Applied Clay
Science 2007, 36 (1-3), 103-121.

He, J.; Wei, M.; Li, B.; Kang, Y.; Evans, D.G.; Duan, X., Preparation of layered double
hydroxides. Layered double hydroxides, Springer: 2006; pp 89-1109.

Suzuki, T.S.; Uchikoshi, T.; Sakka, Y., Effect of sintering additive on crystallographic
orientation in AIN prepared by slip casting in a strong magnetic field. Journal of the
European Ceramic Society 2009, 29 (12), 2627-2633.

Kloprogge, J.T.; Hickey, L.; Frost, R.L., FT-Raman and FT-IR spectroscopic study of
synthetic Mg/Zn/Al-hydrotalcites. Journal of Raman Spectroscopy 2004, 35 (11), 967-974.
Xiao, Y.; Su, D.; Wang, X.; Wu, S.; Zhou, L.; Sun, Z.; Wang, Z.; Fang, S.; Li, F., Ultrahigh
energy density and stable supercapacitor with 2D NiCoAl Layered double hydroxide.
Electrochimica Acta 2017, 253, 324-332.

Fan, G.; Wang, H.; Xiang, X.; Li, F., Co-Al mixed metal oxides/carbon nanotubes
nanocomposite prepared via a precursor route and enhanced catalytic property. Journal of
Solid State Chemistry 2013, 197, 14-22.

Fan, G.; Wang, H.; Xiang, X.; Li, F., Co-Al mixed metal oxides/carbon nanotubes
nanocomposite prepared via a precursor route and enhanced catalytic property. Journal of
Solid State Chemistry 2013, 197, 14-22.

- 77 -



Study on Synthesis of Metal Oxide/Hydroxide-Conductive Polymer Hybrid Film and Its Electrochemical Properties

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Xiao, Y.; Su, D.; Wang, X.; Wu, S.; Zhou, L.; Sun, Z.; Wang, Z.; Fang, S.; Li, F., Ultrahigh
energy density and stable supercapacitor with 2D NiCoAl Layered double hydroxide.
Electrochimica Acta 2017, 253, 324-332.

Guo, X.; Xu, S.; Zhao, L.; Lu, W.; Zhang, F.; Evans, D.G.; Duan, X., One-step
hydrothermal crystallization of a layered double hydroxide/alumina bilayer film on
aluminum and its corrosion resistance properties. Langmuir 2009, 25 (17), 9894-9897.
Guo, X.; Zhang, F.; Xu, S.; Evans, D.G.; Duan, X., Preparation of layered double hydroxide
films with different orientations on the opposite sides of a glass substrate by in situ
hydrothermal crystallization. Chemical Communications 2009, (44), 6836-6838.

Huang, S.; Zhu, G.N.; Zhang, C.; Tjiu, W.W.; Xia, Y.Y.; Liu, T., Immobilization of Co-Al
layered double hydroxides on graphene oxide nanosheets: growth mechanism and
supercapacitor studies. ACS applied materials & interfaces 2012, 4 (4), 2242-2249.

LU Z.; Zhang, F.; Lei, X.; Yang, L.; Evans, D.G.; Duan, X., Microstructure-controlled
synthesis of oriented layered double hydroxide thin films: Effect of varying the preparation
conditions and a kinetic and mechanistic study of film formation. Chemical Engineering
Science 2007, 62 (21), 6069-6075.

Van der Drift, A., Evolutionary selection, a principle governing growth orientation in
vapour-deposited layers. Philips Res. Rep 1967, 22 (3), 267.

Khan, A. 1.; O’Hare, D., Intercalation chemistry of layered double hydroxides: recent
developments and applications. Journal of Materials Chemistry 2002, 12 (11), 3191-3198.
Miyata, S., The Syntheses of Hydrotalcite-Like Compounds and Their Structures and
Physico-Chemical Properties-1: the Systems Mg?*-AIP*-NO%*, Mg?*-AIF*-Cl-, Mg?*-Al®*-
CIO*, Ni?*-AP*-CI- and Zn**-AI**-CI-. Clays and Clay Minerals 1975, 23 (5), 369-375.
Pesic, L.; Salipurovic, S.; Markovic, V.; Vucelic, D.; Kagunya, W.; Jones, W., Thermal
characteristics of a synthetic hydrotalcite-like material. Journal of Materials Chemistry
1992, 2 (10), 1069-1073.

Marcelin, G.; Stockhausen, N.; Post, J.; Schutz, A., Dynamics and ordering of intercalated
water in layered metal hydroxides. The Journal of Physical Chemistry 1989, 93 (11), 4646-
4650.

Brindley, G.; Kikkawa, S., A crystal-chemical study of Mg, Al and Ni, N hydroxy-
perchlorates and hydroxycarbonates. American Mineralogist 1979, 64 (7-8), 836-843.
Brindley, G.; Kikkawa, S., Thermal behavior of hydrotalcite and of anion-exchanged forms
of hydrotalcite. Clays and Clay Minerals 1980, 28 (2), 87-91.

- 78 -



University of Yamanashi Doctoral Dissertation

Chapter 5 High-Performance Energy Storage Based on
Hexagonal Tungsten Oxide-Polyaniline Hybrid Electrodes via

Hydrothermal-Electrodeposition Route

5.1 Introduction

With the worsening depletion of energy resources and global warming, the required
development of sustainable and renewable clean energy technology has urgent demand for
energy storage devices. Supercapacitors (SCs), as an effective energy storage device, have
gained enormous attention due to their high power density and power output, fast charge-
discharge capability, and long life time 2. Based on their energy storage mechanism, SCs can
be classified into electrical double layer capacitors (EDLCs) and pseudocapacitors (or faradaic
capacitors), which have the potential to achieve higher specific capacitance and higher energy
storage compared to EDLCs **. The electrode material is the source of the electrochemical
properties in SCs °. At this stage, there are two main categories of faradaic electrode materials:
transition metal oxides/metal chalcogenides and conductive polymers .

Due to their mechanical stability, nanometer-size, electron transport, and pseudocapacitive
properties, conductive polymer/transition metal oxide composites have, in recent years,
attracted worldwide attention. Conducting polymers as electrode materials have drawn great
interest for energy storage °. Among the various conducting polymers, polyaniline (PANI) has
been considered as one of the most promising pseudocapacitor materials, because of its high
specific capacitance, excellent electrical conductivity, easy preparation and low cost "8
However, PANI suffers from poor cycling stability, because the PANI structure suffers from a
large degree of volumetric swelling and shrinking, which is caused by the repeated insertion/
de-insertion of electrolyte ions during the doping/dedoping process ®°. To overcome this
shortcoming, PANI modified with transition metal oxide has aroused considerable interest due
to the synergistic effects of each component. Owing to its large specific surface area,
electrochemical stability and eco-friendly nature, tungsten oxide (WO3) has, in recent years,
received increasing attention as a promising SC electrode material 13, Nevertheless, the
insufficient capacitance of WOs still remains a major obstacle for pseudocapacitor applications.
Much work so far has focused on WO3/PANI composites, with the aim of improving the
specific capacitance and cycling stability. Zou et al. prepared a WO3/PANI electrode by the
electrochemical co-deposition, and it showed a capacitance of 168 F/g at 1.28 mA/cm? 14, Even
S0, the capacity degradation of about 40% within one thousand cycles meant that this composite
could not meet with the requirements for practical application. Samu et al. electrochemically
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synthesized WO3/PANI hybrid nanostructure films by a two-step electrochemical protocol, and
the best capacitance obtained was 200 mF/cm? at a charging-discharging current of 0.4 mA %,
However, its capacitance performance and cycling stability were also not ideal. Wei et al.
prepared PANI/WO3z nanocomposite films by electrodeposition of PANI onto WO3 films for
electrochromic application *. Unfortunately, this composite did not show good capacitive
properties. The electrochemical preparation strategy has advantage on achieving higher filling
ratio in the nanostructured material *’. Nonetheless, the electrosynthesis of WO3 was generally
found to be limited in the formation of a high loading thin film on flat substrates, which occurred
as a result of the weak substrate-deposit interaction, undesired gas evolution, high resistance,
and insufficient mass transport to the working electrode surface 819, Moreover, an important
requirement for one step co-deposition is the alignment of the potential windows for the
deposition of PANI and metal oxide, which is a grand challenge in the universality of the
synthesis ?°. It is commonly known that the electrochemical performance is closely associated
with the nanostructure and morphology of active materials. For instance, the nanostructured
porous materials may facilitate ionic motion, improve the rate capability, and increase the
utilization of electrode materials. The hydrothermal reaction is a facile, cost-effective synthetic
route to fabricate WO3 with a variety of nanostructure morphologies. Among the various crystal
structures of WOg, the hexagonal tungsten oxide (h-WO3) is the most desirable and promising
material for a pseudocapacitive electrode. The multiple voids of h-WQOg, such as the hexagonal
window, trigonal cavity, and four-coordinated square window, are beneficial for the insertion
of a large number of guest ions, which could effectively increase the storage capacity 2*. Here,
the hydrothermal synthesis of h-WOs also avoids the use of binders, which can even damage
the nanostructures, and this strategy is also advantageous to produce porous nanostructures. In
contrast with previously published articles, we fabricated a binder-free h-WOs3 electrode with a
well-designed nanostructure, which revealed a large specific surface, fast ionic diffusion, and
excellent mechanical stability by means of a hydrothermal method. The WO3-PANI electrode
was prepared by directly growing nanowires on the substrate followed by electrodepositing
PANI on the nanoarchitectured WOs.

Herein, we discuss the design and fabrication of novel inner/outer layer structural WOs-
PANI hybrid films via a hydrothermal-electrodeposition route and used them as electrodes for
high-performance pseudocapacitors that address both the capacitance and cycling stability
issues. The advantage of the inner/outer layer structure lies in the presence of the void spaces
in the porous h-WOs interior to accommodate the volumetric expansion of PANI during long-
term cycling, thus preserving the structural integrity of the outer PANI while maximizing the
electrolyte ion diffusion and reversible redox process. Electrochemical measurements
confirmed that this unique structure has excellent specific capacitance, good rate performance,
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and stable cycling performance. The fabricated WO3s-PANI-based all-solid-state symmetric
supercapacitor exhibited remarkable flexibility and good electrochemical performances, and
thus is potentially useful in flexible energy storage devices.

5.2 Materials and Methods

5.2.1 Synthesis of WO3 nanowire thin films on Ti substrate

All chemical reagents used in the experiment were analytical grade. The WO3 was
synthesized by a simple hydrothermal method. In a typical synthesis process, Na2WO4 2H>0O
(6.25 mmol) was put into 50 mL deionized water under 20 min magnetic stirring. Subsequently,
a 2 M HCl aqueous solution was dropwise added into the solution to generate a white precipitate
solution and stirred by use of a magnetic stirrer until the solution became transparent (adjusting
the pH to 1.2). Then, H2C>04 (17.5 mmol) was added into the above mixture and diluted to 125
mL. Then, (NH4)2SO4 (47.7 mmol) was added into the above mixture. The mixed solution was
stirred for 30 min and then transferred (30 mL) to an autoclave with a Teflon lining (50 mL). A
clean titanium (Ti) plate (50 mm > 10 mm =<0.1 mm) was immersed in the reaction solution.
The autoclave was sealed and heated at 180 <C for 16 h, subsequently cooled to room
temperature. Finally, the sample was collected from the solution and washed with distilled
water several times. The sample was then dried at 50 <C for 6 h. The mass loading of WO3 on
the Ti substrate was measured with an analytical microbalance, and the mass loading was about
3.2 mg/cm?.

5.2.2 Synthesis of WOs-PANI hybrid nanostructured films
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Figure 5.1. Electropolymerization synthesis of PANI onto (a) bare Ti surface and (b) WO3; sample
supported on the Ti substrate at a scan rate of 20 mV/s in a solution of 0.5 M aniline in 0.5 M H2SOa.
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Hybridization with polymer PANI was carried out by cyclic voltammetry (CV) technique
in an aqueous medium (0.15 M aniline + 0.5 M H2S0O4) (Figure 5.1a). CV experiments were
performed to deposit PANI on the surface of the WO3 within the potential between -0.1 and 0.9
V versus SCE in a three-electrode electrochemical cell, with WOz grown on Ti plate as the
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working electrode, a saturated calomel electrode (SCE) as the reference electrode, and a Pt plate
as the counter electrode (Figure 5.1b). The total mass of the PANI coating can be controlled by
changing the number of CV scan cycles. After deposition, these as-prepared WO3s-PANI
electrodes were carefully washed with distilled water several times to remove the solvent and
dried at 50 T for 6 h. Finally, the mass loading of PANI was measured by the weight difference
before and after electrodeposition.

5.2.3 Fabrication of all-solid-state symmetric supercapacitors

The polyvinyl alcohol/H2SO4 (PVA/H2S0O4) electrolyte was prepared as follows: 5 g of
PVA powder (molecular weight: 65 000-70 000 g/mol) was put into 50 mL of 1.0 M H2SO4
solution. The mixture solution was conducted at 85 °C during constant stirring until a jelly-like
solution formed. Subsequently, two Ti substrate/\WWOs-PANI electrodes were immersed into the
PVA/H>SOs4 electrolyte for 5 min to allow the electrolyte to diffuse into the nanoporous
structure. Finally, after vaporizing the excess water of the WO3-PANI electrodes, the two
identical WOz3-PANI electrodes were pressed together to conduct the electrochemical
measurement.

5.2.4. Structural characterization, theoretical calculation, and electrochemical
measurement

The morphologies of the products were characterized by field emission scanning electron
microscopy (FESEM, JSM-6500F, JEOL, Ltd.) equipped with EDX analyzer. The molecular
structure and crystal phase of the products were examined by Fourier transform infrared
spectrometer (FTIR, FTIR4100, JASCO Corp.) and X-ray diffraction obtained on an X-ray
diffractometer with monochromated Cu Ko radiation (XRD, RINT-2100, Rigaku Corp.).
Synchrotron X-ray diffraction (SXRD) test in this study was carried out at SPring-8, BL02B2.
The chemical composition of the products was examined using X-ray photoelectron
spectroscopy (XPS, AXIS Ultra DLD, Kratos Analytical Ltd.). The band structure and density
of states (DOS) curves of the WO3 crystals were calculated by use of the Vienna Ab Initio
Simulation Package (VASP 5.3) 2223, The DOS curves for PANI molecules were calculated by
DV-Xa simulation 2,

The electrochemical measurements were carried out by use of an HZ 7000 electrochemical
workstation (Hokuto Denko) in a three-electrode mode with 1 M H2SOs as the electrolyte. A Pt
plate was used as the counter electrode and a SCE as the reference electrode. The WO3, PANI,
and WO3-PANI samples supported on Ti substrates were used as the working electrodes. CV
and galvanostatic charge-discharge (GCD) curves were measured between -0.38 to 0.7 V.
Electrochemical impedance spectroscopy (EIS) measurements were performed at a frequency
range from 0.01 Hz to 100 kHz with an AC amplitude of 5 mV at 0 V. The calculation equations
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of the electrochemical performance of as-prepared samples were illustrated in the Supporting
Information.
The gravimetric specific capacitance values (Cq) were calculated from the GCD curves

according to equation (1):
2i fvdt )

97 mvE-ve)
where i is the discharge current; [Vdt is the integral current area; m is the mass of

active material; V, and V; represent the high and low potential values.
Furthermore, according to equation (1), the areal specific capacitance (Ca) derived from

GCD curves can be calculated using the following equation (2):
__ 2ifvat
Ca = s(viE-v{) @)

where S is the apparent area of active material.
The energy density and power density were calculated using equations (3) and (4),

25-26

respectively:
CaV?
T 2x3.6 )
EX3600
P = " 4)

where E is the specific energy density; P is the specific power density; Ca represents the

areal specific capacitance; V is the potential window; At is the discharge time.
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5.3 Results and Discussion
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Figure 5.2. Schematic illustration of the two-step preparation of WOs-PANI hybrid electrode and
FESEM images of (a,b) the Ti substrate surface, (c,d) after covering with WO3, and (e,f) after
electropolymerization of aniline.

5.3.1 Structural study

The two-step fabrication process of the inner/outer coating structured WO3-PANI hybrid
electrode is illustrated in Figure 5.2. Firstly, after the homogeneous hydrothermal process, the
WO3 nanowires can grow directly on the Ti substrate as a binder-free electrode. The FESEM
reveals that WO3 nanowires are well distributed across the surface, forming a porous structure
(Figure 5.2c,d). Secondly, the conductive PANI-coated WOz could be obtained through
electropolymerization of aniline monomers. The electropolymerization process of aniline are
presented in Figure 5.1. As illustrated in Figure 5.2¢,f, the nanowires become larger in diameter
after the PANI layer was deposited, without altering the underlying structure of the WOs.
Moreover, the morphologies of WO3-PANI obtained at different CV scan cycles were further
observed by FESEM (Figure 5.3). With increasing number of CV cycles, as presented in Figure
5.3b-f, it was demonstrated that the thickness of the PANI layer on the WO3 nanowire surface
increased gradually, and the mass of the PANI coating layer increased accordingly. Hence, the
CV technique was appropriate to prepare WOz nanowires wrapped with a PANI coating layer.
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Figure 5.3. FESEM images of (a-f) the WO3s-PANI obtained by CV scan for various cycles: (a) 0
cycles, (b) 5 cycles, (¢)10 cycles, (d) 15 cycles, (e) 20 cycles, (f) 30 cycles at a scan rate of 20 mV/s.
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Figure 5.4. (a) FT-IR spectra of PANI, WOs3, and WO3-PANI films. (b) XRD patterns of PANI film,
WOj3 precipitate, WOs3 film, WOs-PANI film, and SXRD patterns of the powder obtained from WOs3 film.

The molecular structure and crystal phase of PANI, WOs, and WOs3-PANI were
investigated by FT-IR spectroscopy and XRD. As detailed in Figure 5.4a, the FT-IR spectrum
of the PANI is consistent with previously reported results 2. Regarding the spectrum for the
WOs in Figure 5.4a, the broad band in the 3400-3500 cm™ range and peak at 1632 cm™ can be
explained as the O-H stretching and bending modes, respectively, due to the presence of
coordinated water molecules in hydrated WOs. The strong broad bands in the 800 to 600 cm™
range are ascribed to the stretching mode of W-O-W and O-W-O bonds ??°. The bands at 3200
and 1403 cm™ can be assigned as the stretching mode of N-H, associated with NH4* cations *°.
No other ionic species (e.g. SO+%) was detected in the spectrum, which indicated that the
ammonium sulfate additive was wholly removed by washing with distilled water. The present
results differ from those reported in previous literature 3132, In fact, in contrast with what was
previously viewed, we deem that ammonium ions are needed in the hexagonal channels to
maintain the WOs structure during the hydrothermal synthesis. Our views are also somewhat
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similar to those of Kov&s et al.*, in which it was found that Na* ions situated in the hexagonal
channels helped to stabilize the metastable structure of WO3z. After the WOz modification with
PANI, the intensity of the WOz peaks decreased, and several new characteristic peaks appeared
at 1581, 1495, 1315 and 1150 cm™; these peaks are associated with PANI, which demonstrates
the combination of PANI with the WO:s.

The crystallographic phases of the as-synthesized samples were further confirmed by XRD
(Figure 5.4b). The XRD patterns of the WO3 precipitate and WOs film, except the one marked
with black dot mark star coming from the Ti substrate, can be well matched with a typical
hexagonal phase of WO3 (JCPDS card: 85-2460) 3+, Furthermore, the diffraction peaks of the
WO:s film were sharp and intense, indicative of its well-crystallized character. Compared with
the WO3 precipitate sample, the (002) peak intensity for the WOgz film was larger. Such a
difference may result from the crystal growth of WO3 nanowires preferentially grown along the
c-axis orientation. The film sample was also characterized by SXRD. By calculating the
interplanar spacing of the diffraction spectrum for WOs, the results indicated that the diffraction
peaks of the WOz precipitate and powder were well matched. This result further confirmed that
WO:s crystallites were able to grow well on the substrate surface. The presence of PANI in the
WO3-PANI was also evaluated by XRD. The pure PANI shows three very weak and broad
peaks reflections at 260 = 14.4< 19.3<and 25.1< which revealed that PANI is only partially
crystalline %67, The pattern of the WO3-PANI film showed well-matched peaks to those of
WOs film, except that the peak intensities were clearly decreased, which can be attributed to
the surface of the WOz being covered with PANI. Based on this result, the XRD diffraction
peaks of WOs-PANI film were found to be unchanged, being nearly identical with those for the
WOs3 film.

Intensity (a.u)
Intensity (a.u.)
Intensity (a.u.)
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Figure 5.5. (a) XPS full spectra and (b) W 4f spectra of WO3 and WO3-PANI. (¢) N 1s spectrum of
WO3-PANI. (d-f) FESEM image of WO3-PANI corresponding to the EDX elemental mapping images of
W, O, C, and N showing uniform distribution of the elements.
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The surface elemental composition and valence states of the pristine WO3 and WOz-PANI
samples were examined by XPS, and the element distributions were examined by EDX. As
shown in Figure 5.53, the full XPS spectrum of WOs3 indicates the presence of W and O, while
the presence of the C 1s and N 1s peaks in the WOs-PANI spectra imply that the WOz was
successfully hybridized with PANI. As shown in Figure 5.5b, the W 4f line of WO3 can be
deconvoluted into two peaks at 37.84 eV and 35.72 eV, corresponding to W 4fs, and W 4f7,2
(resulting from spin-orbit splitting) that belong to the W®* state in WO3 383, After PANI was
deposited, the W 4f peaks of the WO3-PANI hybrid were shifted to lower binding energy (35.45
eV and 37.57 eV). The shift in the binding energies of the W 4f peak positions reveal the
interactions between the WO3 and PANI layers. The N 1s spectrum of the WO3-PANI hybrid
in Figure 5.5c¢ clearly shows two peaks. The first peak at 401.79 eV can be attributed uniquely
to N in the NH4* ion, which further confirms the correlation between the NH4* ion and the
structure of h-WQO3*°. This result is also in accord with the FTIR analysis. The second peak can
be deconvoluted into three peaks at different binding energies: 398.21 eV (-N=), 399.15 eV (-
NH-) and 400.62 eV (-NH*-), which is consistent with previous reports 442, As shown in Figure
5.5d-f, the EDX analysis displays homogeneously distributed elements, W, O, C, and N, which
implies that the WO3-PANI was well distributed across the Ti surface. Furthermore, the
superposition image in Figure 5.5e reveals that C and N elements were evenly decorated on the
nanowires, providing visual evidence that the PANI was uniformly coated, resulting in a
uniform WOs-PANI inner/outer coating nanostructures.

5.3.2 Growth process and mechanism of WO3 nanowire films on Ti surface

Figure 5.6. FESEM images of the products obtained on Ti substrate at various hydrothermal reaction
times: (@) O h, (b) 2h, (c) 4 h, (d) 6 h, (e) 8 h, (f) 10 h, (g) 14 h, (h) 16 h, (i) 18 h.
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Figure 5.7. XRD patterns of the products obtained on Ti substrate at various hydrothermal reaction

times:0h,2h,3h,4h,6h,10h,14h, 16 h, 18 h.

To analysis the growth mechanism of the WO3 nanowires, the Ti substrate was removed
from the autoclave after varying hydrothermal reaction times. Before the hydrothermal reaction,
it can be seen from Figure 5.6a that the surface of the pretreated Ti substrate was uneven due
to polishing with sandpaper; this was the morphology of the bare Ti substrate surface prior to
coating. From Figure 5.6b-c, it can be observed that massive nanoparticles were deposited and
tended to form a thin layer on the substrate surface, which was uniformly covered by the layer
of thin film. From Figure 5.6d-e, it can be seen that there was a large generation of intermediate
microspheres growing on the thin film layer, and it is not difficult to find that these microsphere
agglomerates are formed of large numbers of nanowires. From Figure 5.6f-g, with increasing
reaction time, the diameter of the microspheres became larger, and the nanowire structure
became clear. With the time increasing to 16 h, the microspheres were connected to each other
because of the growth of the fibrous nanoparticles, resulting in the fact that the intermediate
microspheres have seemingly disappeared into the new fiber membrane as shown in Figures
5.6h and 5.6i.

Figure 5.7 shows the XRD patterns of the products grown on Ti plate at varying
hydrothermal reaction times. It was found that there was no obvious WO3 characteristic
diffraction peak from 0 h to 4 h. With increasing reaction time from 6 h to 10 h, the peaks of
WO:3 appeared, and the diffraction peaks of the Ti substrate were further weakened. Further
prolonging the time from 16 h to 18 h, the diffraction peaks of WOz became sharper and
stronger, while the peaks of Ti nearly disappeared. The diffraction peaks were well-indexed to
the h-WQO3 structure (JCPDS card: 85-2460). The results of the SEM images and XRD patterns
of the hydrothermal products at various reaction times support each other.
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Figure 5.8. Schematic illustration of growth mechanism of WOz nanowire film.

Combined with the FESEM images and XRD patterns (Figures 5.6 and 5.7) analyses of
the WOs3 obtained at the different hydrothermal reaction times, the growth mechanism of WO3
nanostructures is shown in Figure 5.8. The formation process of the WO3 films on the Ti
substrate included both crystal nucleation and growth. It is well known that, compared to
homogeneous nucleation in solution, heterogeneous nucleation (e.g., onto a metal surface) is
usually more favorable. In the initial stage, uneven surfaces could provide bonding sites for the
hetero-nucleation of crystallites (stage I). When the hydrothermal time is prolonged, small
crystallites will undergo self-aggregation, and then the substrate surface can gradually be
covered by a seed layer thin film (stage II). With further increase of the hydrothermal time, the
WO3 nanowires initially formed with the nuclei enter a fast growth (stage III-1V). Both the
length and diameter of these nanowires became larger with increasing hydrothermal reaction
time. As illustrated in Figure 5.6e, the growth of the seed layer film is not very uniform, so the
aggregated nucleus can easily form a sphere. For each sphere, the size and number of nuclei
varied to some extent. In the final stage, when the size of the nanowire sphere rose to a degree,
fast growth occurred between the microspheres, causing the gap between the microspheres to
disappear. The WOz nanowires grew outwards from the substrate because of spatial competition
(stage V), and the morphologies of the nanowires were not significantly changed when further
prolonging the hydrothermal reaction time.
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5.3.3 Electrochemical performance
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Figure 5.9. Electrochemical performance of the Ti substrate, WO3, PANI, and WOs-PANI hybrid. (a)
CV curves at a scan rate of 10 mV/s. (b) GCD curves at a current density of 1 A/g; (c) The gravimetric
specific capacitance (obtained from GCD measurement) and the mass ratio of PANI/WO3 versus the
number of deposition cycles; (d,e) CV curves at different scan rates; (f) The linear dependence of anodic
and cathodic peak currents versus scan rate; (g,h) GCD curves at different current densities. (i) The
gravimetric specific capacitance versus current density.

The electrochemical studies for the as-prepared electrodes were conducted in a three-
electrode system in 1 M H2SO4 aqueous electrolyte. Figure 5.9a shows the CV curves of Ti
substrate, PANI, WOs3, and WO3s-PANI. The CV curve of the Ti substrate indicates that the
substrate contributed little to the total capacitance of the electrode. Regarding the PANI
electrode, the CV curve possesses three redox couples, which can be explained by reaction
equation (1). There are two couples of redox peaks situated at 0.22/0.07 V and 0.7/0.66 V,
corresponding to the transformation of the leucoemeraldine-emeraldine form and emeraldine-
pernigraniline form. Another pair of redox peaks located at 0.45/0.42 V correspond to the
overoxidation products or degradation of PANI #3-#4_ It should be noted that only the emeraldine
base can achieve highly conductive by protonic acid doping, as shown in equation (2). The CV
curve of the WOs electrode possesses one redox couple with peaks located at -0.01/-0.10 V,
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corresponding to the intercalation/deintercalation of protons, respectively 4. It can be expressed
as equation (3).
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For the WOs-PANI electrode, the CV curve possesses typical characteristic redox peaks
of WO3 (-0.01/-0.10 V) and PANI (0.26/0.01 V), which reveals that the hybrid electrode
possesses characteristics of both components. With the increase in the concentration of the
sulfuric acid electrolyte (0.5 to 5 M), the anodic and cathodic peaks of WO3 and WOs-PANI
were shifted to higher and lower potentials, indicating that high H* ion concentration can
accelerate the redox reaction (Figure 5.10). The hybrid electrode is beneficial for the fact that
the pseudocapacitive contribution to the overall capacitance can be expected in the whole
potential window. Compared with WOz and PANI electrodes, an increase in the CV area of the
hybrid electrode is observed and the potential responses window can be greatly extended to
1.08 V, indicating that the hybrid electrode has the potential to achieve higher capacitance and
energy density.
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Figure 5.10. CV curves of the WOz and WO3-PANI for various H.SO4 concentrations at a scan rate of
10 mV1/s.
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Figure 5.9b shows the GCD curves of the as-prepared electrodes at a current density of 1
Alg. The gravimetric specific capacitance of the pristine PANI electrode was calculated to be
350 F/g, which proves that PANI has a very high gravimetric specific capacitance at the initial
cycle. For the PANI electrode, its excellent pseudocapacitive charge storage was implemented
by reversible redox processes. During the charging process (oxidation reaction), PANI became
a polycation, and then electrolyte anions (SO4%") were intercalated into the PANI backbone for
electroneutrality with the release of electrons. Conversely, the discharging process was
associated with a reduction reaction. The process for PANI charge-discharge in the sulfuric acid
electrolyte (p-doping) can be explained by equation (4). The gravimetric specific capacitance
of WO3-PANI obtained by 10 deposition cycles was calculated to be 278 F/g, which is higher
than that of the pristine WO3 (183 F/g). Figure 5.9c shows the gravimetric specific capacitance
and the mass ratio of PANI/WOs3 versus the number of deposition cycles. With increasing the
number of deposition cycles, the gravimetric specific capacitance of WO3z-PANI increased at
first to a maximum (278 F/g) and then decreased upon further prolonged deposition. This result
indicates that the enhanced gravimetric specific capacitance of the WOz-PANI hybrid depends
heavily on the loading mass ratio of PANI and WOs3, as well as the connecting mode (van der
Waals and hydrogen bonding interactions) between the inner WO3 and outer PANI layers.
Moreover, with increasing deposition mass of PANI, the porous structure of the WO3 was
gradually blocked, which may also hinder the electrolyte ion diffusion into the inner WQO3, thus
impeding the reaction with WO3 and decreasing the capacitance. Thus, a thin PANI layer is
desirable. Specifically, we selected 10 electrodeposition cycles (PANI: WOz mass ratio of
0.1:1), the WOs-PANI hybrid, as the optimum electrode for further evaluation of
electrochemical performances.
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If we simply assume that there is no interaction between WO3 and PANI in the hybrid
material, the Cg of WO3-PANI should be the sum of the Cg of WO3 and PANI. For the WO3s-
PANI (PANI: WO3 mass ratio of 0.1: 1), the Cq can be calculated by the following equation (5).
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Based on the GCD measurements in Figure 5.9b, the practical gravimetric specific
capacitance of WO3 and PANI were 183 and 350 F/g. After calculation by equation (5), the
theoretical gravimetric specific capacitance of WO3-PANI in the hybrid was 198.2 F/g, which
is obviously lower than the practical gravimetric specific capacitance of 278 F/g. The results
indicate that the synergistic effect plays an important role in increasing the gravimetric specific
capacitance. Through theoretical calculation, the enhanced capacitance performance of WO3-
PANI was not only ascribed to the high capacitance of PANI but also the synergistic effect of
PANI and WOs (see Supporting Information for details). The mass loading for the hybrid
electrode showed an average value of 3.52 mg/cm?. Based on the above analysis, it can be seen
that the gravimetric specific capacitance of WOs-PANI was not linear as a function of PANI
mass percent.

Rate capability is one of the crucial factors in the design of SCs. Herein, CV and GCD
measurements were conducted to explore the rate capability of the as-prepared electrodes.
Figure 5.9d, e shows CV curves of the WOz and WO3-PANI electrodes with varying scan rates.
At higher scan rates, the redox peaks retained well-defined shapes, which displayed the good
electrochemical reversibility of the WO3 and WOs-PANI electrodes. It is also seen in Figure
5.9f that, for the WO3 and WO3-PANI electrodes, the nearly linear relationship of the plot of
anodic and cathodic peaks (1/1', 2/2" and 3/3’) currents versus the scan rate indicates that the
redox reaction is surface controlled, which also revealed the pseudocapacitive behavior of both
electrodes “°. Figure 5.9g, h presents GCD curves of WOz and WO3-PANI electrodes at various
current densities. With increasing current density, the charging-discharging time gradually
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decreased. The gravimetric specific capacitances of the WO3 and the WOs-PANI hybrid were
190 and 285 F/g at 0.5 A/g. The WO3 and WOs-PANI hybrid still presented values of 147 and
220 F/g at 10 A/g, and the corresponding capacitance retention ratios were 77.4 and 77.2%,
respectively, indicating that the hybrid electrode has both high gravimetric capacitance and
good rate performance. The above data, combining CV with GCD studies, demonstrate the
favorable electrochemical reversibility and rate capability behavior of the WO3-PANI hybrid
electrode.
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Figure 5.11. (a) Nyquist plots of the WOz and WO3-PANI. (b) Cycling performance of the PANI,
WO3, and WO3-PANI at a current density of 3 A/g, respectively.

EIS measurements were performed to evaluate the electron transfer and ion diffusion in
the electrode/electrolyte system. The Nyquist plots of the WO3 and WO3-PANI electrodes
(Figure 5.11a), which consisted of a semicircle in high frequency and an inclined straight line
in low-frequency, were analyzed using the equivalent circuit given in the inset of Figure 5.11.
Re is the equivalent series resistance, including the ionic resistance of the electrolyte, the
intrinsic resistance of the substrate and electroactive material, and contact resistance at the
interface between electrolyte and electrode #’. Rt is the charge-transfer resistance, which is
caused by the faradaic reaction and double-layer capacitance on the grain surface . To account
for the porous nature of the electrodes, the constant phase element (CPE) is used in the

with —1 < n < 1, where

equivalent circuit. The impedance of CPE is definedas Q = . (jtv)n
T, w and n are the frequency-independent constant, angular frequency and a correction factor.
If n = —1, the CPE is an inductor and if n = 0, CPE is a pure resistor and if n = 1, CPE isa
pure capacitor. Qai and Qr represent the constant phase elements, which are mainly attributed
to the double-layer capacitance and pseudocapacitance, respectively “°. W is the Warburg
resistance, which is caused by H* ion diffusion/transport within the porous structure of the

electrodes °°.
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Table 5.1. Re, Ret, W, and n parameters of electrodes obtained from the Nyquist plot fitting.

Electrode R.(Q) R (Q) W (Q/sY?)  na np
WO3 0.224 4.08 3.25 0.93 0.98
WOs-PANI 0.256 7.83 1.14 0.92 0.98

A summary of the WOs and WO3-PANI best fitting values of the equivalent circuit
parameters is presented in Table 5.1. In the high-frequency range, the intercept on the real axis
and diameter of semicircle represent the equivalent series resistance (Re) and interfacial charge-
transfer resistance (Rct). The straight slope in the low-frequency range, which is caused by the
Warburg impedance (W), is related to the diffusion resistance of the H* ions in the electrode
pores. Furthermore, the slope of the straight line is obvious larger than 45<in the very low-
frequency range (< 100 mHZ), which deviates from the idealized porous electrode model. This
deviation behavior of WOs-PANI hybrid exhibits more pronounced than the WOg3. Such
behavior is associated with the frequency dispersion caused by the deficiency in the porous
electrode structure, which has also reported by Cooper %X, As shown in the inset of Figure 5.11a,
the Re values of WO3-PANI (0.25 Q) was slightly larger than that of WO3 (0.23 Q), revealing
that PANI imposes little resistance to the hybrid electrode. The Rt values of WO3z-PANI (4.1
Q) was lower than WO3 (7.8 Q), proving the lower activation energy for H diffusion that
resulted from PANI deposition. The slope of the straight line for WO3-PANI is more than WQOs3,
indicating that the hybrid electrode had a lower diffusion resistance, corresponding to an
increased capacity, compared to WOs. Related to the porous surface of electrodes, a constant
phase element was used in the equivalent circuit. The value of n obtained from the Nyquist plot
fitting was between 0.9 and 1, indicating the ideal capacitive behavior of the hybrid electrode.
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To further evaluate the cycling performance of the hybrid electrode, GCD measurements
were carried out on PANI, WOs3, and WO3-PANI at a current density of 3 A/g, as shown in
Figure 5.11 b. The initial gravimetric specific capacitances for WOz and WO3-PANI were 166
and 259 F/g, respectively. However, the WO3 and WO3-PANI still presented 153 and 238 F/g
after 1500 cycles, corresponding to capacitance retentions of 92.2% and 91.9%, respectively.
Pure PANI suffered from a much faster capacitance fade (343 F/g at 3 A/g, 13.4% retention
after 500 cycles), which evidenced its very poor cycle life. The fast degradation of gravimetric
specific capacitance is caused by volumetric swelling, shrinkage, and structure cracking of
PANI during the charge-discharge process, which was caused by insertion/extraction of dopants
into and out of the PANI backbone. Such high gravimetric specific capacitance and excellent
cycling stability of the WO3-PANI electrodes are attributed to the pseudocapacitive behavior
and electrical conductivity of PANI as well as the synergistic effect between the WOz and PANI
layer. In order to gain a deeper understanding of the long-term stability, the morphologies of
the WOz and WOs-PANI electrodes after long-term cycles were examined by FESEM. As
shown in Figure 5.12, after 1500 cycles, the WOz and WO3-PANI nanowires were also
homogeneously anchored on the substrate surface and their nanostructure morphologies were
well preserved, indicating that the inner WOs3 layer was able to greatly enhance the mechanical
stability of the WO3-PANI hybrid electrode. All of the above results indicate that the inner WO3
layer effectively accommodated the large volumetric expansion of the outer PANI layer during
the redox process, even in long-term and repeating GCD processes.

=
o
o
?

This work

mF/cm?)

o2}
o
?

4004
&> h-wo,, ref. 21

m—WO}x/carbon, ref. 53

2004

WO, spheres, ref. 55

Areal specific capacitance (C,,

o
1 "

o
m-WO, , ref. 54

T T T T T T T T T T
0 100 200 300 400 500
Gravimetric specific capacitance (Cg, F/g)

Figure 5.13. Balance relationship between C, and Cgq for different WO3-based materials 14-15 21, 52-55,
The areal specific capacitance (Ca, F/cm?), also reported by Gogotsi 6, may be a more
reliable performance metric compared to the gravimetric specific capacitance (Cgq, F/g) for thin-

film electrochemical capacitors. Here, we use the Cy and Ca to obtain a comprehensive
assessment of the nanofilm electrodes. Figure 5.13 presents a comparison among several WOz-
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based materials emphasizing the relationship between C, and Cg. An ultrahigh C, of 980
mF/cm? and a large Cg4 of 278 F/g at a current density of 1 A/g were observed for the WO3-
PANI hybrid, which indicates the excellent combined properties compared with other pure WO3
and WO3-PANI materials. Most of the previously reported work of WO3 and WOs/conductive
polymers as pseudocapacitor materials used C, or Cq as the standard for performance evaluation,
as shown in Table 5.2. The outstanding C, of the hybrid electrode also exhibits the significant
advantages of hydrothermal-electrodeposition to achieve high mass loadings of active material,
which are the highest values among the pure WOz and WOz3/conductive polymer materials
reported, to the best of our knowledge.

Table 5.2. Comparison of various WO3z and WOs/conductive polymer electrodes in recent years as
pesudocapacitors

Potential
window R Current
Material | Preparation method Rate Capacitance . Capacitance Ref.
versus SHE density
(mV/s)
™
285-220 F/g
h-WOy- | Hydrothermal L0.14-094 | 5-40 | 340246 F/g | 9710 997770
PANI electrodeposition Alg 5
mF/cm
196-138
NFL- Electrodeposition -0.3-0.2 10- Fg 6-14 2o e 52
WO3 p T 100 652-458 mA/cm? | 684-490
mF/cm? mF/cm?
495-396 F/g
h-wo, | Hydrothermal 0404 | 5100 [396:317 na |na 21
reaction
F/cm?
P 81 F/
WOs.x evaporation-induced g 5
/Carbon | self-assembly 0.0-1.0 120 10,193 mF/em? | ™ * fa
. 199-142 F/g
m-WO,., | Lemplate-assisted 0.14-1.04 |n.a |na 120 036026 |
synthesis mA/cm 5
mF/cm
539-251 F/g 485-260 F/g
WOs EZStri‘(’fI}:emal 0.2-0.8 5-100 | 151-424 %/5 10 36373 55
mF/cm? & mF/cm?
WO:;- i 0.1-10 | 205-80 57
PEDOT Electrodeposition 0.0-1.0 n. a. n. a. mA/em? | mF/em?
CF- 0.67-
WO;- Electropolymerization | -0.8-0.2 n. a. n. a. 6.67 253-1522 58
PPY mA/cm? mf/em
WOs- Chemical bath 2 0.02 2 | 5o
PANI deposition method 0.0-1.0 >0 10 mF/em mA/cm? 4.1 mF/em
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Wi5O49- | Solvothermal- 0.25-0.2 5 | e
PANI electrodeposition 0.3-1.0 fa fa mA/em? | 10-9 mF/em
350 F/
WO, Electrodeposition -0.3-1.0 n. a n. a 0.4 s 15
PANI . . . . . . mA/Cm2
200 mF/cm?
168-120 F/
WO Electrodeposition -0.26-094 | n.a n.a 0.5-5 ¢ 14
PANI o R Alg 517-341
mF/cm?
WOs- 0.008-
. Electropolymerization | -0.3-1.0 | 5-100 | 25-9 mF/em? | 0.16 12-4 mF/cm? | 16
PANI ,
mA/cm
5.3.4 Symmetric supercapacitor performance
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Figure 5.14. (a) Schematic diagram of the fabricated SSC device; photographs of the device in normal
and bent states. (b) CV curves of the fabricated SSC at different bending angles with a scan rate of 40
mV/s. (c) Capacity retention of SSC at different bending angles.

A solid-state symmetric supercapacitor (SSC) was assembled using two freestanding
WO3-PANI hybrid electrodes as the positive and negative electrodes, in which H2SO4/PVA gel
served as the electrolyte and separator. Figure 5.14a shows a schematic diagram of the solid-
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state SSC, and the inset photographs show the flexible device in normal and bent states. Figure
14b shows the CV curves of the SSC at different bending angles, and the shapes of the CV
curves remained nearly the same for different bending angles from 0°to 120< The capacity
decay is almost no observed, as illustrated in Figure 5.14c, indicating the superior mechanical
flexibility of the fabricated SSC device.
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Figure 5.15. (a) CV curves of the fabricated SSC at different scan rates. (b) GCD curves of the
fabricated SSC at different current densities. (c) Areal capacitance versus current density for the fabricated
SSC. (d) Ragone plot for the fabricated SSC (inset shows the areal capacitance up to 5000 cycles at a
current density of 2 mA/cm?).

Figure 5.15a displays the CV curves of the fabricated SSC, which exhibited a nearly
rectangular shape measured at various scan rates without obvious cathode or anode peaks. The
absence of redox peaks attributed to the SSC is charged and discharged at a pseudo-constant
rate over the entire voltammetric cycles 361, The CV curves retained well-defined shapes, even
at higher scan rates, indicating good electrochemical reversibility of the SSC device. Figure
5.15b shows the GCD curves of the fabricated SSC at various current densities. As shown in
Figure 5.15c, the areal capacitances of the device were calculated to be 80.3, 70.9, 62.9, 57.8,
55, 52 mF/cm? at discharge current densities of 0.5, 1, 2, 3, 4 and 5 mA/cm?, respectively. At a
high current density of 5 mA/cm?, the areal capacitance retained 65% for the device, which
revealed its good rate capability. The energy density and power density have also been used to
evaluate the fabricated SSC, as shown in Figure 5.15d. The maximum energy density of 7.14
uWh/cm? was achieved at a power density of 200 pW/cm?, while the highest power density was
2000 uW/cm? at an energy density of 4.62 uWh/cm?. The inset in Figure 5.15d shows the
cycling performance of the fabricated SSC. The device exhibited very stable cycling
performance with only 0.6% capacitance loss of its initial capacitance after 5 000 cycles. As
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shown in Figure 5.16, there is no visible difference in GCD curves after the long-term process.
These results indicate that our WOs-PANI//WO3-PANI SSC device is a promising candidate
for applications in flexible energy storage systems.
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Figure 5.16. GCD curves of the first four and last four cycles.

5.3.5 The study of the band structure and synergistic mechanism
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Figure 5.17. Band structure, DOS, and partial DOS curves of hexagonal WO:s.
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Figure 5.18. Charge density model and DOS of PANI molecules.

However, a fundamental understanding of the synergistic effect of each component about
ionic transport regarding the PANI layer on WO3z and the space between WO3 nanowires is still
missing. In most works 14165760 the enhanced capacitance performance of WOs/conductive
polymer composite was simply ascribed to the high conductivity of the conductive polymer and
the synergistic effect of the WO3 and conductive polymer. Little is known, however, about the
further investigation of the synergistic effects of the WOz/conductive polymer hybrid. Here, we
propose a novel viewpoint from the perspective of the band structure. The band structure
confirms that the WOs is an indirect semiconductor and the valence band maximum (VBM)
seems to be at the A and L points in the reciprocal lattice (Figure 5.17). From the density of
states (DOS) curves, the VBM is mainly composed of P, and P, orbital in equatorial oxygen
atoms. The d,, and d,, orbitals in W form the conduction band minimum (CBM). These

orbitals may not be delocalized, and the electrode reaction may be dominated by electron
conduction. The d orbitals in the ab plane, d,,, and d,2_,2 emerge at higher energy. These
band structures and electron states imply that electrons may be conducted along the (001) and
(101) directions during the potential sweep in the CV measurement. This result shows that
PANI may grow on both ¢ and ab surfaces, as shown in Figure 5.2f. From these considerations,
PANI possibly provides two important factors for the electrochemical activity. In addition to

the high specific capacitance of PANI, conductivity is also an essential factor for the enhanced

- 101 -



Study on Synthesis of Metal Oxide/Hydroxide-Conductive Polymer Hybrid Film and Its Electrochemical Properties

electrochemical activity. Usually, WOz is a semiconductor, and the conductivity is lower than
that of PANI. In the case of pure PANI, the electron should be conducted within the PANI
polymer chains. During the redox reaction, the conformation of PANI should be changed
between benzene and quinone rings. Such a conformation change may suffer some deterioration
by the interweaving of stacked polymer chains. For the hybrid film, as WOz nanowires provide
a large specific surface area, they can make PANI chains much more stretchable (see the charge
density model of PANI molecules in Figure 5.18), and the chain spacing increases, thereby
reducing the interaction between PANI chains. This can promote inter-molecular and inner-
molecular delocalization in PANI and enhance the conductivity, which can also facilitate the
charge transport in the multiple voids of the structural WO3 nanowires. Further, as shown in
equation (2), the redox process in the WOs interior is accompanied by a concomitant
intercalation/deintercalation of H* into/out of the film. While the H* ions released from the
WOs interior can enter the PANI layer, the H* concentration in the PANI layer will increase
gradually, which in turn results in an enhancement of PANI electroactivity. These factors
provide a significant advantage for the electrochemical activity without deterioration.

diffusion of ions

® -

electrolyte ions

outer PANI layer
inner h-WO; layer

Ti substrate

Figure 5.19. Schematic illustration of electrolyte diffusion paths in WO3-PANI hybrid nanostructures.

Based on the above results, the high specific capacitance and excellent cycling stability of
the WO3z-PANI hybrid electrode should be related to its ingenious nanostructure design and the
synergistic effect between the inner WOs and outer PANI layers. The presented design
possesses several distinct advantages for fabricated high-performance SC electrodes: (1) The
WO3 nanowires directly grow on the Ti substrate without any additive, serving as the current
collector, which reveal a low contact resistance and superior mechanical stability. The pores
between WO3 nanowires facilitate the fast transport of electrolyte ions and ensure higher
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utilization of the active materials. (2) Conductive PANI is not only coated on the surface of the
WO3 nanowires but also covers the void spaces and acts as an interconnected bridge between
the WO3 nanowires to facilitate electron transport. As shown in Figure 5.19, the inner/outer
coating structural WOs-PANI hybrid result to facilitate both the ionic transport of H™ and the
electrochemical availability efficiency of PANI. (3) The inter-nanowire spacings of WO3 are
large enough to buffer the large volumetric swelling/shrinkage of PANI during the long-term
GCD cycling, which is essential to realize an improved cycle life. The hybrid design that
couples WOz with PANI can effectively offset the disadvantages of PANI. (4) PANI can
significantly enhance the capacitance of the hybrid electrodes, which can be attributed to two
aspects: high specific capacitance and superb electronic properties. For the increased
capacitance, the contribution of PANI is not only attributed to its high specific capacitance but
also related to the extension of the potential window. Also, the superb electronic property of
the outer PANI layer leads to the lower charge transfer resistance of the WOs-PANI electrode
in the electrolyte. This can promote the electrolyte ion diffusion, leading to fast doping/de-
doping and high utilization of the active materials, which also can increase the specific
capacitance. Thus, the WO3-PANI hybrid electrode presents excellent electrochemical
performance.

5.4 Conclusion

In this work, the inner/outer coating structural hexagonal WO3-PANI was successfully
synthesized through the hydrothermal-electrodeposition route. The hexagonal WOz nanowires
are well grown on Ti surface and the inner WOs is decorated by outer PANI layer, resulting in
WO3-PANI hybrid nanostructures. Through studying the growth process of WO3 on the Ti
substrate, a formation mechanism of WO3 was proposed. The hybrid architecture of the WO3-
PANI electrode exhibited significantly enhanced specific capacitance, good rate capability, and
superior cycling performance. The resultant WOs-PANI hybrid achieved outstanding
electrochemical performance, owing to the elaborately designed nanostructure and the
synergistic effects of WOz and PANI. The fabricated all-solid-state device also exhibited
remarkable flexibility and good electrochemical performances. We also proposed a possible
mechanism of the synergistic effect based on a new perspective. The hydrothermal synthesis
and electrodeposition methods for fabricating WOs-PANI as a binder-free electrode are
straightforward and controllable. The novel design strategy presented here may also have a
potential application for the direct design and fabrication of other metal oxides and conductive
polymers hybrid electrodes, for obtaining high-performance electrochemical energy storage.
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Chapter 6 Summary and Prospects

6.1 Summary

Progress towards the development of advanced supercapacitor technologies is closely
associated with the continuous evolution of electrode materials. Early studies in electrode
materials have focused on carbon-based electrodes of electric double-layer capacitors due to
their low cost, large surface area, and good electric conductivity. However, these carbon-based
materials usually suffer from low specific capacitance and energy density. Hence, researchers
have shifted their attention from pure carbon materials to pseudocapacitor electrode materials
(such as transition metal oxides/hydroxides and conductive polymers). To achieve high
electrochemical performance, large electrolyte-accessible surface areas and high conductivity
are, among others, two major prerequisites for the electrode materials used in the
supercapacitors. To develop new electrode materials with high electrochemical performance,
two important research directions in supercapacitor electrode exploration are nanostructured
porous materials and composite materials. Usually, the nanostructured porous materials can
facilitate ionic motion, improve the rate capability, and increase the utilization of active
materials. Unfortunately, transition metal oxides/hydroxides are mostly low electric
conductivity, and as a result, it is challenging to build effective supercapacitors based on pure
metal oxides/hydroxides electrodes. To solve this problem, we designed a new strategy for
achieving high performance supercapacitors and overcoming the low electric conductivity
problems of transition metal oxides/hydroxides by hybridization metal oxides/hydroxides with
conductive polymers, and a synergistic effect is achieved in this approach.

In this thesis, the nanostructured porous materials and composite materials based on metal
oxides/hydroxides with conducting polymers have been elaborately designed and synthesized
to realize enhanced electrochemical performance.

The transition metal hydroxide, including layered double hydroxides (LDHs), are ideal
electrode materials for pseudocapacitors owing to their high redox activity, structural
controllability and environmentally friendly nature. In the first phase, a series of layered double
hydroxides (LDHs) CoAl LDH, NiAl LDH, and NiFe LDH nanosheet films with porous
structures were successfully synthesized by hydrothermal methods. The LDHs nanosheet films
were grown perpendicularly on the substrate and examined them as binder-free electrodes for
pseudocapacitors. SEM micrographs showed that the thicknesses of LDHSs layered nanosheets
were ~100, ~ 40 and ~85 nm for CoAl, NiAl and NiFe LDHs samples. Although the samples
have hydrotalcite structure, due to their different morphology and composition, the
electrochemical properties of the LDHSs have significant differences. The CoAl LDH exhibited
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the highest capacitance and good cycling stability among the three types of LDHs. The good
cycling stability was possibly related with the stable plate-like nanosheets structure, which
made it promising candidates for practical application as supercapacitor electrode materials.

Nevertheless, the relatively poor cycling life and low electric conductivity of the LDHs
limited their supercapacitor applications. In the second phase, after studying the CoAl LDH in
the first phase, we successfully used in hydrothermal-electrodeposition method to prepare a
novel inner/outer layer structural CoAl LDH-PANI nanocomposite in which the CoAl LDH
nanofilms were well grown on Ni surface and the inner CoAl LDH was decorated by outer
PANI layer. The hydrothermal-electrodeposition method for synthesis of LDH-PANI growth
on Ni substrate was straightforward and controllable. The hybrid architecture CoAl LDH-PANI
exhibited greatly enhanced specific capacitance and cycling stability (528 F/g at a current
density of 10 A/g, 142.7% retention after 6000 cycles) and was superior to the non-decorated
CoAl LDH (425 F/g at a current density of 10 A/g, 83.3% retention after 6000 cycles). We
revealed the degradation behavior of PANI in 1 M KOH/KCI electrolyte, and the active
degradation products also further increased the total specific capacitance of the composite. The
enhanced electrochemical performance of the nanocomposite could be attributed to its well-
designed nanostructure and the synergistic effects of each component. By analyzing the band
structure and density of states of CoAl LDH and PANI, we proposed the possible mechanism
of synergistic effect in a new perspective. We deemed that our research would be valuable in
improving knowledge about LDHs/conducting polymer hybrid.

The application of a magnetic field for advanced materials have attracted considerable
attention owing to their potential application in improving the optical, mechanical, chemical,
electronic properties, and so on. The controlled development of the crystal orientation in
nanomaterial was very useful for improving its properties. In the third phase, the preparation of
oriented CoAl LDH nanosheets was achieved by hydrothermal grow and slip casting with the
assistance of an external magnetic field. The induction effect of applied high magnetic field on
the morphology and composition of CoAl LDH was first investigated. It was found that the
application of a high magnetic field has no effect on the crystal phase, but the obvious effects
of the oriented growth and arrangement of the CoAl LDH microcrystals along the easy magnetic
axis. The supplemental high magnetic field presented here was expected that it has a potential
application to get the desired morphologies of nanostructures with excellent performance.

The transition metal oxides, such as tungsten oxide (WOg), have received increasing
attention as a promising supercapacitor electrode material owing to its large specific surface
area, electrochemical stability and eco-friendly nature. Nevertheless, the insufficient
capacitance of WOz still remained a major obstacle for supercapacitor applications. In the final
phase, the inner/outer coating structural hexagonal WOs-PANI was successfully synthesized
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through the hydrothermal-electrodeposition route. The hexagonal WO3 nanowires were well
grown on Ti surface and the inner WO3 was decorated by outer PANI layer, resulting in WO3-
PANI hybrid nanostructures. Through studying the growth process of WOz on the Ti substrate
surface, a formation mechanism of WO3 was proposed. The hydrothermal-electrodeposition
method for synthesis of LDH-PANI growth on Ni substrate was straightforward and
controllable. The resulting WO3s-PANI hybrid electrode exhibited a significantly enhanced
gravimetric specific capacitance (278 F/g at a current density of 1 A/g) with an outstanding
areal specific capacitance of 979 mF/cm?, good rate performance (77.2% capacitance retention
from 0.5 to 10 A/g), and stable cycling performance (91.9% capacitance retention over 1500
cycles). The outstanding electrochemical properties of the WO3-PANI electrode were ascribed
to its ingenious nanostructure design and the synergistic effects of each component. A flexible
all-solid-state symmetric supercapacitor was assembled with the WO3-PANI electrodes using
PVA/H,SO; electrolyte. The device displayed a high areal capacitance of 62.9 mF/cm? (99.4%
capacitance retention over 5000 cycles) and remarkable flexibility, suggesting potential
application in flexible energy storage devices. Based on analysis and study the band structure
of WO3 and the electrochemical properties of the PANI-coated WOz hybrid electrode, a
possible mechanism for the synergistic effect was proposed in a new perspective. The novel
design strategy presented in this thesis may also have a potential application for the direct
design and fabrication of other metal oxides/hydroxides and conductive polymers hybrid
electrodes, for obtaining high-performance electrochemical energy storage.

6.2 Prospects

Supercapacitor are playing an important role in energy storage and conversion systems.
However, it is still a great challenge to develop supercapacitors with an energy density close to
that of current rechargeable batteries, as well as a high power density and long cycle life.

To achieve the goals, the future research of supercapacitors mainly includes the following
aspects. (1) Developing new electrolytes with more wide voltage window and working
temperatures; (2) Discovering new electrode materials (involve developing nanostructured
materials and composite materials); (3) Developing new type asymmetric/hybrid
supercapacitors.

We are expected that much more research will be carried out towards the development of
novel electrode materials and new cell configurations due to the rapidly growing demands on
supercapacitors.
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