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Summary

With the large consumption of non-renewable resources and the increasingly serious
global environmental problems, the development of clean, efficient and abundant new
energy has attracted great attention from all over the world. Among many new energy
storage devices, aqueous batteries take advantage of high safety, low cost, and excellent
ion conductivity, showing promising prospects for application in wearable energy
storage. In addition, with the ever-growing consumer usage of portable and wearable
electronics, small, flexible and lightweight, fiber-shaped batteries are regarded as
promising energy supply devices. Aqueous nickel-based rechargeable batteries with the
abundant constituent elements, low cost, and ultra-flat discharge plateau have attracted
widespread attention. However, the problem of low energy density and short cycle life
requires more attempts to improve the performance of the electrodes. Therefore, this
thesis designs and prepares the flexible self-supporting electrodes through direct
hydrothermal growth, sulfur doping and gas-solid phosphating methods to increase the
volume/area capacity of the electrodes and construct the high-performance wearable

aqueous batteries. The main research content is divided into the following parts:

A facile and cost-effective method strategy is reported to fabricate three-
dimensionally well-aligned zinc-nickel-cobalt oxide@Ni(OH), nanowire arrays on the
carbon nanotube fibers as a promising heterostructure anode for fiber-shaped Ni-Zn
batteries. Taking advantage of the accessible surface area, rich reaction sites and short
electron/ion diffusion path of zinc-nickel-cobalt oxide@Ni(OH)2 nanowire arrays, a high
capacity of 2.07 mAh/cm? (516.7 mAh/g) and an impressive energy density of 3.71
mWh/cm? (916.6 Wh/kg) were achieved for our as-assembled fiber-shaped Ni-Zn
batteries, outperforming most previously reported aqueous Zn-based batteries.

Successfully fabricating the sulfur-doped Fe>Os nanowire arrays grown on carbon
nanotube fibers as an innovative anode material. The novel developed S-Fe>O3 electrode
is further demonstrated to deliver very high capacity equal to 0.81 mAh/cm? at 4 mA/cm?.



This value is almost 6 times higher than of the pristine Fe,O3-based electrode. When a
cathode containing zinc-nickel-cobalt oxide@Ni(OH). NWAs heterostructures as
cathode material was used, 0.45 mAh/cm? capacity and 67.32 mWh/cm? energy density
were obtained for the fiber-shaped NiCo-Fe batteries containing polyvinyl alcohol-
potassium hydroxide gel electrolyte.

A novel flexible Ni-Fe battery using all metal phosphides as electrodes on highly
conductive fibers is successfully designed and fabricated with improved electrochemical
performance. Hierarchical NiCoP nanosheet arrays and FeP nanowire arrays were
fabricated firstly using hydrothermal synthesis then pursuant gas phosphating process.
With the assistance of PVA-KOH gel electrolyte, the fiber-shaped aqueous rechargeable
battery presented negligible capacity loss after bending 3000 times. Meanwhile, the
assembled battery had a significant capacity of 0.294 mAh/cm? under the current density
of 2 mA/cm? and a high energy density of 235.6 piWh/cm?,
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Chapter 1

Chapter 1 Introduction

1.1 Background and Motivation

With the rapid development of human civilization and the global economy, non-
renewable resources such as fossil energy (oil, coal and natural gas) is consumed in large
amounts, accounting for more than 85% of the total global energy consumption and the
reserves of fossil energy on the earth are limited. The growth of energy demand and the
uncontrolled exploitation of fossil energy will inevitably trigger an energy crisis and even
lead to the depletion of fossil energy[1]. At the same time, environmental pollution,
greenhouse effect and other environmental problems caused by their massive combustion
become increasingly serious. Therefore, the search for new energy systems and the

development of new ways of energy are significant issues to be resolved in the worldwide.

According to the 2019 BP Statistical Yearbook on World Energy in Figure 1-1, the
global energy market is in a transition period 2. Primary energy consumption rose by 1.3%
last year less than half its rate in 2018 (2.8%). Global coal consumption fell for the fourth
time in six years (-0.9 EJ). Renewable energy, including biofuels, is once again the
fastest-growing source of energy. Growth was driven by renewables (3.2 EJ) and natural
gas (2.8 EJ), which together contributed three quarters of the increase. Although the share
of renewables in primary energy is only 4%, their growth rate accounts for nearly 30%

of the growth in primary energy.
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Figure 1-1 Diagram of global energy consumption between 1991 to 2019. [1]

New energy includes solar energy, biomass energy, nuclear energy, wind energy,
geothermal energy, marine energy and other primary energy as well as hydrogen energy
in secondary power sources. New energy materials are the core and fundamental
materials used in the conversion and utilization of new energy and in the development
of new energy technologies. In the process of new energy development, it is of great
strategic significance to make full use of natural forces such as wind energy, tidal energy
and solar energy to realize the sustainable development of human society[2-4]. However,
due to the uneven distribution of renewable energy in space and time, it is highly
vulnerable to natural factors. This results many technical problems in the efficient use of
these energy sources. An important way to solve the above-mentioned problems is to
convert renewable energy into electric energy, relying on the mature electric energy
storage system to make it the main energy that can be utilized by human society[5].
Therefore, as shown in Figure 1-2, developing a cheap and efficient electric energy
storage system is the main way to realize the efficient utilization of renewable energy.
Energy storage could improve the performance of the power grid, facilitate wide spread
use renewable energy on different scales, and enable transportation electrification and

integration with the grid[6].
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A power storage system is a process in which one kind of energy (mainly electricity)
can be converted into another energy and converted back in different ways. As a result,
stored energy can be converted into electricity to meet a variety of needs[7]. As shown
in Figure 1-3, there are various types of power storage systems[8]. Electrochemical
energy storage system has a series of excellent characteristics, such as pollution-free
operation, high cycle efficiency, long cycle life, low maintenance cost and so on[9]. As
an excellent energy storage technology, batteries can fully integrate renewable resources.
Their compact size makes them well adapted to different needs. Electrochemical energy
storage technology has a history of more than two hundred years and been widely used
so far. It divided into three categories: supercapacitors, fluid flow batteries and
rechargeable batteries [10-12].

As a charge storage device, a supercapacitor is similar to a battery in structure and
design. The supercapacitor consists of two electrodes, an electrolyte and a diaphragm, of
which the most important component is the electrode material. Normally, the electrodes
of supercapacitors are made of nanomaterials with high specific surface area and high
porosity [13]. According to the different storage mechanism, supercapacitors can be
divided into two-layer capacitance mechanism and Faraday pseudocapacitance
mechanism [14-16]. For double-layer capacitors, the capacitance mainly comes from the
accumulation of charge at the electrode/electrolyte interface, so the capacitance of such
capacitors is closely related to the specific surface area of the electrode material. For
Faraday pseudocapacitance, the electroactive material generates capacitance through a
fast, reversible Faraday process. Due to the different properties of different electrode
materials, the two mechanisms can occur simultaneously on the same electrode[17-18].
Supercapacitors have been widely used in mobile devices and electric vehicles due to
their advantages such as fast charging and discharging speed, long cycle life, quick
response, strong power output capability and wide range of temperature. However, due
to the low energy density caused by the working principle, the application of
supercapacitors in large-scale energy storage systems is limited[19].



Figure 1-2 Future smart power grid.[7]
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Figure 1-3 Comparison of discharge time and power rating for various energy storage
system technologies.[8]

As early as the 1880s, researchers such as Maria Skyllas-Kazacos proposed operable
liquid flow batteries [20]. As shown in Figure 1-4, the structure is composed of the
electric reactor unit, electrolyte and electrolyte storage and supply unit, control and
management unit, etc. The positive and negative electrodes are all redox pairs of
electrolytes, which are stored in two storage tanks and circulated through the pump in
the battery [21].

lon-
selective
Membrane

Electrode I

Electrolyte
Tank

Electrolyte
Tank

Positive
Cell

Pump

x

Power/Source Load

Figure 1-4 A schematic illustration of the structure of a redox flow battery.[21]

In a flow battery, the energy is controlled by the tank size, while the power is
controlled by the battery area and the number of reactors[22]. The separation of power
and energy allows fluid flow batteries to be designed to meet vastly different equipment
requirements. At the same time, it is noted that in the liquid flow battery, the electrode
only serves as the electrochemical active interface, where the redox reaction takes place.
This mechanism prevents physical and chemical changes in the electrodes. In
conventional batteries, however, the electrodes carry a variety of complex functions,
such as phase transfer, crystal structure transformation, and morphological changes. In
the flow battery, the electrode eliminates various physical and chemical processes so that
the flow battery has a longer storage life. In addition, the liquid flow battery has the
advantages of good safety and good thermal management ability[23-25]. However, the
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low energy density and large volume of liquid, flow battery require complex auxiliary
accessories, greatly reducing its reliability. At the same time, the high cost of materials
such as electrodes and diaphragms and the poor selectivity of diaphragms reduce the
energy efficiency and life of liquid flow batteries. Therefore, further exploration and
research are needed to realize the wide application of liquid flow battery [26-29].

A rechargeable battery is a type of electrical battery that can be charged, discharged
and recharged many times, as opposed to a disposable or primary battery, which is
supplied fully charged and discarded after use. It is composed of one or
more electrochemical cells. The redox reaction can be carried out in the rechargeable
battery by using the electrode active material, and the conversion between chemical
energy and electric energy can be realized. The rechargeable battery is generally a closed
system and only energy exchange with the external environment. In general, the active
substance is in non-separate conductive contact with the collector, and the positive and
negative poles are separated by the diaphragm[30-31].

Meanwhile, with a growing demand for people who needs more portable, lighter and
more economical products. Flexible electronics plays an important role in satisfying
people’s requirements, because they have the characteristics of low cost, small volume,
portability, which have been widely used in these fields as shown in Figure 1-5.
Therefore, the characteristics to achieve better wearability, energy storage devices must
have the characteristics of high security, high flexibility and light quality to cope with
different application environments. In many flexible energy storage devices, lithium ion
batteries with high energy density and long cycle life has always been dominant[32-33].
However, the organic electrolytes used in conventional lithium-ion batteries are toxic
and inflammability, which result in very big security risks, so it is not suitable for the
power supply of wearable electronic devices[34-35].Aqueous batteries can effectively
solve the problem, and has a high ionic conductivity and the characteristics of easy
preparation. Therefore, aqueous rechargeable battery is considered as an ideal choice for
energy supply of wearable devices [36-37]. Therefore, the development of high-
performance flexible aqueous battery will contribute the great significance to the

development of wearable electronic energy storage devices.
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1.2 Objectives

In recent years, with the increasing consumption of fossil resources and the
increasing environmental pollution, it becomes more and more important to achieve the
clean and efficient storage of energy. Aqueous rechargeable batteries are characterized
by high power density, fast charging and discharging speed and long service life.
However, the low energy density of limits their further application in practice. Therefore,
the development of high-energy batteries is an important issue that needs to be solved
urgently. With the increasing developments towards miniaturization, portability,
lightness and integration, the corresponding power supply devices also require wearable
characteristics. In this thesis, we aim to design and prepare the flexible self-supporting
electrodes through direct hydrothermal growth and subsequent gas-solid vapor
deposition methods to increase the volume/area capacity of the electrodes and construct
the high-performance wearable water-based battery. The main objectives of our works

are:
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1. To develop a facile and cost-effective method strategy to fabricate three-
dimensionally well-aligned zinc-nickel-cobalt oxide@Ni(OH)2 nanowire arrays
(ZNCO@NIi(OH)2 NWASs) on the carbon nanotube fiber (CNTF) using the
simple hydrothermal method and subsequent the chemical solution deposition as
a promising heterostructure cathode. The fabricated ZNCO@NIi(OH). cathode
matched with the high theoretical capacity of Zn anodes to construct the high-
performance fiber-shaped Ni-Zn batteries.

2. To establish an effective strategy significantly improve the capacity, rate
capability and cycling stability of Fe-based anode based on S-doped Fe.O3
NWAs due to their largely reduced band gap and the correspondingly enhanced
electrical conductivity, making it an attractive anode for high-performance
aqueous rechargeable NiCo-Fe batteries.

3. To demonstrate a new type of high-performance flexible Ni-Fe battery with
binder-free electrodes on conductive carbon nanotube fibers. Hierarchical NiCoP
nanosheet arrays (NSAs) and FeP NWAs grown directly on carbon nanotube
fibers are fabricated firstly using hydrothermal synthesis then pursuant gas
phosphating process. The adhesion of nanoscale materials to carbon nanotube not
only reduces their own agglomeration but also prevents the accumulation of the
carbon material, which increasing the specific surface area of the composite and
improving the electrical conductivity.

1.3 Major Contribution

The novelty of the studies and my contributions to this thesis include:

1. Develop the flexible high-performance Ni-Zn batteries. A facile and cost-
effective method strategy is reported to fabricate three-dimensionally well-
aligned ZNCO@Ni(OH), NWAs on a carbon nanotube fiber CNTF as a
promising heterostructure cathode for fiber-shaped Ni-Zn batteries. Taking
advantage of the accessible surface area, rich reaction sites and short electron/ion
diffusion path of ZNCO@Ni(OH). NWAs, a high capacity of 2.07 mAh/cm?
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(516.7 mAh/g) and an impressive energy density of 3.71 mWh/cm? (916.6 Wh/kg)
are achieved for our as-assembled fiber-shaped Ni-Zn batteries, outperforming
most previously reported aqueous Zn-based batteries.

2. Demonstrate the sulfur-doped Fe2O3s NWAs grown on carbon nanotube fibers as
an innovative anode material. Through the first-principle calculations to calculate
that S-doping in Fe2Os3 can dramatically reduce the bandgap from 2.34 eV to 1.18
eV and thus enhance electronic conductivity. The novel developed S- Fe.O3
NWAS/CNTF electrode is further demonstrated to deliver very high capacity of
0.81 mAh/cm? at 4 mA/cm?. This value is almost 6-fold higher than of the pristine
Fe203 NWAS/CNTF electrode. When a cathode containing ZNCO@Ni(OH):
NWAs heterostructures is used, 0.46 mAh/cm? capacity and 67.32 mWh/cm?®
energy density are obtained for quasi-solid-state fiber-shaped NiCo-Fe batteries,
which outperform most state-of-the-art fiber-shaped aqueous rechargeable
batteries.

3. Construct a new type of high-performance flexible Ni-Fe battery with binder-free
electrodes on conductive fiber substrates is successfully designed and fabricated.
Hierarchical NiCoP NSAs and FeP NWAs grown directly on carbon nanotube
fibers are fabricated firstly using hydrothermal synthesis then pursuant gas
phosphating process. With the assistance of PVA-KOH gel electrolyte, the fiber-
shaped aqueous rechargeable battery presents negligible capacity loss after
bending 3000 times and shows excellent stability with the capacity retention rate
of 89% after 4000 cycles. Meanwhile, the assembled rechargeable battery has a
significant capacity of 0.294 mAh/cm? under 2 mA /cm? current density and a
high volumetric energy density of 39.48 mWh/cm?,

1.4 Organization

This thesis consists of six chapters:
Chapter 1 gives a brief introduction on the general background of the energy

resources environment, the three different kinds of electrochemical energy storage and
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demands of flexible batteries, as well as emphasizes on the objectives and scope of the
research study. Meanwhile it states the motivations and the objectives of our works and
outlines the thesis organization.

Chapter 2 reviews the literatures concerning the electrochemical mechanisms,
structure and materials used in the aqueous rechargeable Ni-Zn and Ni-Fe batteries.

Chapter 3 demonstrates a facile and cost-effective method strategy to fabricate three-
dimensionally well-aligned ZNCO@Ni(OH). NWAs on the CNTF as a promising
heterostructure cathode for fiber-shaped Ni-Zn batteries.

Chapter 4 describes an effective strategy significantly improve the capacity, rate
capability and cycling stability of Fe-based anode based on S-doped Fe.O3z nanowire
arrays due to their largely reduced band gap and the correspondingly enhanced electrical
conductivity, making it an attractive anode for high-performance aqueous rechargeable
NiCo-Fe batteries.

Chapter 5 demonstrate a new type of high-performance flexible Ni-Fe battery with
binder-free electrodes on conductive carbon nanotube fibers. Hierarchical NiCoP NSAs
and FeP NWAs grown directly on carbon nanotube fibers are fabricated firstly using
hydrothermal synthesis then pursuant gas phosphating process.

Chapter 6 draws the conclusions and puts forward future research plans.

10
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Chapter 2 Literature Review

Large-scale rechargeable batteries with high power and high energy while
offering low cost, long lifetime, high safety and eco-friendliness are of great
importance and highly demanded for applications in electrical vehicles and large
portable devices. Lithium-ion and lead-acid batteries are currently mainly available in
the market for the large-scale electric power sources but the former is not cost-
effective and the later suffers greatly from environment and safety concerns[38-39]. The
aqueous batteries are cost-effective and safe, and have attracted intensive research
activity to develop high power and energy storage devices as alternatives for
lithium-ion batteries. Different kinds of aqueous batteries have been reported,
including MnO2/Zn, LiMn204/VO2, Ni/Zn, Ni/Fe and so on, which are comparable
to lithium-ion batteries in specific energy [40-43].

2.1 Overview: Rechargeable batteries

2.1.1 Development of the rechargeable batteries

American scientist and inventor Franklin first proposed the term “battery” in 1749.
He first introduced the concept of a battery when conducting electrical experiments with
a series of capacitors. In 1800, the Italian physicist VVolt laid a burlap sheet soaked in salt
water between round copper and zinc sheets, and then stacked them together to prepare
the world's first true battery[44]. In 1859, French engineer Plante placed two lead sheets
in a sulfuric acid electrolyte separated by a separator to create a lead-acid battery that can
be repeatedly charged and discharged. This is the oldest example of a rechargeable
battery [45]. Nowadays, most start-up systems for internal combustion engines still use
lead-acid batteries. In 1890, Edison of the United States successfully developed a Ni-Fe
battery [46-47]. In 1899 Yanggen of Sweden developed a nickel-cadmium battery, and
in the late 19th century, Drum of Russia developed a Ni-Zn battery [48]. The NiOOH
electricity used for these batteries laid a foundation for the Ni-metal battery. In 1910,
rechargeable Ni-Fe batteries were commercialized. In the 1960s, rechargeable nickel-

11
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cadmium batteries were successfully developed. In 1990, the nickel metal hydride battery
was successfully developed [49]. Large-scale production of secondary alkaline batteries
began in 1992. Safety and environmental protection have become the theme of energy
storage in the new era. At the same time, due to the power demand, a great number of
large equipment and electric vehicles, battery systems with high energy density and high
power density are attracting more and more attention of scientists from all over the world
[50].

2.1.2 Structure and characteristics of rechargeable batteries

The industrial rechargeable battery is composed of a shell, a separator, a current
collector, positive and negative electrodes, additives, and electrolyte. The requirements
of rechargeable batteries for the shell are corrosion resistance, impact resistance, good
thermal conductivity and adapting to harsh environments, which generally are made of
iron or steel[51]. With the rapid development of battery research, more and more
researchers began to use stainless steel as the shell, and plastic shells can be used in
certain places. The diaphragm should be able to ensure the isolation and insulation
between the anode and cathode to prevent short circuits due to poor contact between the
anode and cathode and to ensure the normal migration of electrolyte ions between the
electrodes. Common diaphragms include asbestos fibers, rubber diaphragms and
polymer diaphragms. As for the current collector, which varied with different
rechargeable batteries. At present, more and more researches use foamed nickel as a
current collector for rechargeable batteries such as nickel-metal hydride and Ni-Zn
batteries. This lightweight and high-porosity current collector increases the rate
discharge of batteries and reduces their self-discharge. The electrolyte of the
rechargeable batteries generally uses the KOH solution or a NaOH solution, and a small
amount of LiOH is usually added to the electrolyte. Table 1.1 lists the main performances
of rechargeable batteries commonly used in industry at this stage. It can be seen from the
table that the Ni-based battery is a type of secondary alkaline battery with development

prospects.
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2.81 5.32
1.07 2.1
0.34 1.27
0.36— 1.1-1.8
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0.16— 0.22
0.23
0.07— 0.45
0.09
0.36 1.44
0.47 1.8
1.59 6.02
0.13 0.33

Specific
power

50

180

250-1000

150-200

150-2000

100

250-1000

500

100

10-27

Discharge
efficiency

45-85

50-92

60-70

50-60
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Self-
discharge
rate

0.17
3-20

0.2-0.3

0.42

10

20-30
30
13

<1

0.17

0.32

Table 2-1 Main performance comparison of rechargeable batteries [52]
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2.2 Aqueous Ni-Zn batteries

2.2.1 Overview and structure of aqueous Ni-Zn batteries

Aqueous Ni-Zn batteries have the advantages of high safety, low cost and
environmental friendliness. In addition, metallic zinc with high theoretical capacity (820
mAh /g) can be directly applied to the anode electrode of zinc-based batteries, which is
beneficial to obtain high mass/volume energy density, making it one of the most ideal
energy storage devices. In the early 19th century, Volta invented a galvanic cell, which
provided electrical current through a chemical reaction. The voltaic battery stack is
composed of a zinc plate anode and a silver plate or copper plate cathode. From then on,
there has been a lot of research into this type of battery, and zinc has been considered an
attractive negative material for a long time. In 1865, the Leclanche cell came out.
Subsequently, the Le Kronche battery has been greatly improved, and eventually evolved
into a "dry battery” which has been used to date [53-56]. All these primary batteries use
metallic zinc as the electrode material. The most commonly used aqueous electrolytes in
zinc-based batteries include potassium hydroxide (KOH), sodium hydroxide (NaOH),
and lithium hydroxide (LiOH). Among these electrolyte cations, potassium ions have the
highest ionic conductivity. Therefore, potassium hydroxide is widely used as an
electrolyte in aqueous batteries. Under normal circumstances, the concentration range of
potassium hydroxide solution in the battery is between 26% ~ 40%, which is 4.6 M ~ 7.0
M, corresponding to the highest at room temperature. Figure 2.1 also summarizes the
changes in conductivity, ZnO solubility and solution concentration with the change of
KOH concentration. When the KOH concentration increases, the electrode potential
decreases and reacts Kinetics-related conductivity and exchange current are increased by
approximately 30% [57].

Ni-Zn battery is composed of zinc electrode and nickel electrode. It has the
characteristics of high capacity of zinc anode in zinc-silver battery and the superior
performance of nickel cathode in nickel-cadmium battery. It is a new type of high-
performance green power battery. The anode of the battery generally uses zinc, zinc

oxides or zinc hydroxides in the discharged state. Compared with the anode material of
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nickel battery and the current commercial positive electrode material of lithium ion
battery, the price is significantly lower and has a rich storage capacity. The performance
characteristics of Ni-Zn batteries are high operating voltage, high energy density, high
power density, wide operating temperature, no pollution during production and usage,

known as a true "green battery” and abundant zinc storage, relatively cheap price.
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Figure 2-1 ZnO solubility and solution concentration with the change of KOH
concentration.[57]

2.2.2 Anode materials of Ni-Zn batteries

Zinc electrodes have many advantages as anode for Ni-Zn batteries. The zinc
element is located in the fourth period of the periodic table, the second group of the sub-
group, the atomic number is 30, the atomic weight is 65.38 g/mol, the valence electron
structure is 3d'%4s? and the zinc crystal is a close-packed hexagonal structure. With a
resource of about 0.015% of the earth’s crust and low in price and non-toxic, making it
widely used as the anode material. The promotion and application of zinc-based batteries
can not only fully and effectively use natural resources, but also avoid pollution to the

environment. The reaction of the zinc anode is shown in Figure 2-2 [58].
Zn + 20H" €<= ZnO + H20 + 2¢

The anode electrode of Zn in the alkaline electrolyte continues to suffer from serious

irreversible problems caused by its low coulombic efficiency, dendrite growth during the
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cycle, continuous water consumption and irreversible by-products such as zinc
hydroxide or zincate as shown in Figure 2-3[59]. Although the zinc dendrite in neutral
electrolyte can be minimized, its low coulombic efficiency is still a serious challenge. In
previous reports, a large amount of zinc must be overused to compensate for the
consumption of its side reactions, which leads to its specific theoretical capacity not
being fully utilized and high charge/discharge rates must be used to reduce the effect of

reversibility on cycle life. Therefore, the development of zinc anode still faces great

challenges[60-61].
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Figure 2-2 Schematic diagram of deposition/dissolution of Zn in alkaline electrolytes.[58]
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Figure 2-3 Schematic representation of performance-limiting phenomena that may occur
on the zinc electrode: (a) dendrite growth (b) shape change (c)passivation and (d)
hydrogen evolution.[59]

Optimization of electrode structure is a common method to improve the properties
of zinc anode materials. The modified zinc anode usually has a large specific surface
area, which increases the deposition site of zinc in the electrochemical reaction process,
inhibits the growth of zinc dendrites and improves the reaction kinetics. Kang et al. put
forward chemical etching and electrodeposition on porous copper frame as shown in
Figure 2-4 prepared a new 3D zinc anode. The porous copper skeleton has excellent
electrical conductivity and frame structure, which ensuring that zinc is
deposited/dissolved uniformly during the battery cycle [62]. Rolison et al. shown in
Figure 2-5 reported the high performance Ni-Zn battery with the zinc powder adding to
a mixture of water and oil-like organic solvent to form a paste, which is poured into a
specific mold, heated and dried overnight, and then solidified to form a uniform porous
spongy zinc skeleton[63]. Using this material as the anode of the battery, the zinc metal
can undergo more uniform oxidation during discharge without hot spots generating
during the charging process of zinc oxide reduction to metallic zinc, which greatly avoids

the formation of dendrites.
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Figure 2-4 Schematic diagrams of Zn deposition/stripping processes on 3D Zn electrodes
and planar Zn foil electrodes.[62]
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Figure 2-5 (a) Schematic of the effect of recharging Ni—Zn versus Ni—3D Zn in which
the anode is redesigned as a monolithic aperiodic sponge ensuring persistent 3D wiring
of the metallic Zn core. (b) The calculated specific energy of a fully packaged Ni—Zn
battery as a function of increasing Zn depth of discharge versus a capacity-matched
NiOOH electrode.[63]

In recent years, researchers have found that it is possible to introduce a functional
protective layer on zinc surface to improve the properties of zinc anode. This method is
usually to form protective coating on zinc sheet by electrodeposition or direct coating.
On the one hand, the protective layer can effectively improve the deposition and kinetics,
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leading the uniform deposition/dissolution of zinc and inhibiting the growth of zinc
dendrites. On the other hand, the protective layer can also reduce the deformation of zinc
anode and improve the utilization rate of metal zinc, to improve the circulation stability
and coulomb efficiency. Kang et al. added polyvinylidene fluoride and nano-CaCOs
(mass ratio of 1:9) to N-methyl pyrrolidone solvent and stirred them with magnetic force
for 5 h. Then this paste was coated on zinc tablets to prepare Zn@nano-CaCQOz3[64]. It
can be seen from Figure 2-6 that coating the buffer layer on the surface of the zinc anode
had the following advantages: (1) Nano-CaCOz has a high porosity and is easy to be
permeated by electrolyte, which contributes to the formation of relatively uniform
electrolyte flux and zinc deposition/dissolution on the whole Surface of zinc foil. (2)
Nano-CaCOs coated nanopores prevent the growth of zinc anode by-products, which can
significantly improve the polarization of the battery. (3) Nano-CaCOs is an insulator and
zinc will not be deposited on its surface. This multi-guided uniform
deposition/dissolution mechanism of zinc effectively avoid obvious polarization
phenomenon and the growth of zinc dendrites. Zhao et al. deposited an amorphous TiO:
protective layer on the surface of pure zinc sheet by atomic layer deposition technology
to prepare a new type of Zn@TiO> electrode [65]. It can be seen from the diagram of
zinc anode deposition/dissolution process (Figure 2-7) that TiO, coating can not only
avoid direct contact between metal zinc and electrolyte, inhibitting zinc corrosion and
hydrogen evolution reaction, but also improve the inset kinetics of zinc ions. Zhao et al
(Figure 2-8) designed a polyamide/Zn(TfO): layer coating layer, the possession of amide
groups that can coordinate with Zn?* and restrict the 2D diffusion for a flat deposition
surface [66].
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Figure 2-6 Schematic illustrations of morphology evolution for bare and nano-CaCOs-
coated Zn foils during Zn stripping/plating cycling.[64]
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Figure 2-8 Schematic diagram of zinc deposition: (a) traditional zinc dendrite growth
and accompanying side reactions. (b) uniform deposition of zinc metal under the
protective film of PA.[66]

2.2.3 Cathode materials of Ni-Zn batteries

The nickel-based material can be used as the cathode not only in the Ni-Zn batteries,
but also can be applied in the field of Ni-Cd, Ni-Fe, Ni-MH batteries with the alkaline
electrolyte.

(1) Nickel Hydroxide. Ni(OH). takes the dominant place as the cathode material in
the nickel-based batteries, which has two crystal structures and the crystal pattern. -
Ni(OH). takes place the dominant material with a theoretical specific capacity of 289
mAh/g. However, the actual specific capacity has approached the theoretical value,
meanwhile the research value and development space are limited[67]. The reaction for

the cathode in the nickel-based alkaline battery is shown in the following:
Ni(OH)2 + OH™ <> NiOOH+H,0+e

a-Ni(OH)2 has a special layered spiral structure, which is composed of homogeneous
layered NiO,. Each OHion and some metal ions are inserted between the NiO> layer
[68-69]. The average number of electrons transferred per nickel atom during charging
and discharging of a-Ni(OH). is 1.7 times that of the B-Ni(OH). and the theoretical
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specific capacity of a-Ni(OH)2 is 482 mAh/g, with great development and research value.
Once the electrochemical performance of nickel cathode is promoted, the capacity of
alkaline batteries with Ni(OH). as the cathode material will be improved, such as Ni/Cd,

Ni/Fe, Ni/Zn, Ni/MH batteries. The improved alkaline batteries can replace the market

mainstream with lead-acid battery as the power battery pack as shown in the following
Table 2.2 with the Ni(OH): as the cathode material. In the alkaline rechargeable battery
system, Ni(OH). and NiOOH exist respectively during the charging/discharging process.
There are two crystal forms for Ni(OH)2 and NiOOH, namely oa-Ni(OH)2 and $-Ni(OH)2,
B-NiOOH and y-NiOOH, the cell parameter and density of active mass with different
crystal shapes is summarized in Table 2-3. As shown in Figure 2-10, there is a certain
conversion relationship between them: a-Ni(OH)2 and y-NiOOH, B-Ni(OH)2 and B-
NiOOH. It can be reversibly transformed during charging and discharging, and -
NiOOH can be transformed into y-NiOOH during overcharging[70].

Table 2-2 The battery of the cathode active material with Ni(OH)>

Anode Operating Actual specific Theoretical
material Voltage (V) capacity (Wh/kg) specific
capacity (Wh/kg)
Ni-Cd Cd 1-1.25 35 85
Ni-MH H2 1.15-1.3 64 275
Ni-Fe Fe 1.05-1.25 30 267
Ni-Zn Zn 1.4-1.7 50-80 334

Table 2-3 The cell parameter and density of active mass with different crystal shapes

Cell parameter

Crystal Structure g e g Density (g/cm?)
a-Ni(OH) 0.308 0.809 2.82
B-Ni(OH): 0.313 0.460 3.97
B-NiOOH 0.282 0.485 4.68
v-NiOOH 0.282 2.065 3.79
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Figure 2-9 The Bode diagram illustrating the different variants of Ni hydroxide and the
possible phase transformations between them.[70]

At present, the improvement of the properties of a-Ni(OH)2 is mainly carried out by
metal element phase doping [71-73]. Ni?* was partially replaced by other metal ions such
as bivalent Co?*, Zn?*, Cd?*, Ba%*, Be?*, Mg?*, trivalent AI**, Fe®*, and Cr3* and so on
to stabilize its structure. The stability of a-Ni(OH)> material in alkaline solution is
improved from layered double hydroxides (LDHs), which is often attributed to the
formation of more stable crystal structure from LDHs [74-76]. As a kind of anionic
multifunctional nanomaterial similar to hydroxides, LDHs has many special and
excellent properties. LDHSs has a regular octahedral structure similar to Mg(OH)2. Its
crystal structure is shown in Figure 2-11, and its composition formula is [M?*1«
M3*(OH)2](A™)wm NH20, where M™ represents the metal cation located in the main
layer plate and A is the interlamellar anion, and X is molar ration of M** / (M#*+M?3"), n
is the number of interlayer water molecules [77]. The unique structure not only makes
LDHs have thermal stability, but also can be controlled in terms of the chemical
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composition of the laminates, the type and number of anions between the laminates, grain
size and distribution.

Basal spacing (d)

Intelamellar space

Figure 2-11 Schematic of the construction of the Ni—Al LDH-graphene composite. (a)
Superlattice achieved via alternating assembly and (b) hybrid by deposition growth.[78]

The graphene Ni-Al double hydroxide prepared by Hu et al. [78] not only increases
the discharge capacity, but also releases 2.4 times more energy than the original Ni-Al

LDH when charging and discharging at a large current (5000 mA/g) as shown in Figure

24



Chapter 2

2-12. Zhao et al. [79] described a single layer thick NiTi-LDH nanosheet prepared by
reverse micro emulsion method. Ultrafine and ultra-thin NiO nanosheets stabilized by
TiO> (size ~ 4nm, thickness ~ 1nm) were successfully prepared by calcination as shown
in Figure 2-14. The porous Fe doped Ni(OH). nanosheets were synthesized by cation
exchange reaction as shown in Figure 2-15. Fe*" ions were adsorbed on the Ni(OH),
nanometer surface and they tend to accumulate at edge and defect sites. At this point,
Fe3* and Ni?* participate in the cation exchange process, that is some lattice points of
Ni* were replaced by Fe** It is well known that Ni%* in the Ni(OH). lattice can be

replaced by Fe3* to form a stable LDH structure[80].
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Figure 2-12 Schematic illustration of the synthesis of ultrafine and ultrathin NiO
nanosheets stabilized by TiO. from monolayer NiTi-LDH nanosheet precursors.[79]
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Figure 2-13 Schematic illustration of preparation of Fe-doped Ni (OH). nanosheets.[80]

(2) Nickel-based Oxide. Nickel-based oxide is the main redox system for the cathode
of alkaline rechargeable batteries[81]. When the simple nanostructured nickel oxide is
used as the cathode material, the cycle performance and the specific capacity is not
satisfied. The main reason is that the nanostructured nickel oxide has large energy band
and low surface binding energy, which easily leads to electrode material reunion. Facing
to the problem of the low voltage platform and small amount of stored charge, doping is
the way to shorten the energy band thus enhancing the capacity. Jin et al.[82] took
advantage of doping method to fabricate the Mn-NiO and Mn-Fe;Os nanostructures
modified on copper fiber electrodes. The introduction of Mn on the metal oxide surface
brings nano-level defect rich characteristics, effectively optimizes the energy band and
electronic structure of these less conductive NiO and Fe2Os, thus significantly improving
the capacity, rate discharge performance and cyclic stability compared with the undoped
samples (Figure 2-23). Qiu et al.[83] demonstrated a novel phosphating surface-

modulated NiCo0,04 nanowire arrays as the cathode, matching with the a-Fe>Oz as the
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anode directly grown on the carbon cloth respectively. The specific capacity of the
prepared battery reach 134.5 mAh /g, maintains more than 82.7% capacity after 2600

cycles (Figure 2-24).

fiber battery ]

Figure 2-14 Schematics of the flexible Mn doping Ni/Fe cells.[82]
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Figure 2-15 Schematic illustration of the preparation strategy for the flexible quasi-solid-

state Ni—Fe battery.[83]
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Figure 2-16 Schematic illustration on how to form NiCo2Ss hollow spheres and 3D
porous rGO/ Fe»O3 hybrid structures as well as the device fabrication.[84]

(3) Nickel-based sulfide. Since sulfur is less electronegative than oxygen, sulfur and
nickel atoms can form the nickel-based compounds with different stoichiometric ratios,
such as a-NiS, B-NiS, NiSz, NisSz, NizSs and so on. Wang et al.[84] proposed the simple
hydrothermal and subsequent etching method to fabricate the NiCo0.Ss taking the
advantage of the synergetic effects from both Ni and Co species for fast Faradaic
reactions as the cathode, the as-prepared electrode delivered a high operating voltage
range from 0 to 1.75V with the maximum energy density of 61.7 Wh/kg. Moreover, the
device exhibits a high power density of 22 kW/kg and a long cycle life with 90%
retention after 1000 cycles at the current density of 1 A/g. Li et al.[85] prepared a
vertically grown Ni3S; nanotube by simply heating on the nickel substrate and the
process was shown in Figure 2-17. The self-supporting NisSz electrode still has the 95.3%

capacity after 100 cycles at the current density of 170 mA/g.
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Figure 2-17 Schematic illustration showing the synthesis of the NizS2 nanotube array on
Ni foam and a diagram.[85]

(4) Nickel-based phosphorus. Nickel phosphide is very suitable as the cathode
material due to its low cost, high capacity. Nickel phosphide mainly includes the
following phases: NisP, Ni2P, Niw2Ps, NisP4, NiP2, and NiPs. Researchers have made
many efforts to improve the cycle performance of nickel phosphide and reduce the
irreversible capacity loss. Miao et al.[86] constructed 3D Ni.P@C nanoparticles the
through a solvothermal reaction and in situ phosphorization process, which can retain a
specific capacity of 124.5 mA h/g at a current density of 1 A/gover 2000 cycles. Yan et
al. fabricated the Ni2P/rGO with an ultra-small particle size (average about 2.6 nm),
which ensures a large active surface area and perfect dispersion of active sites. In addition,
due to the specific interface between metal of framework and graphene oxide, the
carbon/graphene surface tends to form homogeneous carbon during phosphating and

calcination, which can be connected to the carbon network and used as an electron
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channel to obtain satisfactory electrons Conductivity and enhance charge transfer
efficiency[87].
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Figure 2-18 Schematic illustration of the synthesis process of Ni:P@C/GA hybrid.[86]

MOF-74-Ni/GO Ni,P/rGO
Figure 2-19 Illustration of the synthesis procedure for the Ni2P/rGO.[87]

30



Chapter 2

2.3 Aqueous Ni-Fe battery

2.3.1 Overview and structure of Ni-Fe battery

Swedish scientist Jungner and American scientist Edison jointly invented the alkaline
rechargeable Ni-Fe battery, commonly known as the Edison battery, in the late 19th
century. These batteries are based on the iron —based anode and nickel-oxide cathode,
which are typically pocket-shaped and the electrolyte is a concentrated solution of KOH,
so they are also called basic Ni-Fe batteries. Ni-Fe battery is a kind of typical alkaline
battery that can be charged and discharged under long and medium current. It has the
characteristics of safety, reliability, low cost, long service life and simple maintenance
[88-89], whose voltage is usually 1.2V and the theoretical power is 267 Wh/kg [90]. Ni-
Fe batteries have the specific energy 1.5 to 2 times higher than lead-acid batteries and
perform fairly well in high-rate discharges [91]. They are also known for their durability
and long cycle life (retaining 80% capacity after 2000 deep discharges), which can last a
long time in the case of overcharge and discharge, short circuit and overheating.
Therefore, the development of high performance Ni-Fe battery has a wide range of
application prospects as shown in Figure 2-20 [92].
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Figure 2-20 Battolyser functionality and application areas.[92]

Ni-Fe batteries use iron or iron oxide or its mixture as the anode material, such as
Fe304, Fe(OH)2, Fe(OH)s, Fe20g, iron powder and carbonyl iron powder [93]. In addition,
the main active material of the cathode of Ni-Fe battery is nickel hydroxide, and the
electrolyte is generally the alkaline mixed solution of sodium hydroxide or potassium
hydroxide and a small amount of lithium hydroxide. In addition, compared to the other
battery types, Ni-Fe batteries takes advantage of cost-effective, as shown in Table 2-4.

Table 2-4 Price for different types of batteries.

Battery Type | Zn-Mn Li-lon Lead-acid Ni-Fe
Price ($/kWh) | <$10 $135 $100 <$1

2.3.2 Anode materials of Ni-Fe batteries

Studies have carried out X-ray diffraction analysis on the iron negative electrode
after deep discharge (up to 0.8v) and found the presence of FeOOH phase in the discharge
products, confirming that FeOOH is indeed an intermediate product in the discharge
process of iron negative electrode [47]. In addition, the reaction of the anode process in

mainly in the following:
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Fe + 20H <—> Fe(OH),+ 2¢°
Fe(OH)>+ OH" <—> FeOOH + H,0 + ¢

One of the important reasons for the low capacity of the reactive material in the
cathode of Ni-Fe battery is the low utilization rate due to the low reactivity of the reactive
material. It is known that nanoparticles with high specific surface area have high
chemical reactivity. Therefore, the preparation of nano-iron negative electrode materials
will greatly increase the utilization rate of materials to improve the specific capacity of
materials. Meanwhile fabricating composite material can meet the requirements of high
performance electrode materials for excellent conductivity, high specific surface area
and suitable pore size, so it can not only shorten the ion diffusion path but also improve
the active surface area of ion insertion. At present, the iron anode materials of most Ni-
Fe electrodes are composed of iron nanoparticles and carbon materials.

(1) Iron oxide and graphene composites. Wei et al.[94] proposed a novel graphene-
based iron oxide nanocomposite was synthesized by high temperature solid-state reaction
as shows in Figure 2-21. The results showed that the iron oxide particles were composed
of Fe304 and Fe>03, with a diameter of about 100 nanometers. The electrode provides a
specific capacity of up to 552.1 mAh/g (at a current density of 200 mA/g) and retains 91%
of its original capacity after 100 charge and discharge cycles. Due to the electrochemical
activity and mechanical properties resulting from the binding between iron oxide
nanoparticles and graphene layers, iron oxide/graphene compliant materials have shown
enhanced discharge rate performance and cyclic stability. Lin et al. [95]demonstrated
high specific capacity and good cycling stability when using graphene nanoribbon/iron
oxide nanoparticle composites as the anode material (Figure 2-22). At a current density
of 100 mA/g, the composite exhibits a high specific capacity of 910 mAh/g after 134
cycles, exceeding 90% of the storage capacity of iron oxide theoretical lithium ions. As
a conductive platform for iron oxide nanoparticles, graphene nanoribbons combine the
advantages of long carbon nanotubes and graphene surfaces. The high specific capacity
and long cycle life are derived from the lead grid of graphene ribbons and the high lithium
ion storage capacity of iron oxide nanoparticles. Quan et al.[96]proposed a novel way to

fabricate the a-Fe>O3/rGO nanocomposites with the specific capacitances 903 F/g at the
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current density of 1 A/g, which is superior to that of bare a-Fe>O3 nanoplates (Figure 2-
23). Aadil et al. [97]used simple hydrothermal and ultrasonic treatment methods to wrap
a-Fe>03 in graphene oxide sheets to be used as electrode materials. The results show that
graphene nanosheets enhance the electrical conductivity and electrochemical activity of
a-Fe>0s. At a scanning speed of 5 mV/s, the a-Fe>O3/RGO nanocomposite exhibits a
specific capacitance of 238 F/g, which is higher than that of pure a-Fe2Oz nanoparticles
(153 F/g). In addition, many literatures have reported iron oxide/graphene composites
with different morphologies, such as hexagonal Fe>Os nanometer sheet/graphene
composites [98], FezOalthreaded graphene complex [99], FesO4 nanoparticle/graphene
complex [100] and nitrogen-doped graphene/Fe;Os complex [101]. In situ synthesis,
ferric oxide nanoparticles grow directly on the graphene surface, and the synthesis and
modification process occur simultaneously. These iron Oxide/graphene composites not
only utilize the porous framework of graphene but also optimize the electrochemical

performance of iron oxide nanoparticles.
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Figure 2-21 Schematic illustration of preparation iron oxide/graphene electrode.[94]
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Figure 2-22 Graphene nanoribbon/iron oxide nanoparticle composites.[95]

Figure 2-23 a-Fe203 nanoplates-reduced graphene oxide composites.[96]

(2) Iron and metal composite materials. High-purity carbonyl iron modified by in-
situ bismuth electrodeposition has substantial kinetic inhibition effect on hydrogen
evolution reaction[102]. Such rechargeable iron electrode can reduce hydrogen evolution
rate by 10 times, achieve charging efficiency up to 96%, specific capacity up to 300
mANh/g, and improve discharge rate performance by 20 times (Figure 2-24). In addition,
the new electrode can not only charge and discharge rapidly and satisfy large-scale
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energy storage, but also overcome the short plate of poor stability of iron electrode, thus
making Ni-Fe battery technology efficient, cheap and large-scale application. An
iron/copper composite particle synthesized by chemical reduction has shown good
performance as the anode for alkaline batteries. Copper is used to improve electron
transfer between particles. Nanosized iron/copper composite not only has a high specific
capacity of 800 mAh/g (current density is 3200 mA/qg), but also has good multiplier
performance. Compared with iron nanoparticles without copper composites, this
compatible material maintains a smaller particle diameter during the electrochemical

cycle, thus enhancing the stability of the iron electrode (Figure 2-25)[103].

-0.35 1+

-0.33 A

-0.31 A
-0.29 -
2 B NN
-0.25

Carbonyl Iron Carbonyl Iron+ Commercial Reduced Iron
Bismuth Sulfide Electrode Oxide
(magnetite)

Overpotential (V)

Figure 2-24 Hydrogen overpotential of various iron electrode materials during charging
at C*/10 rate, where C* is the theoretical capacity based on the mass of the electrode
material. [102]
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Figure 2-25 Discharge curves of pure iron and various iron/copper composites. A
constant current of 200 mA/g was applied at 25 <C.[103]

(3) Iron oxide and carbon nanotube composite. More recently, Liu et al.[43]
developed a porous hybrid film of ferric oxide nanorods growing on light graphene
foam/carbon nanotubes, characterized by light-weight, ultra-thin, high conductivity and
large-area to volume ratio. Nanoscale active materials can be deposited on this material
for use as the negative electrode of high-performance electrochemical energy storage
devices without the need for conductive agents and adhesives (Figure 2-26). Li et al.[104]
wrapped iron tetroxide in a carbon shell to form an array of nanorods and used as a
cathode material for the battery, thus increasing the cycle life of the iron electrode from
hundreds of cycles to more than 5000 cycles. In addition, its specific capacity in alkaline

solution reached 247.5 mAh/g, accounting for 71.4% of the theoretical capacity (Figure
2-27).
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Figure 2-26 Schematics of the flexible Ni/Fe (f-Ni/Fe) cells.[43]
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Figure 2-27 Schematic illustration of the functions of carbon shell on the stability
improvement of Fe3O4 nanorod array during cycling.[104]
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Chapter 3 Hierarchical Zinc-Nickel-Cobalt Oxide@Ni(OH)2
Core-Shell Nanowire Arrays for Ultrahigh-Performance

Fiber-Shaped Aqueous Rechargeable Ni-Zn Batteries

Aqueous rechargeable Ni-Zn batteries featured with high output voltage, low cost,
and outstanding safety characteristics show great potential for application in large-scale
energy storage. The boom in portable and wearable electronics have stimulated
scientific researchers to develop prototype fiber-shaped Ni-Zn batteries. However, the
lack of high-capacity fibrous Ni-based cathode is a major bottleneck to construct high-
performance Ni-Zn batteries. Here, a facile and cost-effective method strategy is
reported to fabricate three-dimensionally well-aligned ZNCO@Ni(OH). NWAs on a
CNTF as a promising heterostructure anode for fiber-shaped Ni-Zn batteries. Taking
advantage of the accessible surface area, rich reaction sites and short electron/ion
diffusion path of ZNCO@Ni(OH). NWAs, a high capacity of 2.07 mAh/cm? (516.7 mAh/g)
and an impressive energy density of 3.71 mWh/cm? (916.6 Wh/kg) were achieved for our
as-assembled fiber-shaped Ni-Zn batteries, outperforming most previously reported
agqueous Zn-based batteries. In addition, our device exhibits superior mechanical
stability that its capacity has negligible decay at different bending angles. Finally, it is
demonstrated that two series-connected newly developed fiber-shaped Ni-Zn batteries
could drive water-splitting device for 3600 s. This work presents a new route to design

high-performance Ni-based cathodes for next-generation wearable Ni-Zn batteries.

3.1 Introduction

Increased efforts have recently been made to develop high-performance aqueous
rechargeable batteries as the frontrunner to replace dominant lithium-ion batteries for
large-scale energy storage due to constrained lithium resources and toxic organic
electrolyte [105-110]. Among various aqueous rechargeable batteries (ARBs), aqueous
rechargeable Ni-Zn batteries with the abundant constituent elements and high operating

voltage of 1.75 V have attracted widespread attention [111-115]. Unfortunately,
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compared with the high theoretical capacity of Zn anodes (820 mAh/qg), the lack of high-
capacity cathode materials remains an obstacle to further improving the energy density
of Ni-Zn batteries. With the ever-growing pursuit of portable and wearable electronics,
fiber-shaped Ni-Zn batteries with tiny volume, lightweight, remarkable flexibility and
wearability are regarded as promising energy supply device [116-120]. Thus, it is highly
desirable to synthesize high-capacity fibrous Ni-based cathodes for use in high-energy-
density wearable Ni-Zn battery.

In the past few years, considerable attempts have been devoted to fabricating
various morphology and composition Ni-based cathodes for Ni-Zn batteries, such as
NiAlCo-layered double hydroxide attached to few-walled carbon nanotube[121-123],
nickel cobalt hydroxide nanosheets[124], NiO nanosheets[113], NiC0204
nanosheets[125], ultrathin NiCo.04 nanosheets with oxygen-vacancy and surface
phosphate ions and [126-128]. Despite significant achievements have been achieved,
further improving the capacity of single Ni-based compound remains a major challenge.
Together with rich reaction sites, convenient ion diffusion path and fast charge transport,
core-shell heterostructures has been demonstrated to be promising design to address this
issue [129-135]. Although 3D conductive skeletons enable to improve the mass loading
and conductivity of the Ni-based compound, the specific capacity of as-assembled Ni-
Zn batteries is far from satisfactory. Therefore, it is urgently desirable to develop
remarkable synergistic Ni-based core-shell cathodes for use in high-performance
aqueous rechargeable Ni-Zn battery. It is revealed that ZNCO NWAS possess superior
electronic conductivity and electrochemical performance than the corresponding mono-
metal and binary-metal oxide, rendering them as an attractive secondary nanostructured
substrate for the growth of other materials. Herein, in this chapter the core-shell
nanoarchitecture is constructed by anchoring ultrathin Ni(OH)2 nanosheets on well-
aligned ZNCO NWAs. Encouragingly, carbon nanotube fibers (CNTFs) exhibit
lightweight, excellent mechanical flexibility and exceptional conductivity that can be
widely used as fibrous electrodes of wearable energy storage devices. Contributed by the,

accessible surface area, abundant reaction sites and short ion diffusion paths in the core-
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shell heterostructures, the well-designed ZNCO@Ni(OH)./CNTF achieves significantly

higher capacity than previously reported Ni-based cathodes.
3.2 Experimental

3.2.1 Materials Preparation of CNTF, ZNCO@Ni(OH)2 NWASsS/CNTF and Ni-Zn
battery

Preparation of CNTF: The CNTFs were fabricated by two processes including of
floating catalyst chemical vapor deposition (FCCVD) method and twisting method. The
pristine CNT strip used for fabrication of CNTFs was synthesized at 1300 <C using
ethanol and ferrocene as carbon source and catalyst via FCCVD process. The typical
thickness, mechanical strength, and electrical conductivity of the pristine CNT strip are
around 10 um, 30-50 MPa, and 105 S/m, respectively. The CNTFs were fabricated by

twisting a CNT strip via a fast and scale process and were used for current collector.

Preparation of ZNCO@Ni(OH). NWAS/CNTF: The ZNCO NWAs on the CNTF were
first synthesized fabricated via a facile hydrothermal method and high-temperature
calcination. Prior to synthesis, the CNTFs were treated with O, plasma for 5 min at 150
W. 6 mmol Co(NO3)2-6H20, 3 mmol Ni(NO3)>-6H>0, 3 mmol Zn(NO3)2:6H>0, 12 mmol
CO(NHz)2 and 4 mmol NH4F were dissolved in 40 mL distilled water with vigorous
stirring to form homogeneous pink solution. The as-obtained solution was then
transferred into a 50 mL Teflon-lined stainless steel autoclave and CNT fibers were
immersed in the mixed solution. After a hydrothermal reaction for 130 <C for 5 h, the
resulting CNTFs were washed repeatedly with distilled water and dried at 60 T
overnight, followed by annealed into ZNCO NWAS/CNTF at 350 <C in air for 4 h. The
as-prepared ZNCO NWAS/CNTF attached on a polyethylene terephthalate trestle was
then suspended into a stirring solution containing 10 g NiSO4-6H-0, 2 g of K2S,0g, 5 ml
aqueous ammonia (28%) and 100 ml distilled water for 30 min. Finally, the resulting
fiber was washed with deionized water for several times and dried at 60 <C in a vacuum

overnight.

41



Chapter 3

Assembling the fiber-shaped Ni-Zn battery: The ZNCO@Ni(OH)> NWAS/CNTF and a
Zn wire were inserted into a heat-shrinkable tube in a parallel format. After injecting the
ZnO-saturated 3 M KOH aqueous electrolyte into the heat-shrinkable tube, the tube was
encapsulated via tight tube shrinkage through heating with a heat gun at 120 <C for about

1 min.
3.2.2 Materials Characterization

Morphology information of the synthesized materials was characterized by
scanning electron microscopy (SEM, Hitachi S-4800, 5 kV) and the microstructure was
observed on a Tecnai G2 F20 S-Twin transmission electron microscopy (TEM) equipped
with energy dispersive X-ray spectrometry (EDX). High-resolution TEM images were
recorded on a FEI Tecnai G2 20 high-resolution transmission electron microscope at an
acceleration voltage of 200 kV. The crystal structure of the samples was identified
utilizing a D8 Advance Bruker AXS X-ray diffractometer (XRD) with Cu Ka radiation
(A=0.15418 nm). An ESCALAB MKII X-ray photoelectron spectrometer (XPS) with
non-monochromatized Al Ka X-rays as the excitation source was used to detect the
chemical composition and oxidation states on the surface of the sample.

3.2.3 Equations

The area (A) and volume (V) of the anode and cathode are calculated by the equations

as follows:
Ac= nDcLc (1)
Aa= nDalLa 2
Ve=nDc?Lcl4 (3)
Va=nDa’Lal4 (4)

where Dc (cm) is the diameter of cathode with active material and Lc (cm) is the length

of the cathode, Da (cm) is the diameter of anode with active material and La (cm) is the

length of the anode. Furthermore, the total volume of the twisted fiber-shaped NiCo-Fe

battery is the sum of the volume of anode and cathode and active material. Therefore,

the area (Ap) and volume (Vp) of the devices are calculated by the equations as follows:
Ap= Ac+Aa (5)
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Vp=Vc+Va (6)

The areal specific capacity (Ca), volume specific capacity (Cv), energy density (E), and
power density (P) are calculated according to the following equations:

Ca=I4t/Ap (7)
Cv =I4tNp (8)
E=CAV (9)
P=E/At (10)

Where | is the charge/discharge current (mA), 4¢ is the discharge time (h), and AV is

voltage platform, respectively.

3.3 Properties of ZNCO@NIi(OH). cathode and Ni-Zn battery

The scanning electron microscopy (SEM) image in Figure 3-1a depicts the smooth
surface of CNTF, it is notable the smooth surface of CNTF. The magnified SEM in
Figure 3-1b shows the networking of CNTF, implying the large surface area, which can
be ideal for the basement material. The SEM image in Figure 3-2a shows that the clean
surface of the CNTF is evenly coated with the ZNCO NWAs after hydrothermal
synthesis and subsequent calcination treatment. With the increased magnification (Figure
3-2b), it is noticeable that the ZNCO NWAs with smooth surfaces are vertically
distributed in the hybrid fiber. The SEM image displayed in Figure 3-3a shows the
homogeneous layer of Ni(OH)2 nanosheets that are vertically grown over the entire
CNTF surface. The magnified SEM image in Figure 3-3b clearly shows that the Ni(OH):
nanosheets were densely packed and highly ordered on the fiber surface.
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Figure 3-1 (a) Low magnification SEM of pristine CNTF. (b) High magnification SEM
of pristine CNTF.

Figure 3-2 Low magnification SEM image of ZNCO/CNTF. (b) High magnification
SEM image of ZNCO/CNTF.
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Figure 3-3 (a) Low magnification SEM image c;f Ni(OH)./CNTF. (b) High magnification
SEM image of Ni(OH)2/CNTF.

The transmission electron microscopy (TEM) image shown in Figure 3-4a reveals
the nanowire morphology of ZNCO. The energy dispersive X-ray spectrometry (EDS)
mappings in Figure 3-4b represents that existence of Zn, Ni, Co and O atoms of ZNCO
nanowire, implying successful synthesis of the Zn/Ni co-doped Co304 After the
chemical bath deposition for 40 mins at room temperature, the skeletons of ZNCO
NWAs are homogeneously decorated with Ni(OH). nanoflakes (Figure 3-5a), thus
forming an interesting nanoflake@nanowires core-shell heterostructures (HSs). EDS
mapping results given in Figure 3-5b further present the typical core-shell nanostructure
constructed by the complete coverage of ultrathin Ni(OH)2 nanosheets on the entire
ZNCO NW skeleton.
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200 nm

Figure 3-4 (a) Low-magnification TEM image of single ZNCO nanowire. (b) EDS
element mappings of single ZNCO nanowire.

Figure 3-5 (a) High-magnification SEM image of ZNCO@Ni(OH)> NWAs. (b) EDS
element mapping images of Zn, Co, Ni and O in single ZNCO@Ni(OH)> NWs.

The TEM images of ZNCO@Ni(OH). NWA in Figure 3-6a further present the
typical core-shell nanostructure constructed by the complete coverage of ultrathin
Ni(OH)2 nanosheets on the entire ZNCO NW skeleton. As is observed in Figure 3-6b,
the EDS spectrum of ZNCO NWAs, Zn and Ni atoms partially replaced Co atoms,
implying successful synthesis of the Zn/Ni co-doped Co30s. Figure 3-7 shows the
corresponding X-ray diffraction (XRD) patterns of the ZNCO, Ni(OH), and
ZNCO@NIi(OH)2. It is noticeable that all major diffraction peaks of ZNCO@Ni(OH):
perfectly match with the overlay pattern of ZNCO and Ni(OH)2 and no extra peak is
detected, indicating that the fabricated hybrid is solely composed of ZNCO and Ni(OH).
These results confirm the successful fabrication of ZNCO@Ni(OH)2/CNTFs, which are

46



Chapter 3

subsequently investigated as promising Ni-based anode materials for high-performance

Ni-Zn batteries.
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Figure 3-6 (a) Low-magnification TEM of single ZNCO@Ni(OH), NW. (b) EDS
spectrum of the ZNCO NWA.

—— ZNCO@Ni(OH),
= ——ZNCO
£ G .
2| o  oe AL aw Sl
&
= |©o3) — Ni(OH),
f S (006) 012) (110)
N ] A —
10 20 30 40 50 60 70

20 (degree)
Figure 3-7 XRD patterns of Ni(OH)2, ZNCO and ZNCO@Ni(OH), samples.

The elemental compositions and valence states of the as-fabricated
ZCNO@NIi(OH)2 NWAs are determined by X-ray photoelectron spectroscopy (XPS). In
Zn 2p XPS spectrum of ZCNO@Ni(OH)2. NWAs (Figure 3-8a), two strong Zn 2p peaks
are located at 1022.7 and 1045.8 eV, corresponding to Zn 2p3/2 and Zn 2pl/2,
respectively. As shown in Figure 3-8b, the XPS spectrum of Ni 2p, two peaks at 873.3
and 855.6 eV can be assigned to the Ni 2p1/2 and Ni 2p3/2 spin-orbit peaks, respectively.
Figure 3-8c shows that Co 2p can be divided into two peaks at 796.6 and 780.8 eV, which
corresponds to binding energies for Co 2p1/2 and Co 2p3/2, respectively. The O1s signal
peak at 529.8 eV presented in Figure 3-8d is divided into two peaks centered at 529.4

and 530.9 eV.
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Figure 3-8 XPS spectra of (a) Zn 2p, (b) Ni 2p, (c) Co 2p and (d) Ols for the
ZCNO@Ni(OH)2 NWAs core-shell heterostructures.

The comparative cyclic voltammogram (CV) curves in Figure 3-9a shows the
square area of CNTF, indicating CNTF have the capacitive behavior and contribute
negligibly to the ZNCO@Ni(OH)> NWAS/CNTF electrode. The galvanostatic charge-
discharge (GCD) in Figure 3-9b curve further prove this point of the small discharge
time of CNTF. It is noted that a pair of redox peaks in the CV curve of ZNCO
NWAS/CNTF, suggesting the ideal battery candidate (Figure 3-10). In addition, the
electrode can achieve the maximum of 0.3 mAh/cm? at the current density of 1 mA/cm?.
The CV curves of the Ni(OH). NWAS/CNTF electrode collected at various scan rates
display a couple of prominent and well-defined redox peaks (Figure 3-11a), suggesting
the ideal battery behavior and high electrochemical reaction reversibility. The discharge
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curves of the Ni(OH). NWASs/CNTF electrode in Figure 3-11b clearly demonstrate the
distinct discharge voltage plateaus. The electrode can obtain a high capacity of 0.39

mAh/cm? at the current density of 1 mA/cm?,
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Figure 3-9 (a) CV curves and (b) GCD profiles of bare CNTF cathode.
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Figure 3-10 (a) CV and (b) GCD curves of ZNCO NWASs/CNTF electrode.
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Figure 3-11 (a) CV and (b) GCD curves of Ni(OH)/CNTF electrode.
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Figure 3-12 Comparison of the (@ CV and (b) GCD curves of
ZNCO@NIi(OH)2/CNTF//Zn, ZNCO/CNTF//Zn and Ni(OH)./CNTF//Zn batteries
Ni(OH)2/CNTF electrode.

Figure 3-12a shows the CV curves of ZNCO@NIi(OH)2 NWAS/CNTF, ZNCO
NWAS/CNTF and Ni(OH)2/CNTF samples at a scan rate of 2 mV/s. Obviously, the
ZNCO@NIi(OH)2 NWAS/CNTF electrode exhibits a larger CV curve area and redox
peak intensity than  those with single component ZNCO NWAS/CNTF and
Ni(OH)2/CNTF, implying that the specific capacity and redox reaction kinetics of core-
shell heterostructures electrode are significantly improved. Figure 3-12b further

compares the galvanostatic charge/discharge curves of ZNCO@Ni(OH)2 NWAS/CNTF,

50



Chapter 3

ZNCO NWAS/CNTF and Ni(OH)2/CNTF samples at a current density of 1 mA/cm?. As
observed, the discharge time of the fabricated ZNCO@Ni(OH). NWAS/CNTF electrode
is much longer than that for the ZNCO NWAS/CNTF and Ni(OH)2/CNTF electrodes.
The enhancement can be attributed to the increased electrical conductivity of the core
electrode and synergistic effects of the well-aligned ZNCO NWAs and ultrathin Ni(OH):
nanosheets. The comparison of the GCD curves for ZNCO@Ni(OH)2/CNTF//Zn,
ZNCO/CNTF//Zn and Ni(OH)2/CNTF//Zn batteries at a high current density of 2
mA/cm? is illustrated in Figure 3-13a. Significantly, the ZNCO@Ni(OH)2/CNTF//Zn
battery exhibits much longer discharge plateaus than that of the ZNCO/CNTF//Zn and
Ni(OH)./CNTF//Zn batteries, revealing its enhanced capacity. The specific capacities of
the ZNCO@NIi(OH)> NWAS/CNTF, ZNCO NWAS/CNTF and Ni(OH)2/CNTF
calculated from the corresponding discharge curves are compared in Figure 3-13b. It is
obvious that the discharge areal capacity of ZNCO@Ni(OH)2 NWASs/CNTF electrode is
1.49 mAh/cm? (volumetric capacity is 480.4 mAh/cm?® ) under 4 mA/cm? and this is
nearly five times higher than that of the ZNCO NWASs/CNTF electrode (0.30 mAh/cm?
and 125.8 mAh/cm?®) and over four times higher than that of Ni(OH)2/CNTF electrode
(0.39 mAh/cm? and 97.5 mAh/cm®). The CV curves of the ZNCO@Ni(OH);
NWAS/CNTF electrode collected at various scan rates display a couple of prominent and
well-defined redox peaks (Figure 3-14a), suggesting the ideal battery behavior and high
electrochemical reaction reversibility. The discharge curves of the ZNCO@Ni(OH)>
NWAS/CNTF electrode in Figure 3-14b clearly demonstrate the distinct discharge
voltage plateaus, suggesting the ideal battery behavior and high electrochemical reaction
reversibility. To reveal the electrochemical kinetic mechanism of the ZNCO@Ni(OH)>
electrodes, the redox peak currents plotted against the square root of the scan rate are
shown in Figure 3-15. The corresponding slopes for the cathodic and anodic relationship
were equal to 0.612 and 0.795. When the slope is ~0.5, the electrochemical processes are
assumed dependent on the ion diffusion, while slope value equal to 1 implies capacitive-
dependence. The calculated results illustrate that the charge storage reaction of
ZNCO@NIi(OH), NWAS/CNTF is a diffusion-controlled process. According to the
Charge-discharge curves in Figure 3-16a and rate capability in Figure 3-16b of the
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ZNCO@Ni(OH)2 NWAs at different current densities, a high capacity of 418.12 mAh/g
was achieved at 1.1 A/g, and the value was maintained at 362.37 mAh/g when the current

density increased to 11 A/g.
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Figure 3-13 (a) Comparative GCD curves of Ni(OH)2, ZNCO, and ZNCO@Ni(OH)2
electrodes at 4 mA/cm? (b) The plots of capacities versus current densities for
ZNCO@NIi(OH)2/CNTF, ZNCO/CNTF and Ni(OH)2/CNTF electrodes.
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Figure 3-14 (a) CV curves for the Ni(OH)2, ZNCO and ZNCO@Ni(OH): electrodes at
various scan rates. (b) GCD curves of the ZNCO@NIi(OH): electrode at various current
densities.
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peaks of the CV curves for the ZNCO@Ni(OH)2 NWAS/CNTF electrode.
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Figure 3-16 Charge-discharge curves (a) and rate capability (b) of the ZNCO@Ni(OH):

NWASs at different current densities.
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As schematically illustrated in Figure 3-17, the fiber-shaped Ni-Zn battery is
encapsulated into the heat-shrinkable tube by adopting ZNCO@Ni(OH)2 NWAS/CNTF
as the cathode, ZnO-saturated 3 M KOH aqueous solution as the electrolyte and the Zn
wire as the anode. A pair of apparent well-defined redox peaks are observed in the CV
curves of the as-assembled fiber-shaped Ni-Zn battery (Figure 3-18a), which can be well

assigned to the following reactions:

Cathode reaction:  ZNCO + OH + H,O <> ZNCOOH+e" 1)

Ni(OH)2 + OH" <= NiOOH+ H,0 + ¢ )

Anode reaction:  Zn(OH), + 2e” <> Zn+20H" 3)

The GCD curves of our fiber-shaped Ni-Zn battery in Figure 3-18b show distinct
discharge voltage plateau of 1.75 V and good symmetry, reflecting its desirable battery

characteristic and excellent electrochemical reversibility.

Figure 3-17 Schematic illustration of the fiber-shaped Ni-Zn battery.
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Figure 3-18 (a) CV curves of the as-assembled fiber-shaped Ni-Zn battery measured at
different scan rates. (b) Charge-discharge curves collected at different current densities.

As illustrated in Figure 3-19a the as-assembled fiber-shaped Ni-Zn battery
displays a high areal capacity of 1.01 mAh/cm? at the current density of 1 mA/cm? and
it still retains 0.64 mAh/cm? at a high current density of 10 mA/cm?, demonstrating
superior rate capability. The areal energy and power densities of our fiber-shaped Ni-Zn
battery in comparison with those state-of-the-art devices is depicted in Figure 3-19b.
More importantly, a maximum energy density of 3.72 mWh/cm? and a maximum high
power density of 17.13 mW/cm? are achieved for our device, which are considerably
higher than those values of previously reported batteries such as. Additionally, our
CFARSIB displays long-term cycling stability with a high capacity retention of 91.3%
after 3000 cycles and high coulumbic efficiency of 99.2% (Figure 3-20).

55



Chapter 3

(a) (b)
1.5 10 " ' i
. ~ = . - !
~ S I - | e,
Sraf 3igia HEW : : :
L oo';oo < 3 g = " b= = 10 ["___":___""__:___"___:___
4 sl S 3131 3. 5o B - ! !
< A 99000 200 < E E -Z.IO'!' _______ 1:’ _______ _:r _______ _E___
,é' 0.6 9999990000 E : : :
5 3 : : :
e T ] O L S S
%0.3- E.nlo F T 1 1
© E . ; :
' | 1
0.0 " 1 " 1 M 1 1 |0-3 - -I .0 .I
0 10 20 30 40 50 60 70 10° 10 10 10

Cycle number Power density (mW/cm®)

Figure 3-19 (a) Rate capability of our fiber-shaped Ni-Zn battery at varied current
densities. (b) Comparison of volumetric energy and power densities of our fiber-shaped
Ni-Zn battery with previously reported fiber-shaped aqueous rechargeable batteries.
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Figure 3-20 Long-term cycling stability and the corresponding Coulombic efficiency of

our fiber-shaped Ni-Zn battery device. (Inset: charge-discharge curves at different
cycles.)

To evaluate the practical application of the fiber-shaped Ni-Zn battery in portable
and wearable energy-storage devices, a series of flexibility tests were performed on the
device. Notably, the discharge curves were well maintained under increasing bending

angles (Figure 3-21a), indicating its exceptional flexibility. It is encouraging that the
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assembled device can be stably operated even under a dynamic bending and releasing

process at a speed of 10 degrees per second (Figure 3-21b).
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Figure 3-21 (a) Discharge curve of our fiber-shaped Ni-Zn battery under a dynamic
bending and releasing process at a speed of 10 degree per second. (b) Normalized
capacities of the as-assembled fiber-shaped Ni-Zn battery bent at 90 <for 500 cycles.

It is well known that series connection of device is a simple and effective strategy
to enlarge operating voltage. As illustrated in Figure 3-22a, two devices were connected
in series can achieve a high operating voltage of 3.5 V with a similar charge-discharge
time compared to a single device. More importantly, a long device is woven into a
flexible textile via conventional weaving technology as a wearable power source to
illuminate ten red light-emitting diodes (Figure 3-22b), manifesting the favorable
weavability of our device. To further demonstrate promising application of our device,
we used two fully charged series-connected fiber-shaped Ni-Zn batteries to drive an
overall water-splitting device based on zinc-nicke-cobalt phosphide (ZNCP) bifunctional
electrocatalyst. It can be observed from the SEM images in the inset of Figure 3-23a, the
morphology of the ZNCP NWAs were well preserved after one-step phosphidation
treatment. The overall water splitting electrocatalytic performance is measured in two-
electrode system using ZNCP NWAS/CNTF as both anode and cathode, respectively.
The steady-state polarization curve for overall water splitting of ZNCP NWAS/CNTF
presents a cell voltage of 1.768 V to afford 20 mA/cm?, implying its impressive overall
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water-splitting characteristic. As shown in Figure 3-23b two series-connected fiber-

shaped Ni-Zn batteries can offer steady output voltage for overall water splitting for 3600

(b)

S.
(a)
8
t —— Single device
7F ——Two devices connected in series
— There devices connected in series
~6F
e
S5
3
S 4t
3k
2
- 1 - 1 " Fas— " |
0 2000 4000 6000 800
Time (s)

Figure 3-22 (a) Charge-discharge curves of three fiber-shaped Ni-Zn batteries connected
in series. (b) Photograph of ten red LEDs illuminated by the charged power textile
consisting of our fiber-shaped Ni-Zn batteries.
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Figure 3-23 (a) Polarization curves of ZCNP/CNTF for overall water splitting in 1 M
KOH solution at a scan rate of 5 mV/s (Inset: High-magnification SEM image of ZNCP
NWAs). (b)Voltage-time curve of self-driven overall water splitting powered by two
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series-connected fiber-shaped Ni-Zn batteries (Inset: Photograph of the overall water
splitting device).

3.4 Conclusion

The novel ZNCO@Ni(OH), NWAs core-shell heterostructures have been
fabricated on a flexible and high conductivity CNTF via a facile and cost-effective
synthesis approach. The well-designed ZNCO@Ni(OH). NWAs electrode provides
efficient electron transfer channels, short ion diffusion and abundant exposed active sites,
leading to a significant improvement in electrochemical properties. By matching with
Zn/CNTF hybrid fiber as cathode, a high-performance aqueous rechargeable fiber-
shaped Ni-Zn battery with a stable operating voltage of 1.75 V is constructed.
Electrochemical test results shows that our as-assembled devices deliver a high capacity
of 2.07 mAh/cm? and an impressive energy density of 3.71 mWh/cm?, outperforming
most previously reported aqueous Zn-based batteries. To further demonstrate their
practical applications, fiber-shaped Ni-Zn batteries were woven into the flexible power
textile and two series-connected Ni-Zn batteries can drive overall water electrocatalysis
splitting for 3600 s. This work may shed new light on rational design of novel Ni-based

core-shell heterostructure cathodes for next-generation wearable Ni-Zn batteries
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Chapter 4 Rational Construction of Self-Standing Sulphur-
Doped Fe»Os Anodes with Promoted Energy Storage
Capability for Wearable Aqueous Rechargeable NiCo-Fe

Batteries

Aqueous rechargeable Ni-Fe batteries featured with ultra-flat discharge plateau, low
cost, and outstanding safety characteristics show promising prospects for application in
wearable energy storage. In particular, fiber-shaped Ni-Fe batteries will enable the
textile-based energy supply for wearable electronics. However, the development of fiber-
shaped Ni-Fe batteries is currently challenged by the performance of fibrous Fe-based
anode materials. Thus, this paper describes fabrication of sulfur-doped Fe.O3z nanowire
arrays (S-Fe2Os NWAs) grown on CNTF as an innovative anode material (S-Fe2Os
NWASs/CNTF). Encouragingly, first-principle calculations reveal that S-doping in Fe2Os
can dramatically reduce the bandgap from 2.34 eV to 1.18 eV and thus enhance
electronic conductivity. The novel developed S-Fe>O3 NWAS/CNTF electrode is further
demonstrated to deliver very high capacity of 0.81 mAh/cm? at 4 mA cm?. This value is
almost 6-fold higher than of the pristine Fe2Os NWAS/CNTF electrode. When a cathode
containing ZNCO@Ni(OH). NWAs heterostructures was used, 0.46 mAh/cm? capacity
and 67.32 mWh cm? energy density were obtained for quasi-solid-state fiber-shaped
NiCo-Fe batteries. which outperform most state-of-the-art fiber-shaped aqueous
rechargeable batteries. These findings offer an innovative and feasible route to design
high-performance Fe-based anode and may inspire new development for the next-

generation wearable Ni-Fe batteries.

4.1 Introduction

Increasing efforts are undertaken continuously to develop high-performance
aqueous rechargeable batteries[136-147]. Among various aqueous rechargeable batteries,
aqueous secondary Ni-Fe batteries with the abundant constituent elements, low cost, and

ultra-flat discharge plateau have attracted widespread attention [148-154]. Although the
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significant progress achieved for Ni-based cathode materials, the lack of high-capacity
Fe-based anode materials remains a stumbling block preventing further improvements of
the energy density of aqueous rechargeable Ni-Fe batteries. Moreover, with the ever-
growing consumer usage of portable and wearable electronics, small, flexible and
lightweight fiber-shaped Ni-Fe batteries are regarded as promising energy supply devices
[155-159]. Therefore, the exploration of high-performance fibrous Fe-based anodes is
still highly valuable and significant for the use in high-energy-density wearable Ni-Fe
batteries.

In the past few years, Fe-based oxides were considered as a promising active anode
material for aqueous rechargeable Ni-Fe batteries due to their high theoretical capacities
[160-162]. However, the low capacity and poor rates capability of such electrodes
fundamentally limit the development of Fe-based oxide anodes. Early studies have
revealed that anion doping in transition-metal oxides is a straightforward and cost-
effective strategy to tune the bandgap and electronic conductivity of active materials to
enhance the electrochemical performance[163-165].Yang et al. designed nitrogen-doped
Co0304 nanowires on carbon cloth with significantly improved oxygen reduction reaction
catalytic activity as an additive-free air-cathode for flexible solid-state Zn-air
batteries[166]. Lu et at. reported phosphorus-doped ultrathin NiCo204 nanosheets with
an ultrahigh capacity of 198.0 mAh g ! at 60.4 A g !, nearly 15 times higher than that of
unmodified NiCo0.04 electrode[167]. Qiao et al. successfully fabricated sulfur-doped
NiFe204 nanosheets on nickel foam that could achieve enhanced catalytic properties for
both the H2 and Oz evolution reactions[127]. Thanks to the rich reaction sites, convenient
ion diffusion path, and fast charge transport, self-standing nanostructured Fe-based oxide
electrodes have been demonstrated to be a promising design[168-169]. Encouragingly,
CNTF exhibits lightweight, outstanding flexibility and excellent conductivity that can be
widely used as fibrous electrodes of wearable energy-storage devices[170-172].Thus, it
is urgently desirable to develop self-standing anion doped Fe-based oxide on CNTF as
fibrous anodes to achieve high-performance Ni-Fe batteries.

In this chapter, the as-prepared ZNCO@Ni(OH)> NWAs in last chapter with
superior high capacity with 1.49 mAh/cm? at 4 mA/cm?, which is significantly higher
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than other reported fibrous electrode materials. In order to assemble the battery to gain
the high performance, the relationship of the charges between the two electrodes is Q+
= Q-and Q = C xA xV, where C is the specific capacity, V is the potential range, and
A is the area of the electrode. Therefore, we aim to fabricate the anode with high capacity

using the anion doping method.

4.2 Experimental

4.2.1 Materials Preparation of S-Fe2O3 NWAS/CNTF and NiCo-Fe battery

Fabrication of S-Fe,O3 NWAS/CNTF: S-Fe,O3 NWAS/CNTF was prepared by a two-
step synthesis consisting of a hydrothermal step followed by the sulfuration process.
Typically, 0.321 g of Na2SO4 and 0.3267 g of FeCls were dissolved in 45 ml of deionized
(DI) water under constant stirring for 30 min. The resulting clear orange solution was
placed into a 50 ml Teflon-lined stainless steel autoclave, after which CNTFs taped onto
the Teflon were placed inside the container. The autoclave was kept at 160 <C for 6 h,
after which it was allowed to cool down naturally. The resulting Fe-O precursor/CNTF
was rinsed several times distilled water, after which it was dried overnight at 60 <C. 0.4
g of S powder was positioned in the furnace center while Fe-O/CNTF precursor was
placed at the bottom. To obtain S-Fe;Os3 NWAS/CNTF, the as-fabricated Fe-O
precursor/CNTF was heated at 200 <C for 4 h under 200 sccm Ar flow. The precursors
were annealed under N2 at 350 <C for 4 h to acquire Fe2O3/CNTF.

Assembly of NiCo-Fe battery: The gel electrode was obtained using 10 g of PVA and
11.2 g of KOH dissolved in 100 ml of DI water under vigorous stirring at 95 <C for 2 h
until a clear solution was obtained. To assemble the NiCo-Fe battery, S-Fe;Os
NWAS/CNTF-based anode and ZNCO@Ni(OH). NWAS/CNTF-based cathode were
twisted together (both electrodes were percolated with PVA-KOH gel electrolyte.) and
soaking it overnight until the electrolyte solidified.
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4.2.2 Description of first-principle calculations

Spin-polarized density functional theory (DFT) simulations were performed by the
Vienna ab initio simulation (VASP) package using the projector augmented wave (PAW)
potentials with a plane wave cutoff at 500 eV. The generalized gradient approximation

(GGA) of Perdew-Burke-Ernzerhof (PBE) functional was employed in our simulations.

Description of first-principle calculations for Fe2O3 and S-Fe,O3 NWAs: NWAs The
pristine Fe2O3 was model by a 111 hexagonal cell, consisting of 12 iron and 18 oxygen
atoms, with the lattice parameters of 5.03 A, 5.03 A and 13.55 A. The S-doped Fe;Os3
model was built by replacing two oxygen atoms with sulfur atoms in a hexagonal Fe;Os
cell to simulate the 6% S-doping based on the experimental observations. The k-point
meshes of both pristine and S-doped Fe>O3 were 6>6>2 for the geometry optimizations,
and 18x18>6 for the DOS calculations. The energy and force convergence criteria were
set at 10 eV and 0.02 eV A, respectively.

Description of first-principle calculations for ZNCO@Ni(OH)2 heterostructure: The
interface model of cathode material was built as a single Ni(OH)2 layer placed on the
(111) surface of cubic CosOs cell (5.61 A, 5.61 A and 30 A), which was doped with Ni
and Zn atoms. The (111) surface was chosen in this study since it is one of the most
stable surfaces of Co304, and its hexagonal pattern is the same with the Ni-LDH. The
Ni-Zn-doped Co304 model consists of 11 Co atoms, 3 Zn atoms and 4 Ni atoms, which
is very close to the experimental concentration. The k-point meshes were 5>6x1 for the
geometry optimizations and 10x10>2 for the DOS calculations. The force and energy
convergence criterions were set to be 0.02 eV Al and 10° eV, respectively. The

antiferromagnetic states were set as the initial spin states of Coz04 in all the calculations.
4.3 Properties of S-Fe.Oz anode and NiCo-Fe battery

The preparation schematics of S-Fe2,O3 NWAS/CNTF anode consisting of simple

hydrothermal synthesis and in-situ sulfuration is shown in Figure 4-1. The Fe-O
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precursor directly grew on the surface of the original CNTF through hydrothermal, then
the in-suit sulfuration in argon to successfully doping the sulfur element to the precursor.
In addition, the SEM image displayed in Figure 4-2 presents that the Fe.Oz NWAs are
well-distributed on the skeleton of the CNTF.

\

\ Hydrothermal Sulfuration
\\ synthesis in argon
%y
713
CNTF Fe-O precursor

Figure 4-1 Preparation procedure of S-Fe,O3 NWAS/CNTF anode.

Figure 4-2 (a) Low magnification SEM image of Fe:O3 NWAS/CNTF. (b) High
magnification SEM image of Fe2O3 NWAS/CNTF.

The SEM image in Figure 4-3 reveals that the entire surface of CNTF is uniformly
and densely covered with S-Fe;Os NWAs. The comparison between un-doped and S-
doped samples clearly demonstrates that the structures of FeOs NWAs are well

preserved after thermal treating under S vapor. The EDS results shown in Figure 4-4a
demonstrate the atom ratio of Fe: O: S'is 2:2.43:0.29, implying that O atoms are partially
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replaced by S atoms. The S-Fe.Oz NWSs were crystalline nature judging by a series of

diffraction signals from the selected area electron diffraction (SAED) pattern. It is easily
found the diffraction rings can be readily indexed to (204) (006) (110) (102) in the SAED
from the Figure 4-4b.
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Figure 4-4 (a) EDS spectrum and (b) SAED pattern for S-Fe;Oz NWs,

The EDS demonstrated the homogeneous Fe, O, and S distribution throughout the
NWs (Figure 4-5). However, EDS did not reveal the presence of S in Fe2O3 NWs (Figure
4-6). It just shows the homogenous distribution of Fe and O elements of the Fe>O3
nanowires. SAED pattern shown in Figure 4-7a implies the polycrystalline nature of S-
Fe>O3 NW and the diffraction rings can be readily indexed to (116), (006), (104) and
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(102) planes of hexagonal phase Fe:Os3. High-resolution transmission electron
microscopy (HRTEM) image in Figure 4-7b shows interplanar spacing of 0.369 nm,
which is consistent with the (102) plane of Fe2O3. HRTEM image showed well-resolved
lattice fringes 0.269 nm apart correspond to (104) planes of Fe>Os (Figure 4-8).
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Figure 4-5 TEM image of S- Fe2Os NWs and the corresponding EDS elemental mapping.
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Figure 4-6 EDS elemental mappings of Fe and O of Fe.Oz nanowires.
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Figure 4-7 (a) SAED of Fe20Os NWAs. (b) HRTEM of Fe.O3 NW.

Figure 4-8 HRTEM image of S- Fe2Oz NW.

The crystal structure of the synthesized S-Fe,Oz NWAs and Fe,O3 NWAs were
characterized by X-ray diffraction (Figure 4-9a). It should be noted that that the XRD
patterns of the synthesized S-Fe>Os NWAs and Fe.O3 NWASs are exactly corresponding
to the standard Fe»Os card (JCPDS No. 33-6640), indicating that the synthesized
materials have high crystallinity and the S atoms partially replace the O atoms through
low-temperature sulfuration. The elemental analysis of the surfaces of the as-prepared S-
Fe>O3 NWAS/CNTF and Fe.O3 NWAS/CNTF samples was performed using X-ray
photoelectron spectroscopy. Fe, O, S, and C elements were detected in the S-Fe;O3
NWAS/CNTF (Figure 4-9b). The chemical state of C atom corresponds to the one of
initial CNTF. The chemical compositions and valence states of the Fe>Os are investigated
with XPS and the corresponding results is shown in Figure 4-10. The O 1s XPS spectrum
(Figure 4-10a) shows two prominent peaks at 527.8 eV and 531.2 eV correspond to Fe—
O and C-0, respectively. In the Fe 2p XPS shown in Figure 4-10b, two distinct peaks at
708.6 eV and 724.3 eV, corresponding to the Fe 2p3/2 and Fe 2p1/2 spin-orbit peaks,
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respectively. Meanwhile, two sat peaks also be observed. Fe;O3 NWAS/CNTF is
composed of Fe, O, and C elements, indicating that the S element comes from the
sulfuration process. XPS spectrum of Fe 2p of S-Fe;O3 NWAS/CNTF is illustrated in
Figure 4-11a and it is found that Fe 2p has two main different valence states. The peaks
with bond energies equal to 708.8 and 726.3 eV belonged to the Fe 2ps; and Fe 2pi
states. Two satellites at 714.8 eV and 730.4 eV also appear in Fe 2p spectra. A distinct
peak at 283.2 eV was found in the C 1s XPS spectrum of CNTF substrate (Figure 4-11b).
S 2p spectrum showed two typical peaks at 161.9 and 166.4 eV (Figure 4-11c), which
were ascribed to the S 2pszand S 2p1» spin-orbit peaks, respectively. Furthermore, the

peak at 530.1 eV was observed in the O 1s XPS spectrum (Figure 4-11d).
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Figure 4-9 (a) XRD spectra for Fe2Os and S- Fe2Os NWAs. (b) Full XPS spectra
comparison of Fe2O3 NWAS/CNTFs and S- Fe203 NWAS/CNTFs.
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Figure 4-10 XPS spectrum of (a) O 1s and (b) Fe 2p for the Fe2Os NWAS/CNTF.
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Figure 4-11 High resolution (a) Fe 2p, (b) C 1s, (c) S 2p and (d) O 1s XPS spectra of S-

Fe203 NWAS/CNTF.
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To understand the role of S in doping Fe20s, first-principle calculations were
conducted to investigate the electronic structures of both pristine Fe2Oszand S-Fe>O3.The
atomic structure of Fe>Os is displayed in Figure 4-12a. The S-Fe,Os model is built by
replacing two O atoms with S atoms in a hexagonal Fe>Oz cell to simulate the 6% S-
doping based on the experimental observations. It should be noted that the S atoms prefer
to locate in the same layer, as depicted in Figure 4-12b. Through the comparation, it is
notably that the sulfur atoms partially replace the place of oxygen atoms. As the
calculated density of states (DOS) shown in Figure 4-13, the pristine Fe;Os3 is a
semiconductor with a bandgap of 2.34 eV, while the bandgap dramatically reduces to
1.18 eV after S doping. This phenomenon is further supported by the band structures of
pristine Fe;O3 (Figure 4-14a) and S-Fe>O3 (Figure 4-14b). Thus, the narrowed band gap
of S-Fe»O3 demonstrates an enhancement of electrical conductivity, revealing that it is a

promising active material for Fe-based anodes for advanced Ni-Fe batteries.
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Figure 4-12 (a) Atomic structure of Fe2Oaz. (b) Energetical favorable atomic structure of
6% S-Fe203
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Figure 4-13 The calculated density of states of both pristine Fe>Oz and S- Fe;Os.
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Figure 4-14 Band structures of (a) pristine Fe2O3 and (b) S-Fe2Os.

The CV curves in Figure 4-15a shows no redox peaks of CNTF as the anode,
indicating CNTF have the capacitive behavior so it contributes negligibly for the S-Fe;O3
NWAS/CNTF electrode. The GCD curve in Figure4-15b further prove the small
discharging time. A pair of distinct redox peaks is observed for every single curve shown
in Figure 4-16a, indicating the battery-like behavior of Fe;O3 NWAS/CNTF. It obtains
the areal capacity of 0.12 mAh/cm? under the scan rate of 2 mA/cm? (Figure 4-16b).
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Figure 4-15 (a) CV curves and (b) GCD profiles of initial CNTF electrode anode.
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Figure 4-16 (a) CV and (b) GCD curves of Fe,O3 NWAS/CNTF electrode.

The electrochemical performance of FeOs NWAS/CNTF and S-FexOs
NWAS/CNTF are used to prove these theoretically calculated results. As presented in
Figure 4-17a, the charge transfer resistance value of S-Fe;Os NWAS/CNTF electrode
(5.83 Q) is 1.52 times lower transfer resistance of Fe,O3 NWAS/CNTF electrode (which
was equal to 14.71 Q), demonstrating that the electronic/ionic transfer kinetics of Fe>O3
NWAs was significantly enhanced via the S doping. Figure 4-17b compares CV of
electrodes containing Fe2Oz3 NWAS/CNTF and S-FeoOz NWAS/CNTFs as active
materials at 10 mV s within the voltage range of 0 to -1.4 V. Obviously, S-Fe;Os3
NWAS/CNTF-based electrode showed a more substantial area under the CV curve and
more significant redox peak intensity than unmodified CNTFs and Fe2Os NWAS/CNTFs.
Thus, the capacity contribution of the CNTF substrate could be neglected. At the same
time, the capacity and redox reaction kinetics of fiber-containing electrodes were
significantly improved after S doping. CV spectra of the electrodes containing S-Fe,O3
NWAs /CNTF as active materials at different scan rates displayed several prominent
faradaic redox peaks (Figure 4-18a), indicating that the as-fabricated electrode has an
ideal battery behavior, which is ascribed to the conversion between Fe®* and Fe?* by

following the reaction:

S-Fe20s + 26" + 3H204—>2S-Fe(OH), + 20H-
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Meanwhile, it is noted that cathodic and anodic peaks move to both ends,
respectively, with the increasing scan rate, which results from the continuous rising of
the potential difference between the redox peak pairs. This polarization phenomenon is
due to the fact that the ion migration rate in the electrolyte is less than the electron rate
generated by the redox reaction. To reveal the electrochemical kinetics of the S-Fe>O3
NWAS/CNTF electrode, the linear relationship between the square root of the scan rate
and the cathodic peak current densities at scan rates is presented in revised Figure 4-18b,

implying a diffusion-controlled process during the electrode material redox reaction.
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Figure 4-17 (a) Nyquist plots and fitted an equivalent circuit for the S-Fe2Oz and Fe20:s.
(b) CV data for the electrodes containing S-Fe>Os, Fe>O3, and initial CNTF at 10 mV/s

scan rate.
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Figure 4-18 (a)CV curves for the S- Fe2O3 /CNTF electrodes at various scan rates. (b)
The plots of redox peak currents with respect to square root of scan rates for the S-Fe.O3
NWAS/CNTF electrode.

Figure 4-19 demonstrates the relationships between log (peak current) and log (scan
rate) from 1 to 10 mV/s for both the cathodic and anodic peaks. When the slope is =0.5,
the electrochemical processes are assumed to be dependent on the ion diffusion, while
slope value equal to 1 implies capacitive dependence. These slopes of the lines in Figure
4-19a are calculated to be ~0.523 (cathodic) and ~0.577 (anodic), further illustrating that
the charge storage reaction of S-Fe2Os NWAS/CNTF is a diffusion-controlled process.
Similarly, the kinetic mechanism of Fe,O3 NWAS/CNTF electrode is controlled by ion-
diffusion (Figure 4-19b).
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Figure 4-19 (a) Redox peak currents for the S-Fe2Os/CNTF electrode as function of the
scan rates. (b) Linear fitting of the peak current versus scan rate for the cathodic and
anodic peaks of the CV curves for the Fe203 NWAS/CNTF electrode.(Inset is the CV
profile of the Fe2O3 NWAS/CNTF electrode)

The GCD data for the S-Fe.Oz NWAS/CNTF electrodes (Figure 4-20a) clearly
exhibit the distinct charge-discharge voltage plateaus and high columbic efficiency. The
areal discharge capacity of the S-Fe:O3 NWAS/CNTF-based electrode was 0.81
mAh/cm? (volumetric capacity is 259.2 mA/cm?®) at 4 mA/cm? (Figure 4-20b), which is
6 times higher than that of the Fe,03 NWAS/CNTF electrode (0.12 mAh/cm?). This value

(0.81 mAh/cm?) also surpasses other reported Fe-based electrodes summarized in Table
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4-1. As presented in Figure 4-21, a high capacity of 308.57 mAh/g was achieved at 1.6
Alg, and the value was maintained at 255.24 mAh/g when the current density increased
to 16 A/g.
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Figure 4-20 (a) GCD curves for the S-Fe>O3/CNTF electrodes. (b) Capacities plotted for
S- Fe,0O3/CNTF and Fe;Os/CNTF electrodes from 4 to 40 mA/cm? current densities.
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Figure 4-21 Charge-discharge curves (a) and rate capability (b) of the S-Fe2O3 NWAs
under different current densities.

In addition, S-Fe,O3 NWAS/CNTF electrode can maintain 81.25% of the initial
capacity at 40 mA/cm? current density, which demonstrates better rate performance than
Fe203 NWAS/CNTF electrode (which was equal to 70.6% capacity retention). The long-
term stability of S-Feo O3 NWAS/CNTF electrode is given in Figure 4-22a, while the

78



Chapter 4

corresponding SEM image is given in Figure 4-22b. The capacity retention was 92.4%
after 5000 cycles at a current density of 40 mA/cm?, which indicates excellent cycle
stability of the as-fabricated S-Fe,O3 NWAS/CNTF electrodes.

Table 4-1 Comparison of the electrochemical performances of the as-fabricated S-

Fe>Os NWAs with previously reported Fe-based electrode in alkaline.

Number Material Capacity Rate performance  Reference

(mAh/cm?)

1 Fe,0s/RGO/FesOs 0.075 (20 mA/cm?)  0.025 (50 mA/cm?)  [173]
2 Fe20s 0.159 (1 mA/cm?)  0.087 (20 mA/cm?)  [174]
3 Porous Fe;03 0.390 (10 mA/cm?)  0.165 (50 mA/cm?)  [175]
4 FeO-OH 0.475 (1.6 mA/cm?)  0.354 (48 m/cm?)  [176]
5 S-0-Fe203 0.210 (1 mA/cm?)  0.130 (10 mA/cm?)  [120]
6 FeP 0.634 (2 mA/cm?)  0.540 (10 mA/cm?)  [177]
7 S-0-Fe203 0.474 (2 mA/cm?)  0.335 (20 mA/cm?)  [148]
8 S-Fex03 0.810 (4 mA/cm?)  0.650 (40 mA/cm?) = This work
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Figure 4-22 (a) Cycling stability of the S-Fe,O3/CNTF. (b)High-magnification SEM
image S-Fe2O3 NWAS/CNTF electrode after 5000 GCD cycles under the scan rate of 10
mV/s.

In order to match the high capacity of the anode material, we take use of the
ZNCO@NIi(OH)2/CNTF as the cathode prepared in last chapter with superior the specific
capacity. The unique core-shell structure of ZNCO@Ni(OH)2 NWAs can provide a fast
ion diffusion path and provide more active sites, which in turn promoting efficient, fast
and reversible electrode reactions. ZNCO NWAs have higher electrical conductivity and
electrochemical performance than corresponding single metal oxides and bimetal oxides.
These superior properties make ZNCO NWAs widely accepted as secondary substrates
for the growth of other active materials. Among them, the oriented ZNCO NWAs are the
core part, and the ultra-thin Ni (OH)z2 is the shell layer. Based on this unique structural
design, the capacity of as-prepared ZNCO@Ni(OH).-based electrode is 1.49 mAh/cm?
at 4 mA/cm?, which is significantly higher than other reported fibrous electrode materials.
Obviously, the areal capacity of the ZNCO@Ni(OH)2/CNTF electrodes was higher than
that of recently reported Ni-based cathode materials (Table 4-2). Some electrochemical
performance and material characterization have been demonstrated in the previous
chapter. Moreover, we have added more theoretical density of states calculation using
the DFT simulation. Here it is found that the heavy doping of Zn and Ni in Co304even
result in a transition from semiconductor to metal, which could clearly be seen from the
ZNCO spin-up state in Figure 4-23. Meanwhile, the Ni(OH). on ZNCO shows a
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characteristic of hole doping, since the Fermi level shifts towards the deeper energy level.
As a result, it is expected that the ZNCO@Ni(OH), interface possesses a good
conductivity, which is beneficial the battery-type performance

Table 4-2 Comparison of the electrochemical performances of the as-fabricated

ZNCO@NIi(OH)2/CNTF with previously reported Ni-based electrode in alkaline.

Material

NiC0204

Capacity

(mAh/cm?)

0.35 (1.11 mA/cm?)

Rate performance

0.09 (11.12 mA/cm?)

Reference

[178]

2 NiC0.04 0.44 (1.8 mA/lcm?)  0.26 (19.8 mA/cm?) [179]
3 NiCoP 0.71 (1 mA/cm?) 0.49 (50 mA/cm?) [180]
4 3D Ni@NiO 0.80 (8 mA/cm?) 0.42 (40 mA/cm?) [181]
5 CoP@Ni(OH), 0.69 (2 mA/cm?) 0.49 (20 mA/cm?) [148]
6 MnO,-NiO 0.11 (5 mA/cm?) 0.06 (25 mA/cm?) [182]
7 NiMoO,@Co(OH) 0.32 (5 mA/cm?) 0.13 (50 mA/cm?) [183]
8 C03:0,@C@NisS; 0.49 (1 mA/cm?) 0.24 (30 mA/cm?) [184]
9 NiZnCoP 0.24 (1 mA/cm?) 0.21 (10 mA/cm?) [120]
10 ZNCO@Ni(OH) 1.49 (4 mA/cm?) 1.28 (40 mA/cm?) This work
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Figure 4-23 (a) Calculated interfacial structure and (b) projected density of states of
Ni(OH)@ZNCO. Solid and dashed lines are corresponding to the spin up and spin down
states.

To assemble NiCo-Fe battery, as shown in Figure 4-24a, both S-Fe.O3
NWAS/CNTF and ZNCO@Ni(OH). NWASs/CNTF were twisted into a hybrid wire using
PVA-KOH gel electrolyte. The CV curves of S-Fe:Os/CNTF anode and
ZNCO@NIi(OH)2/CNTF cathode obtained using a three-electrode system are shown in
Figure 4-24b, where the operating windows S-Fe>Os electrode and ZNCO@Ni(OH). are
-1.4~0V and 0~0.5V, respectively. The as-assembled full battery device with high
voltage is thus expected. CV curves of fiber-shaped NiCo-Fe batteries measured at
various scanning rates in the 0~1.6 V range demonstrated several strong redox peaks
(Figure 4-25a). When the scanning rate increases, the shapes of CV curves maintain well
with no obvious deformation except for a slight change in peak position, which indicates
the good stability of the assembled device. GCD curves of fiber-shaped NiCo-Fe
batteries at various current densities showed two distinct characteristic plateaus at 1.37
V and 1.02 V (Figure 4-25b). Very high capacity equal to 0.46 mAh/cm? at 2 mA/cm?
was achieved. 68.9% of this value (which is equal to 0.31 mAh/cm?) was kept under a

high current density of 10 mA/cm?.
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Figure 4-24 (a) Schematics of the fiber-shaped NiCo-Fe battery. (b) CV curves for the

S-Fe;03 NWAS/CNTF-based anode and ZNCO@Ni(OH)> NWAs/CNTF-based cathode

collected using a three-electrode system.
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Figure 4-25 (a) CV and (b) GCD curves of the fiber-shaped NiCo-Fe battery.
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Figure 4-26 (a) The areal and volumetric capacity of fiber-shaped NiCo-Fe battery. (b)
Ragone plots of the areal energies and power densities of our fiber-shaped NiCo-Fe
battery and recently reported fiber-shaped aqueous rechargeable batteries.

The areal and volumetric capacity plotted as a function of the discharge current
density is shown in Figure 4-26a. The Ragone plots comparing volumetric energy and
power densities of our fiber-shaped NiCo-Fe batteries with the recently reported fiber-
shaped aqueous rechargeable batteries are shown in Figure 4-26b. Devices fabricated in
this work showed outstanding volumetric energy density (equal to 67.32 mWh/cm?® with
a power density of 591.12 mWh/cm?), outperforming most of the previously reported
fiber-shaped aqueous rechargeable batteries (Table 4-3). Additionally, the mass
capacities, energy densities and power densities for our fiber-shaped NiCo-Fe battery
based on the masses of active material and whole device are shown in Figures 4-27 and
Figure 4-28. As demonstrated in Figures 4-27a and 4-27b the discharge capacities
maintain 174.37 mAh/g at a current density of 0.76 A/g and 117.51 mAh/g at a high
current density of 3.80 A/g based the active material” mass for our fiber-shaped NiCo-Fe
battery. As presented in Figure 4-27c, the device can deliver an ultrahigh energy density
of 177.86 Wh/Kg at a power density of 773.31 W/Kg, and still deliver 119.86 Wh/Kg
even at a high power density of 3866.55 W/Kg. While in the Figure 4-28a and 4-28b, the
discharge capacities maintain 43.33 mAh/g at a current density of 0.19 A/g and 29.20
mANh/g at a high current density of 0.95 A/g based the whole device’ mass for our fiber-
shaped NiCo-Fe battery. As presented in Figure 4-28c, the device can deliver an ultrahigh
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energy density of 44.20 Wh/Kg at a power density of 192.17 W/Kg, and still deliver
29.79 Wh/Kg even at a high power density of 960.84 W/Kg.

Table 4-3 Comparison of the electrochemical performances of our assembled fiber-
shaped NiCo-Fe battery with other previously reported energy storage devices.

Device

Electrode

configurati materials

on

Twisted

Twisted

Parallel

Twisted

Twisted

Coaxial

Twisted

Parallel

Parallel

Twisted

NiZnCoP// a-
F€'203
FeP//NiCoP
NiCo LDH//Zn
Mn-NiO// Mn-
Fe,03

Ni-NiO//Zn

Polyaniline//Zn

MnO2//Zn

Electrolyt

e

KOH-
PVA

KOH-
PVA

KOH-
PVA

KOH-
PVA

KOH-
PVA

Zn(CFsS
03)2 -
PVA

ZnS0Os.
PAM

Nao.44MnO,//NaT Na SO,

i2(PO4)s@C
CC-ZnO@C-Zn
//C0o(CO3)o5(0OH)

x®0.11H,0@Co
MoQO,

S-Fe20s3
/IZNCO@Ni(OH
)2

KOH-
PVA

KOH-
PVA

Capacity  EV-max

(mWh
/cmd)
0.092 30.61
mAh/cm?
0.294 39.48
mAh/cm?
5 8
mAh/cm?
46.0 61
mAh/cm?
120 0.67
pAh/cm?
100 NA
mAh/g
260 53.8
mAh/g
46 25.7
mAh/g
3 4.6
mAh/cm
3
0.46 67.32
mAh/cm

2
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(Wicmd)

3.33

NA

2.2

48.4

0.22

NA

NA

0.7

0.42
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Reference
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Figure 4-27 (a) GCD curves and (b) rate capability of the fiber-shaped NiCo-Fe battery
based on active material’ mass at different mass current density. (c) Mass energy and

power densities of our fiber-shaped NiCo-Fe battery based on active material’ mass.
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Figure 4-28 (a) GCD curves and (b) rate capability of the fiber-shaped NiCo-Fe battery
based on whole device’ mass at different mass current density. (c) Mass energy and
power densities of our fiber-shaped NiCo-Fe battery based on whole device’ mass.

In order to explore the practical applications of our devices for portable electronics,
a variety of flexibility tests were conducted. The collecting GCD curves are basically
stable and overlapped under various bending angles ranging at 2 mA/cm? (Figure 4-29a),
confirming the high mechanical stability. As shown in Figure 4-29b, the device still

retains 94.8% of its initial capacity after bending at 90<=for 4000 cycles, showing the

excellent structural stability. Meanwhile, Figure 4-30 demonstrated stable

electrochemical performance of the battery under various bending states. It is easily
observed in the SEM images at different bending degrees that there is not distinct
difference for the inner and outer part, indicating the stable of our device.

87



Chapter 4

~
-}

~—
~
=3
~

1.8
1%00000000000000000
1-5 ?
. S|
Z« 1.2F 2
C—
) ~ O60F
209 ™
= &
° - — 40 E
> 0.6} s
=9
~
0.3 O 20f
0.0 IS L i 0 4 i 4 2 2
0 100 200 300 400 500 0 1000 2000 3000 4000
Time (s) Cycle number

Figure 4-29 (a) GCD curves for the fiber-shaped NiCo-Fe battery bent at 0, 45, 90, 135
and 180 (b) Normalized capacity of the as-obtained battery with a bending angle of 90
for 4000 cycles.

As depicted in Figures 4-31a and 4-31b, two devices were connected in series to
obtain 3.2 V operating voltage, while the discharge time is doubled when they are
connected in parallel. Meanwhile, the voltage curve remains the same initial shape,
proving that the integrated device can work stably. As presented in Figure 4-32a, a red
light-emitting diode (LED) was powered by two series-connected fiber-shaped NiCo-Fe
batteries, further confirming their practical applications as energy supply devices. The
Nyquist plot of the fiber-shaped NiCo-Fe battery is depicted in Figure 4-32b, where the
equivalent resistance of the whole device was 31.2 Q at 90<angle, which suggests the
fast charge transfer and high-efficiency ion diffusion. To exemplify the wearable
applications of our device, two long fiber-shaped NiCo-Fe batteries connected in series
are woven into a flexible energy textile via conventional weaving technology to light up
ared LED (Figure 4-33).
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Figure 4-30 Photographs of our assembled NiCo-Fe batteries with different bending
angles and their corresponding SEM images: (al-a2) 0° , (b1-b2) 45° , (c1-c2) 90° ,
(d1-d2) 135° and (el-e2) 180° . The scale bar is 1mm (a2-e2).

@

Voltage (V)

3.5
3.0

2.5

2.0

1.5}F

1.0

05F

0.0

5 Single battery 1.8F Single batt(fry .

i —— Two batteries connected in series 1.6 [ Two batteries connected in parallel
3
5]
1))
=
=
=}
>

0 100 200 300 400 500 600 0'00 100 200 300 400 500 600
Time (s) Time (s)

Figure 4-31 GCD curves of single fiber-shaped NiCo-Fe battery and two fiber-shaped
NiCo-Fe batteries connected (a) in series and (b) in parallel.
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Figure 4-32 (a) Photograph showing a red LED powered by two series-connected fiber-

shaped NiCo-Fe batteries. (b)Nyquist plot of assembled fiber-shaped NiCo-Fe battery.

90



Chapter 4

Figure 4-33 Photograph of a red LED illuminated by the charged energy textile
consisting of our NiCo-Fe battery.

4.4 Conclusion

This chapter demonstrated an effective approach to dramatically increase the
capacity, cycling stability and rate capability of Fe>Oz via S doping due to its reduced
band gap and enhanced electrical conductivity, rendering it as an attractive anode for
aqueous rechargeable Ni-Fe batteries. As demonstrated by the experimental results, the
well-designed S-FeoOs NWAS/CNTF electrode presents a remarkable capacity of areal
capacity of 0.81 mAh/cm?2at 4 mA/cm?, which is nearly seven times higher areal capacity
of the pristine Fe2O3 NWAS/CNTF-based electrodes. Furthermore, a prototype fiber-
shaped NiCo-Fe battery with a stable operating voltage of 1.05 V fabricated using S-
Fe203 NWAS/CNTF-based anode, and ZNCO@Ni(OH)2, NWAS/CNTF-based cathode
demonstrated remarkable areal capacity (equal to 0.46 mAh/cm?) and volumetric energy
density (equal 67.32 mWh/cm®), substantially outperforming most of the recently
reported aqueous rechargeable batteries. Additionally, our wearable NiCo-Fe battery
showed impressive flexibility, with negligible capacity loss at different bending angles.
This work provides new insights on the design of novel Fe-based anodes for the next-
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generation wearable Ni-Fe batteries. This technology will revolutionize and further

advance applications related to flexible energy-storage technologies.
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Chapter 5 All Metal Phosphide Electrodes for High-
Performance Quasi-Solid-State  Fiber-shaped Aqueous

Rechargeable Ni-Fe Batteries

Aqueous rechargeable Ni-Fe batteries with high energy density, low cost and
outstanding safety contribute significantly to the progress of high-performance portable
and wearable energy storage devices. However, the common electrode materials are
nickel/iron or their oxides which have suffered from poor conductivity and cycle
performance. As an ideal candidate to address these issues, metal phosphides may offer
outstanding theoretical specific capacity, low conversion potential, and impressive redox.
In this study, a new type of high-performance flexible Ni-Fe battery with binder-free
electrodes on conductive fiber substrates is successfully designed and fabricated.
Hierarchical NiCoP nanosheet arrays (NSAs) and FeP NWAs grown directly on CNTFs
are fabricated firstly using hydrothermal synthesis then pursuant gas phosphating
process. With the assistance of PVA-KOH gel electrolyte, our fiber-shaped aqueous
rechargeable battery (FARB) presents negligible capacity loss after bending 3000 times
and shows excellent stability with the capacity retention rate of 89% after 4000 cycles.
Meanwhile, our assembled FARB has a significant capacity of 0.294 mAh/cm ? under 2

mA/cm? current density and a high volumetric energy density of 39.48 mWh cm,

5.1 Introduction

Aqueous rechargeable batteries using water as an electrolyte solvent can
fundamentally solve the safety problems caused by flammable organic electrolytes;
meanwhile, it can also potentially lower the cost of strict manufacturing conditions of
organic systems and expensive electrolyte, and radically improve the power
characteristics of battery systems [190-199]. In addition, water-based solvents are more
environmentally friendly than organic solvents [200-203]. Based on the above-
mentioned advantages, constructing a high performance aqueous rechargeable battery is

a very efficient stratagem to meet future requirements of efficient and safe energy storage.
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Iron-nickel batteries have been widely used due to their indestructibility
(overcharge, over-discharge and indiscriminate), long cycle and shelf life[43-204].
Meanwhile, the inherent high safety, low cost and good comprehensive electrochemical
performance of aqueous iron-nickel batteries enable them to be hotspots in worldwide
research and development[205-206]. The cathode of Ni-Fe battery is nickel oxide or
nickel hydroxide, the anode is an iron or iron oxide, and the electrolyte is always an
aqueous potassium hydroxide solution [207-212]. However, the self-discharge rate of the
iron-based electrode is pretty high due to the dissolution in the alkaline solution, while
at the same time the energy efficiency and power density are quite low, thus the further
application of the Ni-Fe battery has been severely limited. Meanwhile, a passivation film
is always generated on the surface of the iron electrode during charge-discharge process,
which has inevitably decreased the electrochemical stability of electrodes. Therefore,
improving the performance of the iron-based electrode is the key to enhance the overall
performance of the Ni-Fe battery.

Among all the accessible materials, metal phosphides have become one of the ideal
candidates for battery, owing to its outstanding theoretical specific capacity, low
conversion potential, impressive redox reactivity, and cost effectiveness [213-217]. This
is due to the fact that low electronegativity of phosphorus provides good electrical
conductivity and electrochemical activity, which facilitates electron transport and redox
reaction [218-222]. Thus, the adoption of iron phosphides as cathodes is a scientifically
sound strategy to achieve a high-performance battery. For the anode materials, rich
valence states of nickel and cobalt allow multiple redox reactions in nickel-cobalt
hydroxide, while the unique layered structure of nickel/cobalt hydroxide is beneficial to
enlarge the contact area with electrolyte ions and then enable full participation of active
sites in the electrochemical reactions, thereby harvesting the excellent electrochemical
activity in nickel/cobalt hydroxides [223-225]. Albeit the above-mentioned advantages
in electrochemical applications, nickel/cobalt hydroxide suffers from poor electrical
conductivity and stability. Nickel/cobalt hydroxides are prone to particle agglomeration
due to the hydrogen bonding between the crystal and nano-sized effects during the

synthesis process, thereby reducing the specific surface area of the material, resulting in
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insufficient contact between the electrolyte and the electroactive component [226-228].
Furthermore, it also have a bad effect on mass transfer rate and electron transfer rate,
resulting in a significant decrease in the specific capacity and recyclability of the material.
One of the methods to solve this problem is to phosphatize nickel/cobalt hydroxide due
to the lower electronegativity of phosphorous than that of oxygen, thus the phosphide
materials have more flexible crystal structures and structural ductility compared to the
hydroxides, which can help in alleviating structural collapse of the material in continuous
testing, thereby improving the stability of electrode materials [229-230].

In this chapter, a novel flexible Ni-Fe battery using all metal phosphides as
electrodes on highly conductive fibers is successfully designed and fabricated with
improved electrochemical performance. Hierarchical NiCoP nanosheet arrays (NSAS)
and FeP NWA s directly grown on CNTFs are fabricated using hydrothermal method and
subsequent gas-solid phosphating. The adhesion of nanoscale materials to carbon
nanotube not only reduces their own agglomeration but also prevents the accumulation
of the carbon material, which increasing the specific surface area of the composite and
improving the electrical conductivity.

5.2 Experimental

5.2.1 Preparation of NiCoP NSAs/CNTFs.

The synthesis of NiCoP NWAs was also carried out in two steps, firstly, it adopts
a hydrothermal process to synthesize NiCo LDH precursor on the CNTFs then
subsequent the phosphating process in the Argon gas to obtain the NiCoP/CNTFs. The
hydrothermal process was shown below: 0.582 g cobalt nitrate hexahydrate
(Co(NO3)2 6H20), 0.58 g nickel nitrate hexahydrate (Ni(NO3). 6H20) and 1.12 g hexa-
methylenetetramine (CeH12N4) were dissolved in 40 mL DI water with agitating at room
temperature for 40 mins to obtain a homogeneous solution. The homogeneous solution
obtained and five CNTFs were simultaneously transferred to a 50 mL Teflon-lined
stainless autoclave. Thereafter, the vessel was kept at 100 <C for 10 hours then cooled
down to room temperature. The CNTFs coated by the NiCo LDH precursor were

extracted and repeatedly rinsed several times with DI water and dehydrated under
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vacuum in a 60 <T oven overnight. The next step phosphating reaction was similar as
discussed above: placing 1.0 g of NaH2PO: in the center of the tubular furnace and five
NiCo LDH/CNTFs on the lower-stream end. After calcination at 350 <C (rate of heating
5<C/min) for 2 hours in Ar atmosphere (200 sccm), NiCoP/CNTFs was obtained.

5.2.2 Assembly of NiCoP NSAs/CNTF//FeP NWAS/CNTF FARB.

Firstly 10 g of poly(vinyl alcohol) (PVA) was dissolved in 85 ml DI water with
heating under 90 <C for 3 hours in the meantime 11.2 g of KOH was dissolved in 15 ml
DI water. After that, the KOH homogeneous solution was slowly dropped in the well-
mixed PVA liquor at 90 <C. PVA-KOH gelation was generated and employed as a gel
electrolyte, which also served as a diaphragm. The FARB can be obtained by soaking a
pair of fibrous electrodes in the PVA-KOH gel electrolyte and twisting two electrodes
together until the gel solution was solidified.

5.3 Properties of the Ni-Fe battery

The fabrication process of our flexible FARB was systematically depicted in Figure
5-1 and more details can be found in the experimental section. Firstly, hierarchical
NiCoP/CNTFs anode was directly grown on the conductive CNTFs using a simple two-
step method starting with the hydrothermal method followed by a subsequent gas-solid
phosphating. Thereafter, the FeP/CNTFs cathode was fabricated following the same
phosphating process. Then, the PVA-KOH gel electrolyte was uniformly coated on the
NiCoP/CNTFs cathode and FeP/CNTFs anode. Finally, by twisting the NiCoP/CNTFs
and FeP/CNTFs electrodes together and placing them overnight for full solidification,
the FARB was successfully assembled.
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Figure 5-1 Fabrication of NiCoP NSAS/CNTFs//[FeP NWAS/CNTFs FARB.

Figures 5-2a and 5-2b display SEM images of FeP NWAs grown on the CNTFs
surface under different magnifications. As can be seen from Figure 2a, the FeP NWAs
are well-distributed on the skeleton of the CNTFs. The magnified SEM image in Figure
2b further reveals that the vertical FeP NWAs are uniformly grown on the surface of the
CNTFs, the structure was kept very well in contrast with FeO/CNTFs (Figure 5-3). The
formation of the vertical structure after phosphating may be caused by the shrinkage of
hydroxides during phosphating, resulting in the loss of H atoms and O atoms and the
recrystallization of materials. This structure can provide more paths for ion diffusion or
ion exchange, so more active sites can be exposed during the electrochemical reaction.
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Figure 5-3 (a-b) SEM images of Fe2Os NWAS/CNTF at different magnifications.

Moreover, the vertically oriented structures facilitate effective contact of the active
material with the electrolyte and provide an effective channel for rapid charge transfer,
thereby optimize the electrochemical performance of the electrode. Further
characterization by the XRD in Figure 5-4a displays all the diffraction peaks of the red
line that can be indexed to the FeP (JCPDS 65-2595) and the blue line is in accordance
with the standard Fe>Os (JCPDS 33-0064). Figure 5-4b shows the XPS survey spectrum
of the FeP/CNTFs electrode confirming the presence of Fe, P, and O that is possibly due
to the surface oxidation. Two main spin-orbit peaks are discovered in both the Fe 2p and
P 2p spectrum. In the Fe 2p spectrum shown in Figure 5-4c, the two major peaks at 709.2
eV and 723.5 eV are ascribed to Fe 2p3/2 and Fe 2p1/2 and the two main peaks at 127.2
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and 131.6 eV in the P 2p spectrum displayed in Figure 5-4d correspond to P 2p3/2 and P
2p1/2. The Fe 2P spectrum of FeP/CNTFs shows a slight difference with the XPS results

of Fe203/CNTFs (Figure 5-5).
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Figure 5-4 (a) XRD spectrum of FeP/CNTFs and Fe;Os/CNTFs. (b) XPS survey
spectrum of FeP/CNTFs NWAs. High resolution XPS of (c) Fe 2p (d) P 2p spectra in

FeP/CNTFs.
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Figure 5-5 (a) XPS full survey spectrum of Fe2Os NWAS/CNTF. (b) Fe 2p and (c) O 1s

of Fe20s.

Figure 5-6a shows the lattice fringes of the FeP/CNTFs with an inter-planar space
of 0.273 nm, which can be matched to the (011) plane. The EDS spectrum in Figure 5-
6b clearly indicates the existence of the Fe, P, and O. The SEM image and EDS element
mappings (Figure5-7) distinctly prove the uniform distribution of the Fe, P, and O over
the whole CNTFs surface, while only Fe and O are detected in Fe2O3/CNTFs (Figure 5-
8). It is obviously that the P elements cannot be detected in the Fe,O3/CNTFs.
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Figure 5-6 (a) HRTEM image of FeP/CNTFs. (b) EDS spectrum of FeP/CNTFs.

Figure 5-7 SEM graph of FeP/CNTFs and corresponding EDS mappings of O, Fe and P
elements.
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Figure 5-8 (a) EDS spectrum of Fe,O3 NWAS/CNTF electrode. (b) SEM image and
corresponding EDS element mappings of (c) Fe and (d) O for Fe,O3 NWAS/CNTF.

In order to evaluate the property of the prepared samples in electrochemical energy
storage, this paper studied the performance of FeP NSAS/CNTFs composite fiber
electrodes. A three-electrode test was carried out in 1 M KOH aqueous solution by using
FeP/CNTFs as working electrode, a Pt wire electrode as a counter electrode and an
Ag/AgCl electrode as a reference electrode. Through further comparison of GCD curves
(Figure 5-9a), the discharge time of FeP/CNTFs electrode is much longer than that of
Fe2O3/CNTFs electrode because of the unique structure and composition of FeP/CNTFs

electrode, which proves the enhancement in electrochemical performance. This
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improvement is due to the low electronegativity of phosphorus, which provides good
electrical conductivity and electrochemical activity, enabling fast electron transport and
rapid redox reaction. Figure 5-9b further compares the CV curves of the original CNTFs,
Fe2O3/CNTFs and FeP/CNTFs at the scan speed of 2 mV/s, which clearly demonstrates
the negligible contribution from the original CNTFs to the fabricated fiber electrode
(Figure 5-10).
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Figure 5-9 (a) GCD curves of Fe,03/CNTFs and FeP/CNTFs at 4mA/cm?. (b)CV curves
of origin CNTFs, Fe;O3/CNTFs, and FeP/CNTFs at the scan rate of 2 mV/s.
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Figure 5-10 (a) GCD curves for the CNTF as the anode electrode at different current
densities. (b) CV curves for the CNTF electrode at various scan rates.

Meanwhile, the obvious couple of redox peaks arise in both Fe>O3 and FeP, however,

the FeP/CNTFs electrode has almost double integrated area and more intensive redox

peaks than that of FeoOs/CNTFs (Figure 5-11), implying the dramatic improvement in

specific capacity and redox reactivity in the

hybrid fibers via the gas-solid

phosphorization. EIS comparison data has been showed in Figure 5-12, the charge

transfer resistance value of FeP NWAS/CNTF electrode is lower transfer resistance of

104



Chapter 5

Fe2O3 NWAS/CNTF electrode, demonstrating that the electronic/ionic transfer kinetics
of Fe2O3 NWAs was significantly enhanced via the phosphorization.
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Figure 5-11 (a) GCD curves for the Fe2Os NWAS/CNTF at different current densities.
(b) CV curves for the Fe203 NWAS/CNTF electrode at various scan rates.
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Figure 5-12 EIS analysis of the FeP NWAS/CNTF electrode and Fe2Os NWAS/CNTF
electrode.

Figure 5-13a shows the comparison of the CV curves of FeP/CNTFs electrodes at
a series of scan rates of 1 ~ 10 mV/s. Obviously, retention of reversible redox peaks in
FeP/CNTFs along with increased scan rates indicates the potential of FeP/CNTFs as a
good candidate material for the battery. The discharge curves of the FeP/CNTFs
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electrode at different current densities are displayed in Figure 5-13b and it can be
expressively observed that a distinct discharge platform is at about -0.9 V and the
capacity reached 0.634 mAh/cm? (volumetric capacity is 178.4 mAh/cm?®) at a current
density of 2 mA/cm?. The discharge plateau has a small shift to a low potential with the
increase of the current density. Figure 5-14a displays the calculated specific capacity
from the discharge curves, the specific capacity of FeP/CNTFs reaches a high value of
0.634 mAh/cm?, approximately twice as much as Fe,Os. The capacity retention of 86.2%
is realized in FeP/CNTFs when the current density aggrandized to 10 mA/cm?, in contrast
to the 50% capacity retention of Fe,O3/CNTFs, demonstrating the superior
electrochemical performance of FeP/CNTFs. For the cycling stability of the FeP/CNTFs,
the test is studied at the 10 mV s scan rate and the corresponding results are shown in
Figure 5-14b. After 4000 cycles, 89% of the incipient capacity is commendably

maintained, illustrating the excellent cycling stability.
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Figure 5-13 (a) CV curves of FeP/CNTFs under diverse scan rates. (b) Discharge curves
of FeP/CNTFs with various current density.
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current density. (b) Cycling performance of FeP/CNTFs electrode. The insert is the CV
curves at different cycles.

Figures 5-15a and 5-15b depict the SEM images of NiCoP NSAs grown on the
CNTFs surface under different magnifications. As can be concluded from Figure 5-15a,
the NiCoP/CNTFs are evenly overlaid on the skeleton of the CNTFs. The magnified
SEM image in Figure 5-15b further reveals that the NiCoP NSAs grown on the surface
of the CNTFs are uniformly distributed. After gas-solid phosphating reaction, it is well
preserved with only slight structure change from NiCo LDH NSAs (Figure 5-16). In the
Figure5-16d, the 0.227 nm of internal spacing can be indexed to the (002) plane.

Figure 5-15 (a-b) SEM images of NiCoP NSAs on CNTFs under different magnifications.
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Figure 5-16 (a-b) SEM images of NiCo LDH NSAS/CNTF at different magnifications.
(c) TEM image and (d) HRTEM image of the NiCo LDH nanosheet.

The unique distribution of NiCoP/CNTFs provides a large electrochemically active
surface and fast ion diffusion and electron transport channels, which in turn can increase
electrode specific capacity and energy density. Further characterization by the XRD in
Figure 5-17a displays that all the diffraction peaks of the red line can be well matched to
the NiCoP (JCPDS 71-2336) and the blue line is well matched to the NiCo LDH/CNTFs.
The chemical bonding and valence states of the elements on the NiCoP/CNTFs electrode
surface are assessed by XPS. Figure 5-17b shows the XPS survey spectra of the
NiCoP/CNTFs electrode, which proves the existence of Ni, Co, P, and O. In the Co 2p
spectrum shown in Figure 5-17c, one peak locating at 780.1 eV is corresponding to Co
2p3/2 and the other peak at 795.8 eV is assigned to Co 2pl/2. In the Ni 2p spectrum
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displayed in Figure 5-17d, there are two main peaks locating at 854.3 and 871.4 eV, with

the corresponding peak to Ni 2p3/2 and Ni 2p1/2, while two satellites located at 859.7
eV and 877.8 eV are also observed. Compared with NiCo LDH/CNTFs (Figure 5-18),
there is a slight peak shift from NiCoP/CNTFs, the two main peaks locating at 792.3 eV

and 776.9 eV in the Co 2p spectrum. In addition, there are two peaks locating in the 853.7
eV and 860.3 eV corresponding Ni 2p3/2 and Ni 2p1/2. As for the O spectrum in the
Figure 5-18d, a distinct peak at 530.4 eV is easy to be observed.
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Figure 5-17 (a) XRD spectrum of NiCoP/CNTFs and NiCo LDH/CNTFs. (b) XPS
survey spectrum of NiCoP/CNTFs NSAs. High resolution XPS of (c) Co 2p (d) Ni 2p

spectra in NiCoP/CNTFs.

109



Chapter 5

(b)

~
&
-’

0 1s Co2p
Ni 2p

-~ -~

= p2p C1s =

< «

N’ N’

£ £

172} 7]

g S

e N

= =

1200 1000 800 600 400 200 O g0 80 790 780 770

Binding Energy(eV) Binding Energy(eV)
(©) (d)
Ni 2p Ni2p,, O1s

Cary -~

5 5

] <

N’ N’ |

B =

~) ~d

.a .5

= 2

*] [}

N N

= =

] L]

880 875 870 865 860 855 850 540 535 530 525
Binding Energy(eV) Binding Energy(eV)

Figure 5-18 (a) XPS full survey spectrum of NiCo LDH NSAs/CNTF. XPS spectrum of
(b) Co 2p, (c) Ni 2p, and (d) O 1s of NiCo LDH NSAS/CNTF.

Figure 5-19a shows the lattice fringes of the NiCoP NSAs with 0.218 nm inter-
planar spacing, which can be matched to the (111) plane of NiCoP/CNTFs. The EDS
spectrum in Figure 5-19b further confirms the existence of the Ni, Co, O and P. The SEM
images and the corresponding EDS mapping results shown in Figure 5-20 distinctly
present the uniform dispersion of the Ni, Co, and P over the whole CNTFs surface. For
NiCo LDH/CNTFs, there are only Ni, Co and O distributing on the surface (Figure 5-
21).
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Figure 5-19 (a) The HRTEM image of NiCoP/CNTFs. (b) EDS spectrum of
NiCoP/CNTFs.

Figure 5-20 Low-resolution SEM graph of NiCoP/CNTFs and corresponding EDS
mappings of Ni, P, Co and O elements.
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Figure 5-21 (a) EDS spectrum of NiCo LDH. (b) SEM image and corresponding EDS
element mappings of Ni, Co and O for NiCo LDH NSAs/CNTF.

The CV curves of the original CNTFs, NiCo LDH/CNTFs and NiCoP/CNTFs at
the scan speed of 4 mV/s are compared in Figure 5-22a. It can be easily perceived that
the original CNTFs contribute little to the fabricated fiber electrode. A pair of redox
peaks are observed in both NiCo LDH and NiCoP, but the NiCoP/CNTFs electrode has
almost double integrated area and stronger redox peaks than that of NiCo LDH/CNTFs,
implying the dramatic improvement in specific capacity and redox reactivity in the
hybrid fibers via the gas-solid phosphorization. The low capacity of the NiCo LDH is
due to the low reactive activity of NiCo LDH. After thermal annealing, the crystal
structure of NiCo LDH is partially collapsed, which can relax ion transport with more
active sites exposed. The enhancement can well be correlated to the lower
electronegativity of P in metal phosphides (that facilitates redox reactions) and the
increased reactive surface area. From the comparison of GCD curves displayed in
Figure 5-22b at the same current density, it is noticed that the discharge time of
NiCoP/CNTFs electrode is much longer than that of pristine CNTF and NiCo
LDH/CNTFs electrode (Figure 5-23 and Figure 5-24), which is due to the unique
structure and composition of NICoP/CNTFs electrode, harnessing enhanced
electrochemical performance. The GCD curves in the Figure 5-24a shows the excellent
columbic efficiency of the NiCo LDH, meanwhile a pair of redox in the CV curves

indicating the ideal battery-like performance.
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Figure 5-22 (a) CV curves of origin CNTFs, NiCo LDH/CNTFs and NiCoP/CNTFs with
the scan speed of 4 mV/s. (b) Comparison GCD curves of NiCo LDH/CNTFs and
NiCoP/CNTFs at a current density of 4 mA/cm?,
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Figure 5-23 (a) GCD curves for the CNTF as cathode at different current density. (b) CV
curves for the CNTF electrode at various scan rates.

Figure 5-25a shows CV curves of the NiCoP/CNTFs electrodes at various scan rates
of 1 ~ 8 mV/s. A couple of redox peaks can be easily visualized, indicating the redox
reaction of NiCoP/CNTFs. Figure 5-25b depicts the discharge curves of the
NiCoP/CNTFs under different current densities. A well-defined discharge platform is
identified at approximately 0.23 V, which is slightly decreased to a lower potential with

the rise in the current density. The specific capacity quantified from the discharge curves
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is shown in Figure 5-26a. The specific areal capacity reaches 0.55 mAh/cm? (volumetric

capacity is 178.4 mAh/cm®at 2 mA/cm?, approximately twice of that of the NiCo

LDH/CNTFs. In addition, 82.9% of the initial specific capacity is retained when the

current density reaches 10 mA/cm?, demonstrating the outstanding rate performance. For
the cycling stability of the NiCoP/CNTFs, the test was studied at the 8 mV/s scan rate

and the corresponding results are shown in Figure 5-26b. 90% of the initial capacity is

well retained after 4000 cycles, demonstrating excellent stability.
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Figure 5-24 (a) GCD curves for the NiCo LDH NSAs/CNTF at different current densities.
(b) CV curves for the NiCo LDH NSAsS/CNTF electrode at various scan rates.
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Figure 5-25 (a) CV curves of NiCoP/CNTFs at various scan rates. (b) Discharge curves

of NiCoP/CNTFs at various current density.
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Figure 5-26 (a) The volume capacity of NiCoP/CNTFs and NiCo LDH/CNTFs at various
current density. (b) Cycling performance of NiCoP/CNTFs electrode. The insert is the
CV curves at different cycles.

In order to evaluate the operating voltage for the device, the CV curve is tested on
the NiCoP/CNTFs anode and FeP/CNTFs cathode under a three-electrode system. The
test results in Figure 5-27a shows that the operating potential windows of the
NiCoP/CNTFs and FeP/CNTFs electrodes are 0~0.4 V and -1.3~0 V, respectively. It is
worth noting that both electrodes have obvious redox peaks, demonstrating their good
potential for developing a high-voltage aqueous battery. Figure 5-27b depicts the CV
curves of the assembled FARB device under various scan rates in the operation voltage
0-1.6 V, which reveals two prominent redox peaks of the device. The low magnification
SEM of the FARB was shown in Figure 5-28. It is easy to observe the smooth surface of
the device wrapped with the KOH-PVA gel electrolyte.
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Figure 5-27 (a) CV curves of FeP/CNTFs and NiCoP/CNTFs at 4 mV/s. (b) CV curves
of the FARB under various scan rates.

Figure 5-28 Low-magnification SEM image of the assembled fiber-shaped Ni-Fe battery

device.

The GCD curve of the device is shown in Figure 5-29a, displaying characteristic
charge and discharge platforms at 1.04 V and 0.94 V. More importantly, under current
density of 2 mA/cm?, our FARB achieves a high specific capacity of 0.294 mAh/cm? and
a maximum volumetric energy density of the device is 39.484 mWh/cm?® and the

volumetric power density is 340 mW/cm?, which greatly exceeds the previously reported

fibrous energy storage devices as shown in Figure 5-29b. Moreover, our assembled Ni-
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Fe battery compared with other related works have summarized in Table 5-1, which

proves our device outperforms some reported batteries and devices.
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Figure 5-29 (a) GCD curves under various current densities. (b) Energy densities and
power densities of the FARB comparison with previous fibrous energy storage devices.

The stability of our FARB after long cycles at 2 mA/cm? is further investigated and
the result is shown in Figure 5-30a. The device has good stability and capacity retention
is about 88% after 4000 cycles. . Bending test is carried out to demonstrate the possible
usage of the assembled FARB in wearable and portable electronic devices, and the GCD
curves of the FARB device are almost coincident under diverse bending angles from 0
to 180< as shown in Figure 5-30b, illustrating the outstanding mechanical ductility of
our FARB.
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Figure 5-30 (a) Cyclic performance of the combined FARB. (The inset is the CV curves

with diverse cyclic periods). (b) GCD curves of the assembled FARB being bent at
different angles.

Table 5-1 Comparison of the electrochemical performances of our assembled Ni-Fe
battery with other previously reported energy storage devices.
Number Cathode Anode Energy Power Capacity Reference

density density retention

(MWh (W (%)
cm>3)  com™)
1 NiO FesOs 5.2 - 80.7 [204]
2 CoP@Ni(OH), o- 305 - 85.3 [148]
Fe,O3
3 NiZnCoP a- 30.1 - 88.6 [120]
Fe O3
4 CNT FeO-C 156 - - [104]
5 NiCo LDH Zn  10.67 - 60 [185]
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0.55
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0.211
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[231]

[108]

[232]

[233]

[234]

This work

The two batteries was connected in the series way to lighten the commercial red

LED under normal and bend state shown in Figure 5-31. Meanwhile, the volumetric

energy density, power density of assembled device and the excellent rate capability is

also manifested in Figure 5-32a and Figure 5-32b respectively. The rate capability can

maintain well as the current density increases higher. In addition, the linear relationship

between the square root of scan rate and redox peak current under different scan rates

and the relationship between log (peak current) and log (scan rate) are shown in Figure

5-33, which reveals that the redox reaction of the electrode material is a quasi-reversible

and diffusion-controlled process.
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Figure 5-31 Photograph of two fiber-shaped Ni-Fe batteries connected in series to power
a commercial red LED.
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Figure 5-32 (a) The volumetric energy density and power density of the fiber-shaped Ni-
Fe battery.

(b) Capacity of the fiber-shaped Ni-Fe battery as a function of current density.
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Figure 5-33 (a) Plots of the cathode and anode peak currents versus the square root of
the scan rate for the fiber-shaped Ni-Fe battery. (b) Linear fitting of the peak current
versus scan rate for the cathodic and anodic peaks.

5.4 Conclusion

In summary, a flexible and portable FARB is successfully fabricated using the
synthesized NiCoP NSAsS/CNTFs as the cathode and FeP NWAS/CNTFs as the anode
with the PVA-KOH as the gel electrode. Nanostructured metal phosphides directly
grown on the CNTFs have a larger electrochemically active surface and fast ion diffusion
and electron transport channels, which in turn can increase electrode specific capacity
and energy density. Our FARB has shown impressive electrochemical performance with
the significant capacity of 0.294 mAh /cm? at 2 mA/cm? current density and an admirable
energy density of 39.48 mW/cm?®. Moreover, after 4000 cycles our device can maintain
89% of initial capacity, which demonstrates excellent cycle stability. Apart from the
excellent electrochemical stability, good mechanical flexibility is also realized in our
FARB device with almost no capacity loss after bending for 3000 times. This work may

expand the pathway to generate high-performance rechargeable aqueous batteries.
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Chapter 6 Summary and Future Work

6.1 Summary

In this thesis, we integrate recent aqueous secondary Ni-Zn and Ni-Fe batteries, they take
the advantages of the abundant constituent elements, low cost, and ultra-flat discharge
plateau have attracted widespread attention. Moreover, with the ever-growing consumer
usage of portable and wearable electronics, small, flexible and lightweight fiber-shaped
batteries are regarded as promising energy supply devices. Therefore, the exploration of
high-performance fibrous electrodes is still highly valuable and significant for the use in

high-energy-density wearable batteries.

The first contribution is to develop the flexible high-performance Ni-Zn batteries. A
facile and cost-effective method strategy is reported to fabricate three-dimensionally
well-aligned ZNCO@Ni(OH). NWAs on a carbon nanotube fiber CNTF as a promising
heterostructure anode for fiber-shaped Ni-Zn batteries. Taking advantage of the
accessible surface area, rich reaction sites and short electron/ion diffusion path of
ZNCO@NIi(OH). NWAs, a high capacity of 2.07 mAh/cm? (516.7 mAh/g) and an
impressive energy density of 3.71 mWh/cm? (916.6 Wh/kg) were achieved for our as-
assembled fiber-shaped Ni-Zn batteries, outperforming most previously reported

aqueous Zn-based batteries.

The second contribution is to demonstrate the sulfur-doped Fe;Os nanowire arrays grown
on carbon nanotube fibers as an innovative anode material. Through the first-principle
calculations to calculate that S-doping in Fe>Os can dramatically reduce the bandgap
from 2.34 eV to 1.18 eV and thus enhance electronic conductivity. The novel developed
S- Fe2O3 NWAS/CNTF electrode is further demonstrated to deliver very high capacity of
0.81 mAh/cm? at 4 mA/cm?. This value is almost 6-fold higher than of the pristine Fe2O3
NWAS/CNTF electrode. When a cathode containing ZNCO@Ni(OH)2 NWAs
heterostructures is used, 0.46 mAh/cm? capacity and 67.32 mWh/cm? energy density are
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obtained for quasi-solid-state fiber-shaped NiCo-Fe batteries, which outperform most

state-of-the-art fiber-shaped aqueous rechargeable batteries.

The third contribution is to construct a new type of high-performance flexible Ni-Fe
battery with binder-free electrodes on conductive fiber substrates is successfully
designed and fabricated. Hierarchical NiCoP nanosheet arrays and FeP nanowire arrays
grown directly on carbon nanotube fibers are fabricated firstly using hydrothermal
synthesis then pursuant gas phosphating process. With the assistance of PVA-KOH gel
electrolyte, the fiber-shaped aqueous rechargeable battery presents negligible capacity
loss after bending 3000 times and shows excellent stability with the capacity retention
rate of 89% after 4000 cycles. Meanwhile, the assembled rechargeable battery has a
significant capacity of 0.294 mAh/cm? under 2 mA/ cm? current density and a high

volumetric energy density of 39.48 mWh/cm?®.

6.2 Perspectives

Despite the intensive efforts made for better development and the significant progress
made so far, the electrochemical performances of iron-based anodes are still far below
the satisfaction for industrial application. It is noteworthy that cation and anion co-doping
in iron-based compounds is a promising approach to increase capacity and stabilize

structure for next-generation iron-based anode materials.

Therefore, it is desirable to further understand the relationship between the type/amount
of doping ions and crystal structures/electrochemical performance. Encouragingly, some
early efforts have demonstrated that MOF-derived iron-based electrodes possesses large
surface area and rich reaction sites, whose electrochemical performance can be further
enhanced after phosphorization, sulfuration or selenidation processes. Particularly,
amorphous frameworks can not only provide more exposed ion channels, accelerate
rapid charge transfer across the electrode/electrolyte interface, and further facilitate fast

ion intercalation, but also offer low internal energy and outstanding chemical stability.
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Thus, it is critically important to explore innovative synthesis of amorphous iron-based

anodes for next-generation alkaline aqueous batteries.

To date, the underlying energy storage mechanism of electrodes in aqueous Ni—Fe/Zn
batteries are still uncertain. Advanced characterization methods, especially in situ
characterization techniques (operando Raman, X-ray diffraction and high-resolution
TEM imaging) can be helpful in understanding the transition of electrodes in
electrochemical reaction processes. Simultaneously, theoretical calculations can be of
very importance to understand the electrochemical reaction mechanism and can provide
deeper insight. In addition, synthesis methods and procedures should be simplified in the
premise of maximally maintaining the electrochemical performance, in a bid to open up

possibilities for scalable preparation.
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