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Abstract

The research for high-performance energy storage devices, such as
supercapacitors, Li-ion batteries, is continuing apace. These devices can store
energy via electrochemical processes. However, further increases of capacity
and stability of these devices to meet practical requirements remain a challenge.
By using nanostructured electrode materials, several strategies were proposed

in this thesis based on transition metals and their derivatives.

The binder-free strategy was used across the entire project, which could increase
the utilization and avoid “dead volume” of active materials. To improve the
commonly reported electrochemical performance in aqueous of transition metal
hybrids, such as nickel, cobalt or tungsten materials, bimetal nanostructured
electrodes were proposed. Ni foam supported NiWO4 and CoWO4 electrodes
were synthesized and increased the capacity and rate performance because of
an increased electrical conductivity. Other methods for enhancing energy storage
performance by means of increased electrical conductivities were found to be the

sulfide or nitride counterparts of the corresponding oxide.

To further improve the specific capacity and clarify the blurred energy storage
mechanism of nickel or cobalt-based electrode materials, nickel cobalt sulfide
nanostructures within sulfur and nitrogen-doped graphene frameworks were
produced. Importantly, the redox reactions between materials and OH- groups
were demonstrated as diffusion-controlled processes. In addition, the solid-state

devices and properties of oxygen reduction were explored.

Pseudocapacitor electrodes are attractive by bridging the power density and

energy density between the electro-double layer capacitor and batteries. WaN@C



core-shell structures on carbon cloth was synthesized by chemical vapour
deposition via an ammoniation process and evaluated for supercapacitor
performance. Combining with electrochemical analysis, in-situ electrical

measurements and simulation, the merits of W2N materials were determined.

The interesting nanostructured electrodes could be utilized in Li-ion batteries.
llluminated by above stratigies and considering the stable structures, capacity
contribution and Li intercalation, a highly stable V20s-based cathodes were

developed.



Impact statement

With the coming of the mobile internet era, portable devices, electrical vehicles
and large-scale energy storage stations are ubiquitous. These applications

demand better performance from energy storage devices.

Supercapacitors, hybrid devices and Li-ion batteries occupy a large area in the
Ragone plot. The PhD project was to solve the problems and boost the
performances associated with commonly used electrodes in supercapacitors and

batteries via chemical synthesis of different nanostructures as novel electrodes.

Highlights:

(1) The utilization of flexible electrodes configuration provides the foundation for
next-generation of bendable devices.

(2) The definition of rechargeable alkaline battery electrodes from a kinetic view
was presented. The misleading concepts provided on Ni and Co based
nanomaterials as supercapacitor electrodes because of the surface-controlled
energy storage behaviour and the obscure explanations of these materials for
use as battery-type supercapacitor or hybrid supercapacitor electrodes was
resolved. In addition, the formulas to evaluate these hybrid battery devices
(formerly called asymmetric supercapacitor devices) from most of previous
work were not unified and accurate, for instance, the energy density and
power density calculations. In this thesis, the detailed calculation formulas to
illustrate the actual performances of the devices were proposed to enable
standardization for performance comparisons for future work in this area.

(3) Tungsten nitrides were compared to oxides and shown that they boost

potential of nitrides in energy storage and conversion applications.



(4) The unique core-shell structure considering stable structure, diffusivity of
metal-ions and separate function design provides design concepts for future
metal-ion batteries.

(5) All the designed and synthesized transition metal materials of different
dimensions are promising for other applications, which require exposed active

sites, high surface area, robust structures or fast electron pathways.

Beyond the academic research, parts of the PhD project have also attracted great
interest during public events and lectures, especially the fabricated cells and

bendable devices that powered LED light demonstrations.
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Background and Introduction
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1.1 Energy Storage Devices

With increasing demands for clean energy technologies to eliminate
environmental pollution, new types of energy production, such as wind, solar and
tidal, are being intensively investigated.l' These energy resources are
sustainable and environmentally friendly, but they are intermittent and dependent
on geographic conditions.? Under this situation, the evolution of the next
generation of energy storage and conversion devices are necessities for
widening utilization.> 4 Energy storage and conversion apparatus, for instance
supercapacitors,®’l rechargeable metal-ion batteries,® 9 solar cells!'® and fuel
cells!" play considerable roles for portable electronics and electric vehicles. In
this chapter, commonly used energy storage devices will be introduced.['?l The
electrode materials for two promising devices, i.e. supercapacitor and Li-ion
batteries (LIBs), mainly based around transition metal materials and their
derivatives will be discussed. Furthermore, the synthesis and design strategies
of representative transition metal nanostructures are presented. The purpose of
the PhD project is the chemical synthesis of electrode materials based on
nanostructured design for energy storage devices with high performance, such

as superb specific capacity, rate capability and long-term cycling stability.

Ragone plots are commonly used for comparison the performance of different
kinds of energy storage devices. ['3 In this chart, the values of the specific power
density (volumetric or gravimetric density) are plotted versus corresponding
energy density, to compare the values of the energy stored in the devices and the
speed of that energy’s release. Figure 1.1 presents the Ragone plot of commonly
used energy storage devices, i.e. capacitors, supercapacitors, batteries and fuel

cells. These four energy storage devices are introduced below.
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Figure 1. 1 Ragone plot of typical energy storage devices.

1.1.1 Capacitors

Capacitors store charge by physical charge separation between two electrodes.
[l They store energy on the surfaces of electrodes (metal, metallized plastic film
or a layer of oxide materials covered metal), which is more likely due to a physical

process. The capacitance could be calculated by the following equation:

€S
e amkd (1.1)

Where C is capacitance, ¢ is the dielectric constant, S is the overlapping surface
area of electrodes, d is the distance between two electrodes and k is the

electrostatic constant.

A capacitor normally exhibits much lower specific energy density compared to
supercapacitors and batteries but shows ultrahigh power density. This suggests
that capacitors can deliver high current density within an extremely short period

as the specific capacitance (energy density) is quite low.
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1.1.2 Fuel cells

Fuel cells provide energy through converting chemical energy from an
electrochemical reaction between hydrogen and oxygen or other oxidants. [¥! Like
other electrochemical cells, fuel cells are composed of anodes, cathodes and
electrolytes. Anodes are where the oxidation reactions occur, as opposite to the
cathodes for reduction reactions. In most fuel cells, hydrogen enters through field
flow plates to the anode part, where catalysts help them to go through the
oxidation reactions, forming protons (H*) and electrons. The electrolytes allow
only the H* to travel through to the cathodes, however the electrons need to go
along the external circuit to the cathodes. In the cathodes, the oxygen from air
participate in reduction reactions and combine protons and electrons to form
water. Compared to other energy storage systems, fuel cells exhibited much
higher energy density but relatively poor power densities. The generation and
storage of hydrogen and its related safety issues limit the application of fuel cells

in portable devices.

1.1.3 Supercapacitors

The Ragone plot in Figure 1.1 shows that supercapacitors bridge the large gap
between capacitors and batteries. 14 15 They could store more than two orders
of magnitudes of energy per unit mass or volume compared to normal capacitors
and deliver much faster charging than that of batteries. Supercapacitors can be
classified into two types according to the different charge storage mechanisms in

Figure 1.2.15

(1) Electric double layer capacitors (EDLCs)
EDLCs store charges via reversible electrochemical double layer formation,
these are fast non-Faradaic reactions at the electrode/electrolyte interfaces. [

During charge/discharge processes, electric charges store on the surface of two
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electrodes, meanwhile ions with opposite charges are arranged in the electrolyte.
Commercial EDLCs electrodes are highly porous carbon, for example active

carbon, graphene and carbon nanotubes. !

Helmholtz firstly described the mechanism of EDLCs in 1853. This was further
improved by Gouy and Chapman, as well as Stern and Geary. 171 A diffuse layer
in the electrolyte was introduced because of the accumulation of electrolyte ions
around the surfaces of electrodes. [*8l Their conclusions are as follows: there are
two interactions between electrode/electrolyte interfaces. One is the electrostatic
interaction of the ions from the electrolyte; the other is the short-range interaction
between the electrodes and different kinds of ions, such as the forces from Van
der Waals and electrovalent bond. These interactions provide the trend for ions
with opposite charges attaching on the surface of the electrodes, forming dense
layers. Due to thermal motion, the ions in the electrolyte could not uniformly cover
the whole surface of the electrodes, thus forming a diffuse layer. Under this
situation, the conflicting interactions between electron static force and the thermal
dynamics result in both dense and diffuse layers contributing to electrochemical
double layers. If we suppose the dielectric constant is invariable in a dense layer,
the potential within this layer is a linear function with distance, however the
potential in the diffuse layer is changed nonlinearly. If the potential of solution far
from the electrode is regarded as zero, the equation for calculation of EDLCs

capacitance can be expressed as follows: 8]

c dq dq dq Cdense  Cdiffuse

1_dea _d@a=ypy) S d¥s_ _1 1 1.2)

Where C is the total capacitance, ¢, is the total potential difference for the whole
electric double layers, y; is the average potential difference for the distance
which is d away from the electrodes. In this case, the potential difference for

diffuse layer is 1, and the potential difference for dense layer is ¢, — ¢;.
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Usually, the double-layer capacitance can realize 5 ~ 20 yF cm? in different
electrolytes.!*® The specific capacitance of EDLCs is generally higher in aqueous
alkaline or base electrolyte (most commonly used 1 M H2SO4 or 2 M KOH) than
that of the ionic liquid in organic electrolyte, such as 1 M 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMI BFa) in acetonitrile (AN).[> 19 But the
specific energy density is higher in an organic electrolyte than in an aqueous

electrolyte according to the equation:

E=-CV? (13)

Where E is the specific energy density, C is the specific capacitance and V is the
voltage range of the supercapacitors. In an organic electrolyte system, the
symmetric EDLCs (same materials and loading for both electrodes) can sustain
a wider operation voltage window (~ 3 V) compared to aqueous electrolyte. The
three time increase in voltage range leads to approximately an order of magnitude

enlarged energy density stored under the same capacitance.

Compared to pseudocapacitors, there is no redox reaction occurring at the
surface of the EDLC electrodes, which provides a major contribution to the long-
term stability. For carbon materials, there is no obvious decay of performance
even after tens of thousands of cycles. The surface charge storage favours super-
fast energy input and output, inducing higher power performance. The non-
Faradic process limits high specific capacitance and energy density of the

electrodes.

(2) Pseudocapacitors

Different from EDLCs, pseudocapacitors utilize both fast and reversible redox
reactions and adsorption of electrolyte ions at the surface or near-surface of the
electrode materials. A series of transition metal-based materials, such as WOs,

[20.211 MnOx 22 and RuO2, 2% possessing various valence states are favorable for
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surface multi-electron redox reactions. In addition, several electronically
conducting polymers, such as polypyrrole 24 and polyaniline, 5 have been
intensively studied. Those electrodes outperform carbon materials for their
specific capacitance. By utilizing different working potential electrode materials,
asymmetrical supercapacitors could be fabricated, thus wider potential windows
and higher energy/power density can be realized. However, because of the redox
reactions happening on the surface, pseudocapacitors suffer from poorer stability

compared to EDLCs.

Supercapacitors J

EDLCs J Pseudocapacitors J
=+ = /
) %— © y
" n
@O 00 —
6e 66 =
P = @ S &
@O %_ @Q Q <0Q
O E (+)hs : <O
~ <@
+ -
CQ @ ‘\ Electrolyte
™ Electrodes / \ H*, OH or Li*
Static storage procedure Redox reactions

Figure 1. 2 Two categories of supercapacitors according to different charge
storage mechanisms.

1.1.4 LIBs

The major difference between batteries and supercapacitors is from the
electrochemical kinetic view point. The charge storage mechanism of batteries is

a diffusion-controlled process; however, supercapacitors are surface-dominated.
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[141 Among diverse secondary metal-ion batteries, LIBs have distinct merits, such
as high energy density, relatively low self-discharge and remarkable long-term
stability. [3 8 261 As similar to common electrochemical cells, LIBs consist of two
electrodes, electrolyte and separator to avoid short circuits in Figure 1.3. The
LIBs were first commercialized by Sony in 1991. Commercial LIBs often use
lithium cobalt oxide (LiCoO3z) as the positive electrode and graphite (C) as the
negative one. The organic electrolyte containing Li salts provide the wide working
potential window for LIBs. The reversible redox reaction in this kind of commercial
LIBs is LiCoO, + C¢ < Li;_4C00, + LiyC¢ (0 < x < 1). During the charge process,
the Li ions are transferred to C, forming Li1-xCoO2 and LixCs. The current goes
from the anodes to the cathodes during the charge process, whereas during

discharge, the reverse reaction occurs, and current goes in the opposite direction.

However, the reaction mechanism of the electrodes during lithiation and de-

lithiation process are different and can be divided into three kinds. 2]

(1) Intercalation-deintercalation mechanism. Graphite materials and some
transition metal oxide materials with layered structures or three-dimensional
network structure that can intercalate Li into the lattice without destroying the
crystal structures. Layered V205 materials are good examples and can be
expressed by the chemical equation:

V05 + x Lit+ xe” © Li,V,05 (0<x<3) (1.4)

Additionally, these electrode materials should contain the ability for forming
lower valence states ions (usually of the transition metals) to stand the

intercalation of the Li ions together with the electrons.

(2) Alloying/de-alloying mechanism. Some metals or elements can form alloys
with Li metal, thus forming intermetallic compounds. Those compounds
exhibit different physical properties and lattice parameters to the initial Li and
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metals or alloys. Metals like Zn, Bi or Sn and elements such as Sb and Si are
commonly used electrode materials. Take Si as an example:

Si+4.4Li*T+ xe™ © Liy,Si (1.5)

During lithiation process, Si electrodes exhibited large volume change of more
than 300 times. [?7-2°] This may cause problems, such as safety issues for
causing short circuits, and thereby reducing performance by loosening the

electrical contact between active materials and current collectors.

(3) Redox reaction mechanism. This reaction is also named as a conversion
reaction with Li metals. Li2O is normally regarded as the electrochemically
inactive components and cannot be decomposed to Li and O2. However, in
the presence of some nanostructure transition metal-based materials, such
as CoO or NiO, Li2O can be decomposed. For example, the surface of
mesoporous NiO causes a reversible reaction to occur at a suitable potential
range:

NiO + 2Li* + 2e~ & Ni + Li,0 (1.6)

Moreover, the redox reaction mechanism is in general a Li-storage phenomenon
and can be applicable to binary, ternary and even complex oxides systems. Both
theoretical design and chemical synthesis have been employed to prepare those
materials by means of improving the electron conductivity, increasing the mobility
of Li* and enhancing the structural stability to boost the electrochemical

performance of the electrodes.

22



| | 7

Current flow Current flow
—_— ———

Anode (-) Cathode (+) Anode (-) Cathode (+)

Separator Electrolyte Separator Electrolyte

Charge Discharge

Figure 1. 3 Charge storage mechanism of LIBs.

A literature search of energy storage devices shows that transition metal-based
materials play an important role as electrode especially for pseudocapacitors and
LIBs. [0-3%] By using different materials and structures, the energy of
electrochemical storage properties can be optimized and realized by design. The
following parts will focus on the introduction of the basic properties for transition
metals materials and their synthesis. The rational design of the electrodes will

also be discussed.

1.2 Transition metal materials

In general, transition metals, such as manganese or iron can typically form stable
ions with incompletely filled d orbitals. These materials and their derivatives have
a broad range of applications, such as energy storage and conversion, [38 39
catalysts, 9 conductive metals, semiconductors 2 and bioimaging, #'- 421 efc.
From the definition of the International Union of Pure and Applied Chemistry
(IUPAC), “a transition metal is an element whose atom has a partially filled d sub-
shell, or which can give rise to cations with an incomplete d sub-shell”. This

classification draws up certain areas of the periodic table ranging from Group IlI
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to X for transition metals, as shown in Figure 1.4. In detail, the pink area shows

transition metals and the orange part of post transition metals.
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Figure 1. 4 Schematic illustration of application for transition metal materials.

1.2.1 Basic physical properties [43 44

As exemplified by the name, the common physical properties of almost all
transition metals are that they possess excellent thermal and electron
conductivity as well as high melting and boiling points. (431 For example, iron, a
well-known heat and electron conductor, has a melting and boiling point of 1538
and 2862 °C, respectively. (Data from Wikipedia: Iron) These properties are the
results of metallic bonding by delocalized d electrons, contributing to the
enhanced cohesion in line with the increased number of shared electrons. The
distribution of the d electrons also influences the magnetic properties of the
transition metals. The unpaired d-electrons contributed to the paramagnetic
properties of these materials. In some cases, such as low spin octahedral d® and
square-planar d® complexes, those compounds demonstrate diamagnetic
properties. Moreover, due to the absorption of light by d-d electronic transition,
the presented colour of the transition metal ions is varied, such as the red of

Co(NO3)2¢6H20 and blue of CuSQ4+5H20.144
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1.2.2 Typical Chemical properties

Another representative characteristic for transition metals is they often have

multiple oxidation states. Table 1.1 lists the normal oxidation states for first row

transition metals.

Table 1. 1 Representative properties for first-row transition metals

First Row Transition | Ground state electronic | Oxidation States
Metals configuration from M (0)

Sc [Ar] 3d'4s? +3

Ti [Ar] 3d%4s? +2, +3, +4

\Y [Ar] 3d%4s? +2, +3, +4, +5
Cr [Ar] 3d°4s’ +2, +3, +6

Mn [Ar] 3d°4s? +2, +3, +7

Fe [Ar] 3d%4s? +1, +2, +3

Co [Ar] 3d74s? +1, +2, +3

Ni [Ar] 3d84s? +1, +2, +3

Cu [Ar] 3d"4s’ +1, +2

Zn [Ar] 3d"%4s? +2

The feasibility of different

oxidation states thus provides tunable chemical

properties of the transition metals. [*4 Take manganese as an example, the

commonly noted oxidation states vary from +2 to +7. Manganese (+7) ions are

strong oxidizers and can be used to oxidize and exfoliate carbon materials, i.e.

Hummers’ method. *°! Transition metals and their derivatives are intensively used

in the catalytic area due to their various oxidation states thus forming complexes.

Nickel oxyhydroxides are a kind of normally used materials in electrocatalytic

oxygen evolution reactions (OER). 46 471 The 3d/4s electrons were utilized for

forming bonds between atoms of catalysts and reactant molecules (OH- group).
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Recent work reported adjusting the number of 3d electrons of nickel ions could
optimize the catalytic performance of OER. 8 The following content will introduce

some electrochemical properties of Ni or Co and W-based materials.

1.2.3 Ni or Co-based materials

Ni and Co are the constituent elements in Group VIII transition metals. These
elements have different 3d electrons (3d8, 3d’ for Ni** and Co?*, respectively).
They can form solid solution compounds easily and have similarities around their
physical and chemical (electrochemical) properties. Both NiO and CoO are anode
materials for LIBs. Ni or Co-based materials contain a series of metals, oxides,
hydroxides, sulfides and different kinds of hybrid materials. The easy-preparation
and scalable methods make them applicable for active/catalytic materials in the
fields of energy storage and conversion. LiCoO:z is a commercialized cathode
material for LIBs; however, due to its high toxicity, other candidates are being
synthesized for replacing LiCoO2. [ LiNiOz is an attractive replacement for
LiCoO:2 but it also suffers from some disadvantages, such as poor stability and it
is hard to achieve stoichiometry during preparation. [*% Recent research efforts
have used LiNixCo1-xO2 as an alternative. These materials contain layered
structures with an anion (almost) close-packed lattice. Dimesso et al. summarized
the use of lithium transition metal phosphates for cathode materials in LIBs. 1
LiCoPOa4 and LiNiPO4 exhibited olivine-type structures with relatively more open

lattice structures. 152 53]

1.2.4 W-based materials

The most commonly used tungsten-based materials in energy applications is its
oxides. Stoichiometric WOs crystals are made up of WOs octahedra sharing
corners and edges and possess different phases due to the different rotation
direction. 54 These phases realize transformations during annealing process.

The widely known electrochemical reactions between WO3s and protons or metal
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ions can be utilized for energy storage and electrochromism due to its colour
change. [?1 The chemical equation can be presented as:

WO; +xH*(Li* or Na*) + xe~ & M,W0; (0<x<1) (1.7)

Stoichiometric WOs3 crystals can easily lose oxygen atoms forming oxygen
vacancy-rich WOsx. WOsx materials demonstrate a narrow bandgap and
improved electron conductivity compared to stoichiometric WOs, confirmed by
observation of transition from insulator to metal properties for nonstoichiometric
WOs.x from Chakrapani’s group.® By utilizing this property, Yu’s group designed
large-area co-assembled Ag and W1sOa9 nanowires for flexible smart window
application.®®! Other modifications of WOz materials have been conducted,
including WOs hydrates,?! nitrides and carbides.[?® 571 These contents will be

introduced in detail in the following chapters.

In traditional forms, i.e. bulk or aggregated materials, they could not provide
benefits such as fast charge transfer for electrochemical performances. Recent
progress around well-designed transition metal-based nanostructures via wet
chemistry synthesis includes hollow structures, one-dimensional (1D) nanorods
or nanowire and nanowires, 8 two-dimensional (2D) nanosheets 33 59 and
complex three-dimensional (3D) hierarchical build-up. [6°-%21 These high surface

area architectures tend to have superior electrochemical performances.

1.3 Chemical synthesis

1.3.1 Hollow Structures

Hollow structures of transition metal materials have attracted great interest in
electrochemical energy-related applications due to their high porosity, large

surface-to-volume ratio and internal void space. [36:63.641 The high specific surface
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area and open channels provide large ratios of active sites for redox reaction and
charge storage. Additionally, thin shell layers expose large surface allowing fast
diffusion and intercalation thus improving the kinetic process of the electrodes.
Conventionally, building hollow structures relies on the hard or soft templates,
such as silicate templates (porous silicate or silicate nanoballs with controlled
size) or easily-synthesized metal oxides nanostructures. Then, the objective
materials can form the shell on the template. Finally, the templates are selectively

removed, leaving the shell materials to generate hollow structures.

For instance, Lou et al. recently synthesized uniform Fe203 nanocubes as the
template, then coated with a layer of polydopamine (PDA). (31 As shown in Figure
1.5, the Fe203@PDA core-shell structures were annealed under N2 atmosphere,
transferring PDA to nitrogen-doped carbon (NC). Then, the oxide core is
dissolved by acid etching, leaving the NC nanotube hollow boxes. Finally, flower-
like nanosheets were synthesized directly on the NC hollow nanotube forming a
uniform coating via hydrothermal process. The as-designed materials were used
as photocatalysts for CO2 reduction. The hollow structure enhanced the
adsorption of CO2 molecules, the carbon support facilitated separation and
migration of charge carriers; and the enlarged specific surface area offered more
active sites for photochemical reactions. The as-synthesized materials showed

high stability and selectivity.

Another emerging method to produce hollow structures is the self-template
process, the objective materials or their precursors can be used as the template
directly, the following heat treatments or controlled etching processes result in the

formation of hollow structures.
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Figure 1. 5 (a) Synthetic procedure of nitrogen-doped carbon (NC)@NiC0204
nanoboxes. (1) Fe203 nanobox coated by polydopamine, (II) annealing and acid
etching to form NC nanobox, (llI) growth of NiCo204 nanosheets; (b-c) TEM
images of NC@NiCo204 nanoboxes, (d) HRTEM image of the NiC0204
nanosheets and SAED pattern (inset) of selected area in NC@NiCo0204
nanoboxes, and (e) EDS mappings of a representative NC@NiCo0204 nanobox.
(Copyright © 2018, Royal Society of Chemistry. Reproduced with permission)

For example, core-in-double shell NiCo204 hollow spheres were prepared via two
facile steps in Figure 1.6. %61 At first, Ni-Co glycerate spheres were prepared by a
solvothermal process. Then, the hollow structures were obtained from the
nonequivalent thermal treatment. At the initial calcination stage, the large
discrepancy of the temperature along radial lines directs the quick formation of
the NiCo204 on the surface. Afterwards, there are two forces in opposite
directions affecting the formation of core-shell structures. The contracted force

(Fc) induced by oxidative degradation of organic species in the structures,
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generates the inward core. The other force, an adhesive force from the shell
structures (Fa), hinders the further inward shrinkage of the precursor core. When
Fc is dominant, the core structures will further contract inside and detach from
the pristine shell. This phenomenon is called a heterogeneous contraction
process. With the extension of the heating period, there is another core formed
within the pristine one. By the same mechanism, the core-in-double shell NiC0204
structures were developed. These materials with mixed transition metal oxides
were used as supercapacitor and LIBs electrodes, as the hollow and integrated

structures provide excellent energy storage properties.

NiCo,0, complex
Yolk-shell hollow spheres

a
Core-shell

NiCo-glycerate

b

Figure 1. 6 Synthetic process of NiC0204 double core-shell hollow spheres. (b)
SEM and (c) TEM images showing the pristine Ni-Co glycerate precusors; (c)
SEM and (d) TEM images of the final products. ¥ (Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission)
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1.3.2 One-dimensional (1D) structures

1D nanostructures include nanowires, 167 € nanorods 9 and nanotubes. [0 7]
These materials with high length-diameter ratio have several merits when used
in the fields of energy storage and conversion. Firstly, 1D nanostructures can be
the building blocks for hierarchical structures, thus providing a nucleating site for
other materials integrating multiple targets in one structure. Additionally, the large
length-diameter ratio of specific materials could avoid the undesirable self-
assembly issue as detected from most of the other structures. The uncontrollable
self-aggregation phenomenon will decrease the effective electrochemical surface
area of the nanostructured active materials to some extent. Moreover, 1D
nanostructures enrich the candidates of electrode materials for next-generation
flexible energy storage devices. The synthesis of 1D structures usually involves
the surfactant-induced solvent-based wet chemistry. Transition metal ions often
have different coordination environments with ligands and allow for many
orientations for attachment. For instance, NiCo204 nanowires can be formed by
hexa-coordination between Ni?*/Co?* and urea, while the nanosheets formed
between these metal ions and methenamine. [’2 Some other methods, such as
chemical vapour deposition (CVD), can form 1D structures according to the seed
mediated growth mechanism. One common example is the CVD-synthesized

WO3 nanorods, these materials were grown along the [001] direction. [l
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Figure 1. 7 (a) Synthetic procedure of fabrication nanowire-based electrodes;
STEM-HADDF images of (b) porous Si nanowires (PSiNWs); (c) C/PSiNWs and
(d) MnO2/C/PSiNWs. (Abbreviation in the figures: CPD: commercial COz2
supercritical point drying process; CVD: chemical vapour deposition; ELD:
electroless deposition) (Copyright © 2017, Royal Society of Chemistry.
Reproduced with permission)

Maboudian et al. developed the metal-assisted chemical etching route for the
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synthesis porous silicon nanowires directly on current collectors (Figure 1.7) to
limit the contact resistance compared to other nanostructured silicon. 22
Compared to the non-porous analogue, the specific surface areas increase more
than 10 times (~ 24 m?/g for non-porous one and ~ 342 m?/g for porous silicon).
Carbon coating was introduced by a CVD process to maintain the formation of
the protection layer for silicon nanowires and maintain their high surface area and
improve the electron conductivity. The MnOx pseudocapacitance material was
deposited by electrochemical deposition, which further improved the
electrochemical energy storage properties. Asymmetric supercapacitors in ionic
liquid electrolyte were assembled by using MnOx/C/PSiNWs as the positive
electrode and C/PSiNWs as the negative electrode, the devices delivered a high
areal capacitance of ~ 375 mF cm- at a current density of 12.5 mA cm-2 within

the potential range of 3 V.

1.3.3 Two-dimensional (2D) materials

2D materials, especially layered transition metal compounds and their derivatives,
have attracted great research interest as emerging materials with graphite-like
properties. 4 In these materials, the in-plane atoms are connected through
chemical bonds while the inter-plane atoms are interacted by relatively weaker
van der Waals force. A few transition metal oxides/hydroxides are layered
structures in nature. For example, a-V20s consists of corner-sharing square
pyramids and the open layered structure, it allows the flexibility for diffusion and
transport of different ions, thus improving electrochemical energy storage
properties, especially the rate performance when used as an electrode
material.[’®1 Another example is the transition metal (Ni, Fe) double layer
hydroxides (LDH),l’® 771 these materials deliver excellent electrocatalytic
properties for oxygen evolution reaction (OER) due to their high surface area and

easy exfoliation properties, which contributed to the enhanced electron-transfer,
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electrolyte-accessibility and a large amount of exposed MOs catalytic sites for

three-phase processes.

Ultrathin layered materials exhibit unique one to a few atomic layers, tunable
compositions and superb physical, chemical and optical properties, thus leading
to remarkable performances in various applications including energy storage and
conversion. Transition metal chalcogenides are one of the important categories
for 2D materials. [32 33.59. 741 These materials include ternary metal chalcogenides,
alloyed chalcogenides, heteroatom-doped chalcogenides and heterostructured
chalcogenides. Two schemes have been proposed for synthesizing 2D ultrathin

transition metal chalcogenides, i.e. the top-down and bottom-up strategies.

The top-down method obtains ultrathin nanosheets from bulk materials. In
general, different kinds of exfoliation approaches have been involved, including
mechanical or sonication-assisted exfoliation and electrochemical/chemical Li

intercalation-assisted exfoliation.

For example, Xie’s group obtained Cu2WS4 ultrathin nanosheets by using n-butyl-
lithium, as shown in Figure 1.8. 8 The intermediates of LixCu2WSs were
produced by the intercalation of Li ions into bulk Cu2WSa. Li ions were removed
by a hydrolysis reaction in distilled water, hydrogen is generated within the
layered structure and a further ultrasonication procedure produces further
exfoliation in the ultrathin nanosheets structures. The thickness of the as-
synthesized ultrathin nanosheets are ~ 1.0 nm, which exhibit high electron
conductivity, reflected from an electrical resistivity test, thus making them a

suitable candidate for flexible solid-state supercapacitor electrode materials.
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Figure 1. 8 (a) Schematic illustration of the synthetic procedure for hydrogenated
Cu2WS4 ultrathin nanosheets; (b) Atomic force microscopy (AFM) image of the
selected area for obtained samples and its corresponding height diagram in (c);
(d) Capacitive performances for symmetrical supercapacitors based on
hydrogenated Cu2WSs as the active materials. 66! (Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission)

The bottom-up strategy of ultrathin nanosheets can be realized by chemical
vapour deposition or chemical synthesis from small precursor molecules. In
Figure 1.9, Zhou el al. reported a smart approach by using aerogels containing
NaCl, CeHsO7, NH2CSNH:2 and (NH4)sMo70244H20 as the precursors. [’ Due to
the cubic structure of NaCl particles, the formed ultrathin Mo-C-N films uniformly
cover the templates. The aerogels were then heated to decomposed to ultrathin
MoS2 nanosheets on carbon confined by stacked NaCl cubes. The as-prepared
materials were washed several times to remove NaCl templates. MoS:2
nanosheets with 2-layer thicknesses on carbon have been purified and the
materials used as the anode materials for LIBs, which outperformed commercial

MoS2 powders and MoS2/C composites.
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Figure 1. 9 Schematic illustration of synthetic procedure for MoS2/C ultrathin
nanosheets; (b) High-resolution transmittance electron microscopy (HRTEM) of
as-synthesized materials; (c) cyclic voltammetry (CV) curves for MoS2/C ultrathin
nanosheets; (d) Comparison of the stability tests of as-synthesized materials and
two counterparts. 671 (Copyright © 2015, American Chemical Society.
Reproduced with permission)

1.3.4 Three-dimensional (3D) structures

3D hierarchical structures are the most widely used electrodes in energy storage
and conversion application. [38. 39. 61, 62, 80, 81] Thege structures usually involve in
situ synthesis of multiple active materials on the current collectors. It can avoid
the use of conductive carbons and binders for bonding active materials and
current collectors. This strategy can increase the utilized ratio of active materials
to the largest extent, however, the rational design of the structure is of great
importance. The stable structures enhance the cycling stability of the electrodes
for batteries or supercapacitors. For instance, multi-component 3D structures
usually involve several hierarchical structures (i.e. multiple core-shells), the
structure stability of the inner parts is more important as they provide the
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structural support for the whole electrodes. Moreover, due to the lack of extra
electron conductive agents, fast ions and electron transfer should be considered
into the design of components. Finally, enlarged specific surface area (or
electrochemical active surface area) and electrophilic structures could be
considered into the design, through which, large areas of interface between
electrolytes (electrolyte/gas for energy conversion systems) and active materials
can be realized, however the controllable synthesis of high surface area and
highly active-materials-loading electrodes, to meet the requirement such as at an

industrial level, is a challenge.

The emblematic hybrid 3D structure for integration of materials presenting
synergetic effects is ZnCo204@NixCo2x(OH)ex core-shell structures on Ni foam by
Fu et al. as shown in Figure 1.10. 2 The ZnCo204 nanowires were prepared by
solvothermal reactions followed by an annealing process and was used as the
support structures for the electrodeposition of NixCo2x(OH)sx nanosheets. Both
core and shell structures are active components for electrochemical energy
storage; moreover, the hierarchical structures utilized the interspace of the
porous current collectors more efficiently. These advantages result in enlarged
areal capacitance, reflected from larger closed area in the CV curves, and

excellent rate performance (Figure 1.10f and g).
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Figure 1. 10 (a) Schematic illustration of the synthetic procedure for
ZnCo0204@NixCo2x(OH)sx on Ni foam; SEM images of NixCo2x(OH)ex in (b) low-
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magnification; (f) cyclic voltammetry (CV) curves of three comparable samples;
(e) the areal capacity as a function of current density for these three electrodes.
(Copyright © 2015, Royal Society of Chemistry. Reproduced with permission)
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1.4 Summary

In this chapter, the classification of commonly used energy storage devices was
introduced according to their different contributions as shown in a Ragone plot.
Especially, supercapacitors and LIBs occupied a large area in the Ragone plot,
as they can realize either high-energy or high-power densities. The energy
storage mechanism and electrode materials of supercapacitors and LIBs were
described in detail. Transition metals and their derivatives are playing important
roles as electrode materials in both supercapacitors and LIBs. Chemical synthetic
methods for different active materials for electrodes were then suggested.
Despite the progress that has been made for different nanostructures from hollow
to 3D electrodes, further improvements are needed to overcome the
shortcomings of reported materials, such as the structural stability of hollow and
hierarchical active materials. These improvements will promote the development

of long-term high-capacity energy-storage devices.

In the following chapters, binder-free electrodes for electrochemical energy
storage were designed. In Chapter 2, nickel oxides or cobalt oxides were
extensively reported as pseudocapacitors, however their poor electron
conductivity and rapid decline of specific capacitance hindered the application of
these materials. Ternary transition metal oxides with multi-valance states
improved the electron conductivity by several orders of magnitudes relative to
that of binary metal oxides. NiWO4 and CoWO4 were directly synthesized on Ni
foam as electrodes the first time, which outperformed the traditional slurry
process of making electrodes. They showed superior specific capacitance and
rate performances. The electrochemical performances of the as-assembled
electrodes are among the top-tier of electrochemical performance compared to
similar materials or nanostructures at the time of writing. However, several issues
remained, tungsten contents contributed to enhance the electron conductivity, but

no redox reactions happened within tungsten and the ions from the electrolyte.
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Further modification and design of the electrode materials and fabrication and
evaluation of the supercapacitor devices by the synthesized electrodes are
required. In addition, the energy storage mechanism of nickel and cobalt-based
materials in alkaline electrolytes are not clear. Therefore, ternary transition metal

sulfides materials were synthesized in Chapter 3.

In Chapter 3, the electrochemical energy storage performances of nickel and
cobalt-based materials in alkaline aqueous electrolyte were further improved by
metal sulfides. It reports that metal sulfides materials delivered high electron
conductivity compared to oxides counterparts, however, they can be oxidized
easily and thus lose their advantages. In this work, the structural design around
Ni-Co-S/SNGA materials were optimized to realize the best energy storage
performance by means of controlling the ratios of Ni-Co-S and graphene aerogel
and the ratios of nickel to cobalt contents. Especially, the optimized structure
realized the high capacity and excellent cycling stability in alkaline aqueous
electrolytes for electrochemical energy storage application compared to its
counterparts, the validity of the structure was demonstrated in energy conversion
(oxygen reduction reaction). The definition of the charge storage application was
defined. However, the aerogel structures Ilimit the areal/volumetric
capacity/capacitance of the electrodes; as battery materials, nickel and cobalt-
based materials are not promising candidates for pseudocapacitors. Ni foam as
the current collectors are not suitable for bendable energy storage devices.
Further seeking promising pseudocapacitor materials to realize high areal

capacitance and flexible devices applications was conducted in Chapter 4.

Several tungsten-based materials were reported to deliver excellent
pseudocapacitance. Metal nitrides were formed that exhibited metallic electron
conductivity. However, no comprehensive work was done related to using
tungsten nitride materials for pseudocapacitor electrodes and uncovering the
merits of these materials compared to their oxide counterpart. In Chapter 4,
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W2N@C nanoarray core-shell structures were synthesized on carbon fiber
clothes by combining aerosol-assisted chemical vapour deposition (AACVD) and
annealing approaches in ammonia gas. The carbon fibre cloth was introduced as
the bendable and flexible current collectors with relatively larger surface area
compared to metal foils. W2N@C electrodes possess a high areal capacitance
and can be used for flexible devices application. The advantages of W2N
materials compared to WOs.x were revealed by analysis of electrochemical
results, computational simulation and in-situ transmission electron microscope.
Finally, the as-assembled electrodes were fabricated for flexible supercapacitors
with solid state electrolytes and manufactured into coin cells with ionic liquid
electrolyte for high working voltage applications. The successful application of
carbon cloths in flexible electrodes technique stimulate the work by using it for
flexible LIBs application, thus much higher specific capacity can be realized. In
Chapter 5, 3D nanostructures were designed on carbon cloth to realize high-

performance cathodes for LIBs.

As known, the specific capacity based on the mass of cathode materials are much
lower than that of anodes due to their intrinsic Li-ion intercalation. The research
of cathode materials has attracted great interest. V20Os materials with multi-Li
intercalation properties are one of the promising cathodes materials due to their
high theoretical specific capacitance. The NiC0204@V205 sandwich structures
were designed in Chapter 5, which took account of the structural stability, Li-ion
diffusivity and the ratio of electron conductive contribution and capacitance

contribution components of the electrode materials.

In the end, the summary of the whole PhD project and the perspective of the

structural design based on transition metal materials and their derivatives are

presented, and further research work proposed.
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Chapter 2

Ni foam supported NiWO; and CoWO,

nanostructures for supercapacitor electrodes

(Copyright © 2015, Royal Society of Chemistry. Results from published work)
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2.1 Introduction

As discussed in Chapter 1, supercapacitors consist of two categories: electrical
double layer capacitors (EDLCs) and pseudocapacitors (PCs). M The electrode
materials for EDLCs, such as multi-porous nanostructured carbon, employ
reversible ion-absorption/desorption from the electrolyte on the surface of
electrodes. In comparison with EDLCs, PCs deliver larger gravimetric
capacitance due to fast and reversible surface redox reactions among ions from
electrolyte and multiple valence states of the electrode materials, mostly
transition metal oxides (TMOSs). Previous effort has been focused on discovery
and design of binary TMOs for electrodes in PCs, such as NiO, 231 CoO, ¥ RuOz,
51 MnO2, [l and WO3l"L.

Nevertheless, the limitation of electrical conductivity of most binary TMOs has
caused poor electrochemical performance, especially low specific capacitance
and rate performance of the electrodes. Ternary TMOs with two species of metal
cations are prospective candidates for electrochemical energy storage. The
integration of two kinds of TM cations could improve the electrical conductivity to
a large extent and provide multiple valance states compared to the individual
binary oxides thus potentially inducing improvements in electrochemical energy
storage properties. Therefore, different compositions of ternary TMOs with
controlled nanostructures have been designed and synthesized and presented
better electrochemical performance, such as NiC020s4, B9 CoMo004,1%
NiFe204,M and MnCo204.'2 The design and synthesis of innovative
nanostructures of ternary TMOs with excellent electrochemical properties is still
an interesting research field. Transition metal tungstates present high electrical
conductivity, better than individual binary counterparts and some reported ternary
TMOs. For instance, NiWO4 presents an electrical conductivity at the range of
1077-107? S cm™}, several magnitudes higher than that of NiO (1022 S cm™1) [13.14]

and NiMoOs (10-*1-1045 S cm) 1516], Furthermore, W exhibits various valence
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states, 171 which have potential use for redox reactions as electrodes for PCs.

NiWO4 and CoWOs have been considered as encouraging candidates for
catalytic applications, including photocatalysts and electrocatalysts. [18.19
However, literature relating to use of these materials in supercapacitor electrodes
are less reported compared to NiO and CoO/Co0304. One previous work prepared
amorphous NiWO4 nanostructures via a co-precipitation process as electrodes
for supercapacitors.l'® The relationship between synthetic temperatures and
specific capacitance was studied. The reported highest gravimetric capacitance
for nanostructured NiWOs electrodes was 586.2 F g at the current density of 0.5
A gl It is noted that amorphous NiWOa4 nanoparticles showed an improvement
of electrical conductivity due to the combination of tungsten and nickel atoms
compared to NiO. CoWOuJ/graphene hybrids for supercapacitor electrodes were
prepared through solvothermal reactions by Ye et al. 2% The materials realized a
gravimetric capacitance of 159.9 F g from CV test at a scan rate of 5 mV s* and
the performance retention of ~ 94.7% after 1000 cycles. In spite of these attempts,
the synthesis of NiWO4 and CoWO4 materials for electrodes by a facile procedure
and further improvement of their electrochemical energy storage performance are
remaining challenges. Recently, an effective approach was proposed to integrate
active materials with current collectors, they have been termed binder-free
electrodes. This tactic avoids the complicated slurry electrodes procedure for
coating of powder materials. Furthermore, it can significantly increase the
electrical conductivity by reducing the contact resistance among active materials
and current collectors, thus massively improving the electrochemical

performance of active materials. [21-23l

In this chapter, an easily-controlled one-step hydrothermal approach of
synthesizing Ni foam supported nanostructured NiWO4 and CoWOa4 as binder-
free electrodes was developed. Their electrochemical properties as electrodes
for PCs were fully investigated and compared with the powdery counterparts. It
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was verified that the binder-free electrodes display high specific capacitance
(797.8 F g' and 764.4 F g for Ni foam supported NiWO4 and CoWOs from
galvanostatic charge-discharge (GCD) test at the current density of 1 A g,
respectively), remarkable rate capability (55.6% and 50.6% retention for Ni foam
supported NiWO4 and CoWOs4 with the current density increases of 20 times,
respectively) and exceptional long-term performance (capacitance more than 200%
compared to the initial specific capacitance after 6000 cycles). In comparison to
the previous reported NiWO4 and CoWO4 electrodes for PCs, NiWO4/Ni foam
and CoWO4/Ni foam nanostructures in this chapter show favorable

electrochemical energy storage properties.

2.2 Experimental section

2.2.1 Electrode Synthesis

The chemicals are of analytical grade, obtained from Sigma (U.K.) and
Sinopharm Chemical Reagent Co. (Shanghai, China) and used without further
purification. At first, several pieces of Ni foam (~ 4 x 1 cm) were washed by 6 M
hydrochloric acid under ultrasonic vibration to remove surface oxide layers and
then with deionized water followed by vacuum drying at 100 °C. Then, 0.291 g of
Ni(NO3)2:6H20 or Co(NOs)226H20 as the nickel and cobalt sources were
dissolved in 40 mL of deionized water to form light green and pink precursor
solutions, respectively. Afterwards, 0.33 g of Na2WO4 was dissolved into the
above solutions and magnetically stirred for ~ 30 min. The Ni?*/Co?*, WO4?*
solutions were transferred into a 60 mL Teflon-lined stainless-steel autoclaves
with a piece of Ni foam standing against the inner-side, respectively. The
autoclaves were closed and kept in an oven at 180 °C for 8 h. Finally, Ni foam
supported nanostructures were washed with distilled water and absolute ethanol

consecutively to move loosely attached powders and vacuum dried at 60 °C for
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6 h.

2.2.2 Characterization

The morphology, phases and chemical states of as-synthesized electrodes were
studied using a scanning electron microscope (SEM; Hitachi S-4800) using an
accelerating voltage of 5 kV, a transmission electron microscope (TEM; JEM-
2100F; accelerating voltage of 200 kV) equipped with an energy dispersive X-ray
spectrometer (EDS), a D/max-2550 PC X-ray diffractometer (XRD; Rigaku, Cu-
Ka radiation), and Raman Spectroscopy (Renishaw Raman microscope
spectrometer with laser wavelength of 488 nm). The mass of the electrode
materials was weighed accurately by an XS analytical balance (Mettler Toledo; &

= 0.01 mg).

2.2.3 Electrochemical Tests

Electrochemical measurements of as-prepared binder-free electrodes were
characterized on an Autolab potentiostat (PGSTAT302N) in a three-electrode
configuration. A platinum (Pt) plate, a Ag/AgCl electrode and 2 M KOH were used
as the counter, reference electrodes and electrolyte, respectively. The Ni foam
supported NiIWO4 or CoWO4 nanostructures were tested as the working electrode
directly. The mass loading of the active materials is ~ 0.75 mg cm2 and ~ 2 cm?

of the nickel foams in the electrolyte were performed the test.

2.2.4 Preparation of the working electrodes for powder samples

At first, NiWOa4 or CoWOu4 (80 wt%) powder samples were mixed with conductive
agents (acetylene black; 15 wt%) and binder solutions (poly(tetrafluoroethylene);
5 wt%, calculated based on a solution of PTFE in water). Then, the mixture was
moved to a small bottle with a few drops of ethanol and magnetically stirred over
8 hours to form a uniform slurry. After which, the slurry was pasted and pressed

onto cleaned Ni foams (current collector) by a spatula with an area of ~ 2 cm?and
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dried at 100 °C under vacuum overnight to remove the solvent. The electrodes
were pressed under 10 MPa to enhance physical contact with the current collector.
The test of the electrochemical performance is the same as the binder-free

electrodes testing by using them as working electrodes.

2.2.5 Weighing active materials

The active materials were weighed by the following method: At first, the mass of
a cleaned Ni foam was recorded by a XS analytical balance (Mettler Toledo;
accuracy: +/- 0.01 mg) and noted as ma. Then, the Ni foam was put into the
autoclaves for reaction; after that, the Ni foam with active materials were washed
and dried overnight under vacuum at 60 °C. The mass was weighed by analytical
balance and noted as mo. Finally, the weight of active materials on the electrodes
were calculated according to Mmaterial = Mb-Ma. As the electrode for testing is 2
cm? and the total area of Ni foam is 4 cm?. The mass for testing is Mtest =

0.5xXMmaterial.

The weight of the powder samples on Ni foam was calculated as follows: Firstly,
a piece of cleaned Ni foam was weighed as mc. Then, after the slurry was pasted,
dried and pressed on the Ni foam, the mass was weighed as mq. Finally, the mass
of the powdery electrode materials was calculated according to the equation:

Mpowder = 0.8%(Md-mMc).

2.3 Results and discussion

The Ni foam supported nanostructured NiWO4 and CoWO4 were synthesized by
one-step hydrothermal process. The facile preparation method can be regarded
as a highly manageable and environmentally benign technique for mass and cut-
price production of electrode materials. Self-assembled nanostructures

consisting of small individual nanopatrticles were coated on the Ni foam uniformly,
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as shown in Figure 1 and confirmed by the following analysis.

NiWOa4/Ni foam

Ni foam

(]

CoWOu4/Ni foam

Figure 2. 1 Schematic illustration of the one-step hydrothermal synthesis of self-
assembled Ni foam supported NiWO4 and CoWO4 electrodes.

The morphologies of the as-obtained electrodes were examined by scanning
electron microscopy (SEM). Commercial nickel foam still preserved its 3D porous
structures after washing with hydrochloric acid to remove the surface oxide layer
and the hydrothermal reactions with the precursor solution (Figure 2.1 a, b). Ni
foam was employed as the current collector due to its interlaced microporous
structures affording a large supporting surface area, competent pathways of ion
and electron transfer for active materials and superb metallic electrical
conductivity. After the hydrothermal reactions, the nanostructures covered the
substrates evenly with no bare Ni foam being observed, as illustrated by lower
magnification SEM (Figure 2.2c, d). Figure 2.3 a and ¢ are SEM images in
nanometer scale of nickel foam supported NiWOs4 and CoWOas structures,
respectively. From the high magnification SEM image in Figure 2.3b, the
morphology of NiWO4 nanostructures presented hill-like hemispheres consisting
of a lot of small assembled nanoparticles with the size of 100-200 nm. The high

magnification SEM image of CoWO4 nanostructures is presented in Figure 2.3d.
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CoWOs4 nanoparticles presented shuttle-like structures with coarse surfaces
made of individual structures with the length of ~ 100 nm and width of ~ 50 nm.
As for the electrode materials for supercapacitors, their crude morphologies
provide appropriate active species for redox reactions and an improved
contacting area with the ions from electrolyte during the process of

electrochemical energy storage.

Figure 2. 2 (a), (b) SEM images of Ni foam supported NiWO4 and CoWOs in
micro-scale magnification, respectively; (c), (d) SEM image of NiWOs4 and
CoWOs4/Ni foam, in higher magnification, respectively.
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Figure 2. 3 SEM images of NiWOa4 nanoparticles/Ni foam in (a) low and (b) high
magnifications and CoWOas nano-shuttles/Ni foam in (c) low and (d) high
magnifications, respectively.

The nanostructures and morphologies of active materials were further
exemplified by transmission electron microscopy (TEM) combined with an energy
dispersive X-ray spectrometer (EDS). The preparation of TEM samples were
conducted through detaching NiWO4 and CoWOa4 nanoparticles from Ni foam by
strong ultrasonic vibration in ethanol solution for half an hour. Obviously, the
larger NiWOas hill-like nanostructures detected from the SEM are made up of
multiple small nanoparticles and the nanostructured CoWO4 are composed of
plenty of tiny nanoshuttles. TEM images of NiWO4 and CoWOa4 nanoparticles are
shown in Figure 2.4a and c, respectively. The sizes of specific nanoparticles are
~15 nm for NiWO4 samples and a length of ~50 nm and a width of ~25 nm for
CoWOas nanoshuttles, in accordance with self-assembled uneven morphologies

shown in SEM images, thus resulting in entire structures full of multi-scale

55



porosity. HRTEM of NiWOa4 nanoparticles in Figure 2.4b presented apparent
lattice fringe with interplanar spacing (d-spacing) of 0.37 and 0.36 nm,
corresponding to {011}, {110} planes of the NiWOa4 crystals, respectively. The

inset showing fast Fourier transformation (FFT) pattern from this HRTEM image

attribute to the [111] zone axis of the NiwO4 monoclinic crystal. The HRTEM of

nanostructured CoWOas are shown in Figure 3d, the d-spacing of 0.29 and 0.36
nm can be indexed as the distance of {111}, {011} planes of CowWOs crystals, the

inset FFT pattern from the HRTEM image can correspond to the [011] zone axis
of the CoWO4 monoclinic crystal. The EDS analyses (Figure 2.4e, f) demonstrate
information on the Cu and C from the sample grid and the appearance of Ni/Co,

W, O elements from the nanostructures.

The phases of NiWO4 and CoWOu electrode materials were further discovered
by X-ray Diffraction (XRD). The samples were prepared by scratching
nanostructures from the Ni foams to avoid the strong background of the substrate
on the signals of the diffraction. The diffraction pattern of NiWO4 samples can be
indexed to standard monoclinic NiWOa4 pattern (JCPDS card No. 15-0755).[24]
Due to the small size and low crystallinity of as-prepared NiWOa4 nanostructures,
it results in broad and relatively low intensity of diffraction peaks. To acquire
simply phase identifiable products, NiWO4 materials obtained by hydrothermal
process were annealed at 600 °C for 1 h in air, XRD patterns were recorded
afterwards and corresponded accurately to its standard pattern. Furthermore,
Raman spectra for NiWO4 samples after annealing (Figure 2.6 c) showed an
exact match for NiWOs in the previous report. The CoWO4 sample formed after
hydrothermal reaction matched the standard CoWOg4 structure (JCPDS card No.
15-0867) and its Raman spectrum (Figure 2.5 d) was also showed the same
peaks as the one in the literature. 1320 These results proved the formation of
larger crystals of CoWwO4 compared to NiWO4 materials after the hydrothermal
process.
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Figure 2. 4 (a, ¢c) TEM nanostructured NiWO4 and CoWOu, respectively, (b, d)

HRTEM images of NiWOs4 and CoWOas nanostructures, respectively, inset

showing the matching FFT diffraction pattern; (e, f) EDS spectra of NiWO4 and
CoWOs recorded from relevant areas in TEM images, respectively.
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Figure 2. 5 XRD patterns of (a) NiWO4 samples before (green) and after (red)
annealing and its standard NiWO4 pattern (JCPDS card No. 15-0755); (b) XRD
patterns of CoWwO4 samples and its standard CoWO4 pattern (JCPDS card No.
15-0867); (c, d) Raman spectra of (c) NiWOa4 nanostructures, before (green) and
after (red) annealing; (d) CoWO4 nanostructures, respectively.

To evaluate electrochemical energy storage performances of as-designed
binder-free electrodes, cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) tests were carried out by utilizing NiWO4/Ni foam, CoWOu4/Ni
foam nanostructures and their powdery analogues as working electrodes in a
three-electrode configuration (details in the experimental setup, Page 51). CV
and GCD curves of NiWO4/Ni foam and CoWOu4/Ni foam nanostructures were
recorded after 3,000 cycles of CV scans at the scan rate of 50 mV s for activation.
As illustrated by CV curves at diverse scan rates in Figure 2.6a and b for Ni foam
supported NiWO4 and CoWOu, respectively, obvious paired redox peaks can be

clearly detected in each curve, which proved the Faradaic capacitive processes,
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I.e. reversible redox reactions among different valence states of the Ni and the
Coionsin alkaline electrolyte, respectively. As illustrated by the Pourbaix diagram
shown in Ref.[20], W species do not participate in any redox reactions for
electrochemical energy storage in alkaline aqueous electrolytes and its role in
monoclinic NiIWO4 and CoWOa4 is to improve the electrical conductivity of the
electrode materials. The shapes of the CV curves at diverse scan rates showed
no obvious difference; the anodic and cathodic peaks with respect to oxidation
and reduction processes shift to opposite directions, due to the need for more
rapid ion and electron transfer within the interface of active species and
electrolytes at higher scan rates. The above phenomena suggested the
remarkable reversibility of the as-designed electrodes. The comparison of the
GCD curves in a potential range between 0 and 0.45 V vs. Ag/AgCl for Ni foam
supported NiWO4 and CoWOa electrodes, NiWO4 and CoWO4 powders pasted
electrodes at the same current density of 1 A g are presented in Figure 2.6c¢. It's
widely accepted that GCD test is a reliable method for evaluating gravimetric

capacitance of supercapacitor by the following equation

C=—— (2.1)

mAvV

where | (A) is the current applied for the constant CD test, t (s) is the discharge
time, m (g) is the mass of active materials on the electrodes (excluding the mass
of binders and conductive agents), and AV (V) is the potential range during the
discharge period, the specific capacitance of NiWOa4 nanoparticles/Ni foam and
CoWOs4 nanoshuttles/Ni foam are higher as a result of the longer discharging time
compared with the traditional electrodes. The gravimetric capacitance values are
797.8, 738.7, 658.9, 556.7, 486.7 and 443.6 F g for Ni foam supported NiWO4
electrodes and 764.4, 697.8, 611.1, 528.9, 430 and 386.7 F g for CoOWOQu/Ni
foam electrodes at current densities of 1, 2, 5, 10, 15, 20 A g1, respectively. The
rate performance is imperative for high-power applications which manifests the

retention of specific capacitance with an increase of the current density of
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charge/discharge. Ni foam supported nanostructures exhibit much better rate
ability in comparison with their traditional electrodes counterparts, as shown in
Figure 2.6d, which can be attributed to the advantages that Ni foam supported
electrodes contain more active species participating in fast redox reactions and
more channels for the electrolyte. The specific capacitances were 55.6% and
50.6% retention for Ni foam supported NiWO4 nanoparticles and CoWOa4
nanoshuttles compared to their initial values, respectively, with 20 times increase
of current densities. These drops from rate performance may be caused by the
accessorial voltage drop and the issue that more active materials are not

participated in fast reversible redox reactions with the increase of current

densities.
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Figure 2. 6 (a, b) Cyclic voltammetry (CV) curves of Ni foam supported NiWO4
and CoWOs electrodes at different scan rates from 5-100 mV s, respectively. (c)
The comparison of galvanostatic charge-discharge (GCD) curves of NiWOu4/Ni
foam, CoWOa4/Ni foam, NiWO4 and CoWO4 powders at a current density of 1 A
g%, respectively. (d) The comparison of rate performance of the electrodes made
from Ni foam supported NiIWOs4 and CoWOs4, NiWO4 powders and CoWOas
powders.
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Electrochemical impedance spectroscopy (EIS) was tested to explore the
resistance and ion-transfer capability of the as-designed electrodes. Figure 2.7a
shows the Nyquist plots of NiWO4 and CoWOa4 nanostructures/Ni foam electrodes,
respectively. The inset of Figure 2.7a, showing the high frequency range of EIS
spectra, exhibited information about the equivalent series resistance (ESR),
consisting of inherent resistances of the active materials, bulk resistance of
electrolyte and contact resistance of the interface between electrolyte and
electrodes, which are 0.575 and 0.515 Q for NiWO4/Ni foam and CoWOu4/Ni foam,
respectively. Additionally, free and multiple interspaces within these self-
assembled nanostructures can served as “storage channels” that can shorten the
diffusion pathway of ions from the external electrolyte to the interior surfaces, thus
reducing ion transport resistance. Moreover, the semi-circle with an unclear arc
can also be noticed from the high-frequency region, which reflected the ability of
diffusion of electrons by charge-transfer resistance (Rct). The calculated Rct are
4.037 Q and 3.479 Q of Ni foam supported NiIWO4 and CoWOa4 electrodes,
respectively. These results suggested that the excellent electrical conductivity
and ion-diffusion properties of as-designed electrodes, which outperformed their
binary metal oxides (NiO, 1251 C0304, [?61 WO3l?7l) nanostructured counterparts in
the reported work. The long-term cycling performance is another crucial test to
measure performance decay under working conditions of supercapacitor
electrodes for practical applications. In this work, the cycling stability of the
electrode materials was performed by cyclic CV test at a scan rate of 50 mV s
for 6000 cycles. It is noteworthy that the individual specific capacitance of the two
electrodes increased dramatically in the first period. This long activation period
can be allied to the huge number of individual small sizes of nanoparticles that
formed rough morphologies, which will cost a certain time to stimulate the majority
of active materials. During the activation period, the electrode will be reacted
through the surface absorption and somewhat diffusion-controlled intercalation
and de-intercalation processes of ions from the electrolyte, thus inducing more
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active sites to take part in energy storage redox reactions. Moreover, for both
electrodes, there were further increases after several cycles’ decline, which can
be explained by two reasons: (1) a continuous improvement in the surface wetting
of the electrode by the electrolyte during long-term cycling; (28 (2) a small quantity
of the active nanostructures dissolved and detached from the current collector
during the stability test and the inner nanostructures began to be activated. The
specific capacitance after the 6000 cycles were 2.06 and 2.81 times of their first
cycle for NiWO4/Ni foam and CoWO4/Ni foam electrodes, respectively.
Impressively, the capacitance of CoWOa4/Ni foam nanostructures showed a
further increased trend even after 6000 cycles. The cyclic performance of pristine
Ni foam substrates is shown in Figure 2.9, the result presented almost no

influence on the evaluation of Ni foam supported nanostructures.
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Figure 2. 7 (a) EIS spectra of self-assembled Ni foam supported NiWO4 and
CoWOa electrodes, inset showing high frequency region of the spectra; (b)
Cycling performances of Ni foam supported NiWO4 and CoWOa electrodes of
6000 cycles from CV tests at 50 mV s,

The NiWO4/Ni foam and CoWOa4/Ni foam electrodes after stability test maintained
their original self-assembled structures and an even rougher morphology, as
shown by SEM images in Figure 2.8. This result provides evidence of stable
structures even after long-term cycles and improved electrochemical energy
storage properties. The electrochemical energy storage performance of Ni foam
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supported NiIWO4 and CoWOa4 nanostructures in this work is superior compared
to other reported tungstate-based electrodes in the literature, as listed in Table

2.1.

Figure 2. 8 (a) Low- and (b) high-magnification SEM image of NiWO4/Ni foam
nanostructures after stability test; (c) Low- and (d) high-magnification SEM image
of CoWOu/Ni foam nanostructures after stability test.
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Figure 2. 9 Cycling performance of Ni foams.
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Table 2. 1 Comparison of electrochemical energy storage performances

Nanostructures Specific Cycling Stability (Compared with Reference
capacitance initial value)
NiWO4/Ni foam 797.8 Fgtat _ Our work
2.06 times after 6000 cycles
nanostructures 1Ag?
CoWO4/Ni foam 764.4F gt at _ Our work
2.81 times after 6000 cycles
nanostructures 1Ag?
NiWO, amorphous  586.2 F g* at _ [13]
0.9 times after 1000 cycles
nanostructure 05Ag?
CoWO0O4/rGO 1599 Fgtat _ [20]
) 0.947 times after 1000 cycles
nanocomposites 5mV st
. 173Fgtath . [29]
NiWO4 DNA Scaffold mv s 0.9 times after 1000 cycles
WOs/carbon aerogel 700 Fgtat ) [30]
. 0.95 times after 4000 cycles
composites 25 mV st
ZrO,-SiOz/ultrasmall 313 Fgtatl _ [31]
) 0.9 times after 2500 cycles
WO3 nanoparticles Ag?

2.4 Conclusion

NiWO4 and CoWOs4 are seldom studied as electrode materials for electrochemical
energy storage application. In this chapter, a manageable one-step hydrothermal
approach was developed to synthesize Ni foam supported NiWO4 and CoWOa4
nanostructures with excellent electrochemical energy storage properties during
use as supercapacitor electrodes. This is the first reported work by using a binder-
free electrode making strategy to synthesize NiWO4 and CoWOa4 nanostructures
on current collectors. The as-designed electrodes showed remarkable
electrochemical performance, such as a high gravimetric capacitance of 797.8 F
g’ and 764.4 F g at the current density of 1 A g after activation of 3000 cycles;
both of these electrodes revealed superior cycling stability, the 6000t cycle in the
cyclic CV test at the scan rate of 50 mV s' were 2.06 and 2.81 times of their initial
cycles for NiIWO4/Ni foam and CoWOu4/Ni foam electrodes, respectively. These
prominent electrochemical performances can be ascribed to the excellent

electrical conductivity and high structural stability of the binder-free
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nanostructured electrodes, improved transport pathways of electron and ion and
enlarged contacting area with the electrolyte. However, in this work, the use of
tungsten atoms was required to improve the electron conductivity of binary metal
materials (tungstate) compared to NiO or CoO/Co0304. Other efficient materials of
nickel or cobalt based electrodes combining with the binder-free strategies are
needed. Moreover, although a lot of literature including this chapter claimed Ni or
Co-based materials in alkaline aqueous electrolyte as pseudocapacitor
electrodes, the blurred electrochemical energy storage mechanism should be

clarified.
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Chapter 3

Boosting Energy Storage and Conversion
Performance by S, N-co-doped Graphene-Nickel

Cobalt Sulfide Aerogels

(Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Results from published work)
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3.1 Introduction

Graphene was widely invetigated and exhibited various applications after its first
exfoliation in 2004.11 Exhibiting two-dimensional single-layered carbon structures,
graphene delivers distinct physical and chemical properties, such as ultra-high
specific surface area (2630 m? g1),l? remarkable chemical and thermal stability,!
and excellent mechanical and electronic properties,* 5 etc. However, relatively
strong van deer Waals forces between single carbon layers causes a trend of
aggregation of graphene and forming graphite,[®! which results in an intense
decline of specific surface area and kinetic ion-transport, influencing
electrochemical properties of graphene materials when used in electrochemical
energy storagel* and coversion areasl’.. To avoid aggregation phenomenon and
build up of rapid ion and electron pathways, novel graphene structures such as
3D carbon frameworks have been developed and synthesized. Methods for 3D
graphene materials include template-assisted CVD approachesl®], self-
assembled aerosol or hydrogel from hydrothermal synthesis!® 19, electrospray
ionization processes 1 and layered composites through filtration fabrication!® 121,
However, graphene derived composites without further modification, sustain low
electrochemical energy storage capacity and limited numbers of reactive
speciesl® 13 14 which impede their application as highly active materials for
electrochemical energy storage and catalysis. The background of graphene
materials, especially aerogels made them potential applications for binder-free

electrodes fabrication as a replacement of directly synthetic approach.

One efficient approach to improve the electrochemical properties of graphene
composites, and broaden and boost their function is to use these materials as the
conductive supports that form nanocomposites with metal-based semiconductors
[151 Nickel cobalt-based materials, such as oxides, sulfides and selenides, have
been utilized as attractive candidates in the fields of energy storage and

conversion applications, such as metal-ion batteries!1® 171 supercapacitors(®: 18 19
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and eletrocatalysts[?%-22, for example hydrogen or oxygen evolution[?3-2%1, A series
of materials and nanostructures have been designed and produced from 1D to
3D hierarchical build-up.l?62% For example, a series of NiC02S4 ball-in-ball core-
shell hollow spheres were fabricated by Lou et al. through solvothermal reaction
combining with anion exchange approaches, and employed in supercapacitor
electrode applications[?®l. These materials when used in electrodes presented a
gravimetric capacitance of 1036 F g from charge-discharge test at a current
density of 1 A g and retained 87 % of the original capacitance after 2000 cycles.
Moreover, Dai’s group fabricated CoixS/graphene hybrids for oxygen reduction
electrocatalysts, which showed a relatively high ORR current density of 1.1 mA
cm=2 at 0.7 V vs. RHE from LSV test.[3% Compared with transition metal oxides,
sulfides and selenides generally deliver improved electron conductivity3-331, In
consideration of the cost, performance stability or toxicity, transition metal sulfides
are encouraging for electrochemical functions. The major obstacle to their wide
use in aqueous electrolyte is the easy oxidization problem thus causing the
decline of electron conductivity and charge mobility during long-term use in
particular.3¥ To figure out this problem, it is critical to design and synthesize Ni-
Co-S materials with reformative electrochemical stability and capabilities by

structural engineering.

Based on the above background, in this chapter, S, N co-doped graphene-based
nickel cobalt sulfide aerogels (Ni-Co-S/ISNGA) were designed and synthesized
with the primary aspiration to optimize the electrochemical performances of Ni-
Co-S, especially their long-term stability. Furthermore, this work will solve the
concerns raised in Chapter 2 about the blurred energy storage mechanism by
illustrating their reaction mechanism from kinetic analysis and their potentially
extensive application. The Ni-Co-S/SNGA presented modified electrochemical
performance as electrode materials for rechargeable alkaline batteries and

electrocatalysts for ORR in aqueous alkaline electrolyte.
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3.2 Experimental section

Graphite powders were acquired from Hopkin & Williams Company (U.K.). Ni
foams were from the Suzhou JSD foam metal Co. Ltd. (China). The glassy fiber
papers were received from Fisher Scientific (U.K.). Polyvinyl alcohol (PVA) was
purchased from Tokyo Chemical Industry Co., Ltd. All the other chemicals were
obtained from Sigma-Aldrich (U.K.) or VWR International (U.K.) and used as

received without further purification.

3.21 Synthesis of four different ratios of nickel cobalt sulfide

nanostructures

Four solutions with different molar ratios of Ni(NO3)226H20 and Co(NOz)2¢6H20
(1 mmol of Ni(NO3)26H20 and 2 mmol of Co(NOs)2:6H20; 2 mmol of
Ni(NO3)226H20 and 1 mmol of Co(NO3)2¢6H20; 3 mmol of Ni(NOz)2¢6H20; 3 mmol
of Co(NOs3)2#6H20) were prepared. The nickel and cobalt precursors were
dissolved in 15 mL of DI water and 20 mL of ethanol with magnetic stirring for 1
hour. After that, 1 g of thiourea was dissolved in the above solutions sequentially
with another 1 hour stirring. Finally, the pH of each solution was controlled as 8.0
by ammonium hydroxide solution (ACS reagent, 28 - 30% NHs basis). The
solutions were transferred into four 50 mL-autoclaves separately and kept in the
oven at 180 °C for 12 h. The powder samples were washed by water and ethanol

in centrifugation and dried through lyophilization for further use.
3.2.2 Synthesis of graphene oxide (GO)

GO was synthesized from graphite powder by an improved Hummer s’ method
with minor modification.[?4l At first, 3 g of graphite powder was mixed with 69 mL
of 98 % H2S04 in an 800 mL container with 145 r/min magnetic stirring for 1 h.
After that, 9 g of KMnO4 was added into the above suspension slowly and whole

process lasted ~ 45 min. The container was then kept in an oil bath at 35 °C for
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2 h without further stirring. The reaction temperature of the system was increased
from 35 °C to 98 °C and 138 mL of DI water was added into the above solution
slowly and kept at 98 °C for 15 min during this process. Additional 420 mL of
water together with preheated 7.5 mL of H202 (30%) was dropped in to react with
the excess potassium permanganate while the colour of the solution changed
from dark brown to light yellow. Then, the solution was kept at room temperature
with magnetic stirring for 24 h. Subsequently, the powder was filtered and washed
by HCI solution (750 mL H20 and 7.5 mL concentrated HCI to remove metal ions).
The filter cake was re-dispersed in DI water and the aggregates were removed
from the dispersion by 15 min of centrifugation at 3000 rpm. Finally, the dispersion

was purified by dialysis for three days to remove any impurities.

3.2.3 Synthesis of S, N doped graphene-based nickel cobalt sulfide aerogel

(Ni-Co-S/SNGA) and S, N co-doped graphene aerogel (SNGA).

In a typical synthesis, GO dispersion solution was diluted to ~ 2 mg/ml. Different
ratios of nickel cobalt sulfide nanoparticles (2:1 ratio is 0.14 g from step 1) were
added into four 35 ml of GO solution respectively with magnetic stirring for 1 h.
Then, 0.5 g of thiourea was added to each solution with further magnetic stirring.
Finally, the above solutions were transferred to four 50 ml autoclaves and kept in
a preheated oven at 180 °C for 12 h. The as-synthesized hydrogels were placed
into the beakers with 50 ml DI water (water changed every ~ 10 h) for three days
to remove any impurities and freeze-dried at ~ -50°C. SNGA were prepared by

the same process without adding Ni-Co-S nanoparticles initially.

3.2.4 Characterization

The morphology and micro/nanostructures of aerogels were recorded by
scanning electron microscopy (SEM, Hitachi S-4800 and JSM-6700F equipped
with an energy-dispersive X-ray spectrometer) and transmission electron

microscopy (TEM, JEOL, JEM-2100). The phases and chemical compositions
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were tested by D4 ENDEAVOR X-ray diffractometer (XRD; Cu-Ka radiation), X-
ray photoelectron spectroscopy (XPS; Thermo scientific K-alpha photoelectron
spectrometer), Raman spectroscopy (Renishaw Raman microscope
spectrometer with the laser wavelength of 514.5 nm). Ex-situ XRD for different
charge and discharge stages of the alkaline battery electrodes were performed
on a STOE SEIFERT diffractometer (Mo source radiation). The mass of the
materials used for electrodes and active materials for ORR test was weighed

accurately by an analytical balance (Ohaus; & = 0.01 mg).

3.2.5 Electrochemical measurements

Performance evaluation of alkaline battery electrodes. Electrochemical
measurement of as-designed electrodes was performed on a Gamry (Gamry
Interface 1000) or Autolab (PGSTAT302N) in a three-electrode configuration with
6 M KOH as the electrolyte. A platinum foam (~ 2 cm?) and Ag/AgCI electrode
were used as counter and reference electrodes, respectively. The active
materials were pressed into Ni foams directly as the binder-free and conductive
agent-free working electrodes. The mass of the active materials on nickel foam
is ~ 2 mg (area of ~ 1 cm?) for testing. The electrochemical impedance
spectroscopy (EIS) tests were carried out at open circuit potential with a
sinusoidal signal over a frequency range from 100 kHz to 0.01 Hz at an amplitude
of 10 mV. The specific capacity was calculated by the equation as follows:

IXAt
C=— (3.1)
Where | is the applied current for the GCD test (A); At is the discharge time (s);
m is the mass of the active material (g). The values were recorded and calculated

after 100 cycles of cyclic voltammetry (CV) at 50 mV s™' for activation.

3.2.6 Fabrication and evaluation of hybrid battery devices

Electrolyte preparation: The solid-state electrolyte was prepared by mixing two
parts of solution: 1. 6 g of PVA was dissolved into 40 mL of DI water at a

temperature of 90 °C; 2. 20 mL of 6 M KOH water solution. Above two solutions
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were transferred to the room temperature and mixed with magnetic stirring for

further use.

Devices fabrication

Hybrid batteries were manufactured by pressing CoNi2S4/SNGA into a piece of
Ni foam (~ 1 cm?) as the cathode and the SNGA into another piece of Ni foam (~
1 cm?) as the anode. The mass ratio of the positive to negative electrodes was
calculated according to the charge balance equation (Q+ = Q-). Before device
fabrication, the electrodes were pre-activated by CV tests at a scan rate of 50 mV
s'in the 6 M KOH electrolyte. The fabricated devices were put in the fume hood
to wait for extra water evaporation and gel formation. ~ 0.5 mL of prepared

PVA/KOH solutions were added to each device.

To meet the requirement of Q+= Q-, the mass ratio of active materials on two

electrodes were controlled by the following equation:

my C__

= (3.2)

Where C+ and C- (mAh g?) are the gravimetric capacity of CoNi2S4/SNGA and

SNGA, respectively. The mass ratio was calculated as ~ 1:7 based on the

measured capacities of the electrodes.

Device evaluation
The volumetric capacity of the device (C,.vice) Was calculated by the equation
(3.3):

IXAt
Cdevice,volume = v (3 . 3)

Where Caevice vorumn (MAh cm3) is the volumetric capacity of the device, | (A) is
the applied current for the galvanostatic charge-discharge (GCD) test, At (s) is
the discharge time, V (cm?) is the entire volume of the device.

The volumetric and gravimetric energy (E,omume 07 Emass) @nd power density
(Pyorume OF Prass) based on the volume or mass of the devices (including all the

materials and packaging) were calculated according to equations shown below:

E=I[""Ugpdt (3.4)
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UZ

Poutput,max = 4_Rs (3.5)
Uq
R, = Jdro (3.6)
21
E E
Evotume OF Emass = Vo or ) (3.7)
device Mdevice

onlume or Pmass -

Poutput;max Poutputmax
L or —F (3.8)

Vdevice Mdevice

In the above equations, E is the total energy released from the system, t,,,. IS
the whole discharge time, U is the voltage range of GCD test for the device
(excluding the voltage drop), R, is the internal resistance within the device,
Uarop is the voltage drop from the discharge curve and | is the applied current
from galvanostatic tests. Py,epues lourpue @and R, are the power, output current

and resistant within the external circuit, respectively.

The equation (3.5) was derived from:

U
Ioutput = m (3.9)

— 2 U? Re U2 _ U2
Poutput = loutput Re z = (3.10)
N

= X = >
Ro+R Ro+R Rs (Re—Rs)
erss erss Re +R_e+2RS Re +4R

When R, = R, the P,y €Xhibits the maximum value.

In addition, 1 cm? device includes: nickel foam, active materials, separator and
gel electrolyte, the total mass: 0.24222 g; the total volume: 0.08 cm3; the

thickness was evaluated by the Vernier caliper (resolution: 0.02 mm).

3.2.7 Oxygen reduction reaction evaluation

During the ORR performance test, the electrodes were prepared by mixing 4 mg
of catalysts, 964 pL of DI water and 36 pL of nafion solution (5 % w/w). The
mixture was then sonicated for ~ 40 min in the ice bath to obtain a homogeneous
ink. For preparing rotating disk electrodes (RDE), 5 pL of the slurry was then
deposited onto the glassy carbon disk (diameter of 3 mm) electrodes and dried
for ~ 30 min under room temperature in air. 14 pL of the same ink was applied to
prepare the rotating ring-disk electrode (RRDE, diameter of 5 mm) test. All

electrochemical tests were performed on a potentiostat (Metrohm Autolab
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PGSTAT204) in a standard three-electrode configuration. The Ag/AgCl electrode
and a platinum wire were used as the reference and the counter electrode,
respectively. CV was performed in oxygen-saturated 0.10 M KOH solution at a
scan rate of 100 mV s'. LSV curves were obtained by rotating the electrode at
400, 800, 1200, 1600, 2000 and 2400 rpm respectively at a scan rate of 10 mV
s' in oxygen-saturated 0.10 M KOH solution. The final current density from
oxygen reduction reaction is obtained by subtracting the current density in

nitrogen-saturated electrolyte to eliminate the influence from hydrogen evolution.

The analysis of transferred electron number per Oz in the ORR procedure was

based on:

_ 4ly
=t A

Where 1, is the disk current, I. is the ring current and N is the current collection
efficiency of the Pt ring. In this system, N was tested to be 0.25 from the reduction
of KsFe[CNJs. The current-time chronoamperometric responses was recorded
after the first 500 s activation period for stabilizing the electrodes at -0.45 V vs.

Ag/AgCl with a rotation rate of 800 rpm in O2-saturated 0.1 M KOH.

3.3 Results and discussion

3.3.1 Structure and composition

The synthetic process to fabricate Ni-Co-S/SNGA is presented in Figure 1a. Four
types of Ni-Co-S nanostructures were obtained by one-step hydrothermal method
with controlled ratios of precursors. A series of hybrids were obtained from
mixtures of specific amounts of GO solutions, thiourea and Ni-Co-S
nanostructures by hydrothermal reaction followed with a three-day lyophilized
process. Nitrogen-doped graphene was incorporated to provide optimized

electron conductivity and ion electroactivity of the structure, which is due to lone
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electron pairs from the nitrogen species constituting delocalized conjugated
systems with sp?-hybridized carbon frameworks.[3®! Moreover, sulfur-doping
strategy was demonstrated to increase space utilization of carbon materials and
thus improve electrochemical properties.l®®! In addition, sulfur atoms are
covalently incorporated into graphene framework and boosted the bridging of
metal sulfides to graphene materials, which allowed the formation of robust
composites.B7l In the synthesis, thiourea could act as a N and S source but also
serve as a reductant for graphene oxides in the solvothermal process, which
further promotes the electron conductivity of the carbon skeleton. A photograph
of an aerogel is presented in Figure 3.1b, the macroscopic foam provided the
possibility for binder and conductive-agents free electrode candidates. The water
contact angle measurements in Figure 3.1c of a water droplet on hybrids shows
a 0° contact angle, demonstrating that it is fully wetted and superhydrophilic. The
character is highly effective and beneficial to electrochemical energy storage and
conversion properties in aqueous electrolytes.

(a) (b)

Superhydrohilic aerogel
Graphene oxide :

Hydrothermal process

®

o°°° 3
)
e

1cm
2 (€)
© Self-assembly

Thiourea

o® o0 % Ni-Co-S/SNGA
%® % [+

Ni-Co-S nanostructure

Figure 3. 1 (a) Schematic illustration of the synthetic procedure for Ni-Co-S/SNGA
electrode materials; (b) Digital camera picture of a representative aerogel; (c)
contact angle tests before (left) and after (right) water dropping.
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The basic morphologies of these series of materials were explored by scanning
electron microscopy (SEM). It is noted Ni-Co-S nanostructures were dispersed
on the surface of porous graphene supports from low-magnification SEM images
in Figure 3.2. Multiple channels from all Ni-Co-S/SNGA are observed and can be
utilized for ion transfer. From high-magnification images in Figure 3.3, the size of
Ni-Co-S nanoparticles could be detected. The nanoparticles have the size of
several tens to hundreds of nanometers with round or a nanorod shape forming
nanoclusters. The small metal sulfide particle sizes together with large contacting

areas with the electrolyte is suggested to promote the rate of energy storage or

catalytic processes.

Figure 3. 2 Low-magnification SEM images of (a) CoNi2S4/SNGA, (b)
NiC02S4/SNGA, (c) Ni-S/SNGA and (d) Co-S/SNGA, respectively.
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Figure 3. 3 High-magnification SEM images of (a) CoNi2S4/SNGA, (b)
NiC02S4/SNGA, (c) Ni-S/SNGA and (d) Co-S/SNGA, respectively.

The crystallographic phases of four kinds of Ni-Co-S /SNGA were investigated by
X-ray diffraction (XRD). The obvious peak at 26 = 10.8° from the diffraction
pattern in Figure 3.4 can be indexed to the 002 reflections of GO and disappeared
as for the rGO.8 The NiC02S4 nanoparticles in NiCo2S4/SNGA is the pure phase
and corresponds to Fd-3m crystal structures of spinel NiC02S4 (JCPDS no. 20-
0782). By reasonably controlling precursor ratios of Ni-Co-S, the mixed phases
of Ni-S and Co-S samples could be synthesized, which can be assigned to the
Ni3S4 (JCPDS no. 47-1739), NiS (JCPDS no. 12-0041) shown in Figure 3.4c and
mixed Co3S4 (JCPDS no. 47-1738), Co1xS (JCPDS no. 42-0826) in Figure 3.4d,
respectively.
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Figure 3. 4 Phase examination from XRD patterns of (a) GO; (b-d) Ni-Co-S/SNGA
nanostructures: (b) NiC02S4/SNGA and its corresponded standard pattern
(JCPDS 20-0782), (c) Ni-S/ISNGA and its corresponded standard patterns
(JCPDS 12-0041 and 47-1739) and (d) Co-S/SNGA and its corresponded
standard patterns (JCPDS 47-1738 and 42-0826), respectively.

Take CoNi2S4/SNGA as an example, its XRD pattern can be indexed to reference
CoNi2S4 Fd-3m structures (JCPDS no. 24-0334) in Figure 3.5. The weak peaks
shifted to ~ 24° can be ascribed to the (002) lattice plane of SNGA after
hydrothermal reduction process. The TEM image in Figure 3.5b presents that as-
fabricated CoNi2S4 materials sustained a consistent urchin-like structure with
nanorods self-assembled radially and grown from the nucleation centre, forming
CoNi2S4 nanoclusters capped by the graphene aerogel (GA). The individual
nanorod has a diameter of ~ 15 nm (Figure 3.5c¢). HRTEM image of

CoNi2S4/SNGA in Figure 3d showed a d-spacing of 0.54 nm caculated from clear
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lattice fringes, which can be attributed to the (111) plane of Fd-3m structures of

CoNi2S4, in conformity to the phase information.
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Figure 3. 5 (a) XRD patterns of CoNi2S4/SNGA and its corresponding standard
pattern; (b-c) TEM images from low and high-magnification and (d) HRTEM of
CoNi2S4/SNGA, repectively.

Raman spectroscopy in Figure 3.6a was conducted to illustrate the graphitization
and structural information of the GO, CoNi2S4/GA, and CoNi2S4/SNGA materials,
respectively. The distinct D and G peaks of GO and CoNi2S4/SNGA are at 1353.2
and 1591.3 cm™, respectively. The ratio of I(D)/I(G) of aerogels varied as different
compositions of CoNi2S4 nanostructures and S, N co-doping into GO and
revealed the degree of graphitization decreased as the increase of doping atoms
although the GO aerogel reduced to rGO.1% Among these three composites,

CoNi2S4/SNGA occupied the highest I(D)/I(G) value, showing it possesses the
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highest reduction degree of GO and defects-rich features were appeared than its

counterparts!s®,
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Figure 3. 6 (a) Raman spectra of GO, CoNi2S4s/GA and CoNi2S4/SNGA,
respectively; XPS spectra of (b) C 1s, (c) N 1s, (d) Ni 2p, (e) Co 2p and (f) S 2p
from CoNi2S4/SNGA materials, respectively.

The property of surface chemical states were analyzed by X-ray photoelectron

spectroscopy (XPS). Figure 3.6b reveals the C 1s spectrum, the discernible peak
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at ~ 284.4 eV correponds to the sp? hybrids of C=C bond; while the peak at ~
285.6 eV can be assigned to C-S and C=N bond, suggesting S and N co-doped
carbon frameworks. The relatively lower intensity peak at ~ 288.3 eV is as a result
of defects and functional groups including C-N, C-O and O-C-O,® the defect
aspects among SNGA can be straightly relevant to the 1(D)/I(G) value of Raman
spectroscopy. The N 1s spectrum is displayed in Figure 3.6c, and can be divided
into three different peaks: pyridinic N (~ 398.1 eV), pyrrolic N (~ 399.9 eV) and
graphitic N (~ 401.7 eV), respectively, demonstrating different N species within
the carbon support.“®! The individual spectra of Ni 2p and Co 2p are presented
in Figure 3.6d and e, both of Ni and Co elements can be fitted by two spin-orbit
doublets and satellite peaks. The doublets include low, i.e. Ni 2p3/2 and Co 2p3/2,
and the Ni 2p1/2 and Co 2p1/2 from high energy bands, respectively, proving the
existence of both +2 and +3 valence states of Ni and Co.['6:1% The S 2p spectrum
in Figure 3.6f can be split to two primary peaks located at ~ 162.0 and ~ 163.2
eV and one shake-up satellite at ~ 169.0 eV. The one at ~ 163.2 eV was assigned
to metal-sulfur bonds, and the peak at 162.0 eV could be ascribed to sulfur atoms

in low coordination numbers on the surface.[*% 42
3.3.2 Electrochemical energy storage

To illustrate the electrochemical energy storage properties of the designed
electrode materials, cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) tests were conducted by pressing the as-obtained active materials directly
into the Ni foam as the conductive agent- and binder-free working electrodes in
a three-electrode configuration. The optimized specific capacity of the materials
was acquired by controlling the composition of metal sulfide nanostructures.
From Figure 3.7a, the gravimetric specific capacities of CoNi2S4/SNGA,
NiC02S4/SNGA, Ni-S/SNGA and Co-S/SNGA were 192.1, 190.9, 167.5 and 184.0

mAh gt at 10 A g1, respectively.
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Figure 3. 7 (a) Discharge plots of several kinds of active materials at a current
density of 10 A g*; (b) Cyclic voltammetry curves of CoNi2S4/SNGA at different
scan rates; (c) The relationship between discharge capacity for controlled mass
ratios of CoNi2S4/SNGA, CoNi2S4/GA and CoNi2Ss powders with current
densities; (d) Nyquist plots of CoNi2S4/SNGA, CoNi2S4/GA and CoNi2Sa
electrodes, inset showing high-frequency range of EIS spectra; (e) Stability test
of the CoNi2S4/SNGA electrode for 10000 cycles and CoNi2S4/GA and CoNi2S4
electrodes for 3000 cycles, respectively, inset demonstrating the morpology
evolution reflected by TEM of CoNi2S4/SNGA after long-term cycles.
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The best performing active material is the CoNi2S4/SNGA although similar values
could be detected from NiC02S4/SNGA. This is due to more abundant active sites
and the synergistic effect of both nickel and cobalt species in hybrids. Figure 3.7b
revealed the CV plots of CoNi2S4/SNGA electrodes within the voltage range of -

0.1t0 0.4 V at scan rates from 1 to 50 mV s,

0.8 -
Anodic current l=a,V
Battery electrode

0.6 - Supercapacitor electrode

Cathodic current

Current (A)
o
N

|=a:\/05
0.2 1
=a/os
0 4 |=a.\V/95

0.110'2'0'3'0'4l0' éO
Sweep Rate (mV/s)

Figure 3. 8 The peak current as a function of the sweep rate from the CV curves
for CoNi2S4/SNGA electrodes, ideal supercapacitor electrode and battery
electrode, respectively.

As defined by Dunn. et all*d], if an electrochemical redox process is restricted by
diffusion-controlled battery type, the peak current | varies as sweep rate V''2; as
for a capacitive charge storage, this value varies as V, suggesting the surface-
dominated process. The function relationship is noted as | = aVv®, where the value
of b indicates the categories of charge storage mechanisms. In this
electrochemical reaction, the pairs of distinct redox peaks can be noted in all CV
curves. The fitted value of b = 0.65 for the anodic peak current and b = 0.58 for
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cathodic peak current in Figure 3.8, the peak current | closely varies as V172,
suggesting diffusion-controlled reactions. The CV plots in Figure 3.7b shows that
the anodic peaks shift towards more positive potentials while the cathodic ones
move to negative parts, respectively. With the increase of the scan rate, these
redox peaks become more distinct and only one pair can be reflected from CV
curves at scan rates of 40 and 50 mV/s, suggesting the polarization of the
electrodes at high sweep rates. The conspicuous peaks are on account of
reversible Faradaic redox processes of Ni?*/Ni®* and Co?*/Co®/Co* redox

couples shown as follows:

NiS + OH = NiSOH + e’ (3.12)
CoS + OH 2 COSOH + ¢ (3.13)
COSOH + OH" 2 CoSO + Hz0 + e (3.14)

Overall, Ni and Co-based materials in alkaline aqueous reaction systems for
electrochemical energy storage application were defined as rechargeable
alkaline battery electrodes from this chapter instead of the normally regarded

capacitor-type electrodes in the literature.

Discharge to -0.1 V

P (vs Ag/AgCl)

3. (Disciwa/‘rgectlc; 02V ) )

© | vs Ag/Ag e 0, I T
Discharge to 0.4 V

> — (vs Ag/AgCl)

= - S e
Discharge to -0.1V

2 (vsAg/EgCl) - e

_,q_,) Start charge

C : Tt Wb s et e b

— Ni foam
5 10 15 20

20 (degree)

Figure 3. 9 Ex-situ XRD measurements of CoNi2S4/SNGA electrodes at different
potentials during charge and discharge processes.
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Ex-situ XRD tests of CoNi2S4/SNGA electrodes during different electrochemical
steps were accomplished in Figure 3.9. The change in diffraction peaks implied
the phase change during reversible charge/discharge processes and reflected
that bulk redox reactions occurred, further defining alkaline battery-type energy
storage mechanism, contrary to the previously reported active materials which

were defined as pseudocapacitor electrodes.[6: 19. 26, 28, 29, 42, 44]

By controlling different mass ratios of CoNi2S4 nanostructures and SNGA during
synthesis, i.e. 2:1 CoNi2S4/SNGA (0.14 g of as-synthesized CoNi2Sa
nanoparticles mixed with 70 mg of GO precursors), a higher specific capacity and
rate capacity was realized compared with other ratio electrodes. In comparison
with CoNi2S4 nanoclusters and the same 2:1 ratio of CoNi2S4/GA, 1:1 and 3:1
ratio CoNi2S4/SNGA electrodes proved higher specific capacity. The specific
capacities of 2:1 CoNi2S4/SNGA were 318.3, 281.3, 226.5, 192.1, 161.1 and
141.2 mAh g at current densities of 1, 2, 5, 10, 20 and 30 A g, respectively,
calculated from discharge curves. The rate capability was ~ 44.3 % retention
compared to the original value as current densities increased 30 times. The best
performed CoNi2S4/SNGA is because of an optimized ratio of active materials
and porous structures. All of the other experiments were carried out using 2:1

mass ratio of CoNi2S4 to SNGA accordingly unless stated otherwise.

The electronic conductivities of CoNi2S4/SNGA, CoNi2S4/GA and CoNi2Sa
nanostructures are supposed to further elucidate the noted discrepancy in
electrochemical performances among these electrodes. The Nyquist plots
detected from electrochemical impedance spectra (EIS) were exhibited in Figure
3.7. These plots contained a semicircle in the high-to-medium frequency region,
shown in the inset in Figure 3.7d, and a slope line in the low frequency area. The
semicircle corresponds to the charge transfer process within the interface of
electrode and electrolyte, and the slope line indicates the electrolyte diffusion
process (mainly OH- ions) into the bulk structure of the active materials, i.e.
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Warburg diffusion.** 45! As for CoNi2S4/SNGA electrodes, the gradient was larger
suggesting the Warburg resistance (Zw) is not the determining factor. Therefore,

CoNi2S4/SNGA electrode could deliver more stored charges.

The equivalent circuit model of this battery-type system is shown in Figure 3.10.
The inherent resistances of active materials, bulk resistance of electrolyte and
interface contact resistance between electrolyte and active materials can be
reflected from the equivalent series resistance (Rs). The fitted Rs values were
0.155, 0.192 and 0.185 Q for CoNi2S4/SNGA, CoNi2S4/GA and CoNi2Sa
nanostructures, respectively. The low resistance are of the similar values for
these three electrodes, which can explain the spinel structures of CoNi2S4 deliver
metallic electronic conductivity.[3? GA reduced from GO with a lower reduction
degree could lead to a decline of the electronic conductivity of the electrodes to
some extent. The semi-circle region in the high-frequency was used to determine
the charge-transfer resistance (Rct), which are 0.43, 2.02 and 1.37 Q for
CoNi2S4/SNGA, CoNi2S4/GA and CoNi2Ss nanoclusters, respectively. The
relatively low specific capacity of CoNi2S4 powder fabricated electrodes can be
clarified by the same binder-free electrode fabrication, which result in the leakage
of active materials during electrochemical working conditions. The
CoNi2S4/SNGA one exhibited the smallest resistance among the three electrodes,
its electronic conductivity provides an advantage for realizing the high-

performance rechargeable alkaline battery electrode.

'CPE1

il

Rs CPE2

I *{ AL
Rct Zw

Figure 3. 10 Equivalent circuit of EIS for CoNi2S4/SNGA.
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As reported previously, metal sulfides, especially the surface of these materials,
can be electrochemically transformed to metal hydroxides during repeated
cycling charge/discharge tests.[?8] Actually, the challenge of metal sulfides
materials when used in elelctrochemical energy storage application is poor
durability, due to the decline of electronic conductivity when forming metal
hydroxide materials. The long-term cyclic GCD measuements for as-fabricated
CoNi2S4/SNGA elelctrodes were carried out at the high current density of ~ 10 A
gl It is noted that the specific capacity of the 10000 cycle was ~ 95.8 % of its
initial value. The Coulombic efficiency of the electrodes stayed at ~ 100 % except
for the first few cycles, suggesting an excellent reversible redox process and
cyclability. The same test were conducted for CoNi2S4/GA and CoNi2S4 powdery
electrodes, however, the retention of specific capacity of the 3000" cycle for
CoNi2S4/GA and CoNi2S4 powder samples was ~ 85.1 % and ~ 76.5 % compared

to its original value under the same test conditions.

The TEM images in inset of Figure 3.7e and the mapping images in Figure 3.11
after cycling test confirmed the structural and compositional stability of the
CoNi2S4/SNGA electrodes. The morphology of CoNi2S4 nanorods became rough
because of the long-term electrochemical reaction which may etch the materials.
However, the CoNi2S4 nanostructures were still capped by SNGA frameworks.
Sulfur and nitrogen can also be perceived in the elemental mapping images,
which implies that the hybrid design, especially the SNGA aerogel, improves the
structural stability of CoNi2S4 and slows down the electrochemical oxidation of the

metal sulfides materials.
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Figure 3. 11 TEM-EDS mapping images of the CoNi2S4/SNGA active materials
after 10000 GCD cycles.
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Figure 3. 12 The EIS spectrum of CoNi2S4/SNGA electrodes after 10000 GCD
cycles.

90



The EIS spectrum after cycling stability were presented in Figure 3.12 and
showed the values of Rs and Rct are 0.294 and 1.85 Q, respectively, which
increased slightly in comparison with their initial values, and have relatively
smaller or comparable values compared to other binder-free transition metal

sulfide electrodes in the initial states from the literature.[19: 44. 46l

To assess CoNi2S4/SNGA electrodes for practical applications, a quasi-solid-state
hybrid device was fabricated by utilizing nickel foam supported CoNi2S4/SNGA
materials as the cathode; the SNGA in nickel foam as the anode; a mixture of 2
M KOH-PVA solution as the electrolyte and glassy fiber paper as the separator.
Solid-state hybrid battery has similar components as previously reported
asymmetric supercapacitors. The electrochemical reactions at the anode was the
same as in three electrodes by reactions 3.12-3.14. The negative electrode is
attributed to electrical double layer capacitor (EDLC) and somewhat
pseudocapacitor contribution, which has the mechanisms of electrostatic
adsorption for energy storage at the interface of the carbon and redox reactions
between ions and defect-rich structure of doped graphene aerogel. Possible
reactions are: [47- 48]

-C=0(S) + OH =2 -CO(S)OH + e (3.15)

-CH=NH + OH 2 -CH-NHOH + e (3.16)

The device is defined as the hybrid battery due to its hybrid mechanisms of
rechargeable alkaline battery and supercapacitor electrodes. Figure 3.13a shows
the CV curves of a solid-state hybrid battery (SNGA//CoNi2S4/SNGA) in a
potential range of 0~1.6 V, at scan rates from 10~200 mV s™'. CV curves showed
mixed charge storage of both a surface- and a diffusion-controlled processes.
The volumetric capacity of the hybrid battery was calculated according to GCD
tests in Figure 3.13b. The fabricated SNGA//CoNi2S4/SNGA device possessed a
volumetric capacity of 2.37, 1.99, 1.49, 1.24, 1.14, 0.92 and 0.76 mAh cm3 at 1,
2,5, 8,10 and 20 mA cm, respectively. The voltage plateaus were not prominent,
which indicated a hybrid feature similar to a pseudocapacitor. Energy and power
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density based on volumes are two pivotal parameters for evaluating performance
of devices. Figure 3.13c depicts the Ragone plot of the as-fabricated hybrid
battery based on its whole volume. The energy density and power density of the
hybrid battery were estimated by the well-defined equations in experimental
sections (equation 4-10). Accordingly, the device delivered a superb volumetric
maximum output power density of 17.5 W cm- and retained the high energy
density of 1.95 mWh cm at 1 mA. The value remained no obvious decrease with
an increase of the applied current. The performance herein is comparable or
better than most of the previously reported symmetric or asymmetric devices
(SDs or ADs)* based on the whole volume of devices, such as
ZnO@C@MnO2PY,  TiO@CPY,  WOs3.#/MoOs«//PANI/carbon  fabricl®?, H-
TiO2@MnO2//H-TiO2@C!®3],  laser-scribed  graphenel®,  MnO2//Fe203!%9),
C09Ss//C0304@Ru02¢ and ZnO@MnO2//RGOP’]. The cycling stability from the
GCD test, at a high current of 20 mA, for the hybrid battery is shown in Figure
3.13d. It proved high cyclability and an overall capacity decrease of around ~
0.002 % per cycle over 8000 cycles. The Coulumbic efficiency of the hybrid
battery stayed at ~ 100 %. Moreover, introducing new gel electrolyte into the
quasi-solid-state hybrid battery, dramatically increased the capacity after several
hundred cycles, which manifested a reduction of specific capacity as further water
evaporation in the electrolyte thus inducing an increase of internal resistance in

the device.
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Figure 3. 13 (a) CV tests for the hybrid battery at a series of scan rates; (b) GCD
curves at different currents; (c) Ragone plot of the hybrid battery in this work and
compared with some state of the art devices in literature; (d) Cycling performance
of the devices at a current of 20 mA.

Ni-Co-S ternary metal sulfides could be utilized in electrocatalysis for oxygen as
these materials deliver noble-metal like catalytic behaviours, while their
performance declined when used in an agueous electrolyte such as O2-saturated
KOH. Therefore, the use of Ni-Co-S/SNGA materials as ORR catalysts was
further explored. Figure 3.14a shows the CV plots of Ni-Co-S/SNGA materials in
O2-saturated 0.1 M KOH. The peak potential of Co-S/SNGA eletrodes (0.750 V
vs. RHE) is more positive than other Ni-Co-S/SNGA nanostructures, with similar
values of 0.746 V vs. RHE for NiC02S4/SNGA. The ORR performances of the four
catalysts were further compared by rotating-disk electrode (RDE) tests as shown
in Figure 3.14b. The Co-S/SNGA materials showed an onset potential of 1.0 V
vs. RHE and limiting current density of 4.6 mA cm2, which represents the best

performing catalyst compared with other Ni-Co-S/SNGA nanostructures. As
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reported, the ORR performance of the catalysts declines with an increased
amount of Ni®* species in Ni-Co-S.%8 From the results of LSV curves, with an
increase of Ni ions in the hybrids, the ORR performance declined accordingly.
The electron transfer number of Co-S/SNGA falled into the range of 3.8~3.95
within the potential range of 0.2~0.8 vs. RHE, suggesting the four-electron
pathway catalytic process. Stability is another important parameter to evaluate
the performance of ORR catalysts. Compared with the counterparts, the Co-
S/SNGA catalysts delivered better stability, and maintained ~ 88.6 % of its initial
value after 12000 s of CA tests at a rotation rate of 1600 rpm in O2-saturated 0.1

M KOH electrolyte, higher than that of Co-S nanoparticles and Co-S/GA.
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Figure 3. 14 (a) CV plots of four types of Ni-Co-S/SNGA materials; (b) Rotating-
disk electrode (RDE) measurement of Ni-Co-S/SNGA and commercial Pt/C
materials; (c) Rotating ring-disk electrode (RRDE) test of Co-S/SNGA. Current
densities showed by green curve on the disk (idgisk) and red curve on the ring (iring)
electrodes respectively, and the electron transfer number in black curve; (d)
Current-time chronoamperometric (CA) responses of Co-S/SNGA, Co-S/GA and
Co-S nanostructures at a rotation rate of 1600 rpm.
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Figure 3. 15 Current-time chronoamperometric responses of NiCo2S4/SNGA at
a rotation rate of 800 rpm for 12000 s in Oz-saturated 0.1 M KOH.

The practicability of these structures can also be proved by NiCo02S4/SNGA
nanostructures, with the ~ 91.5 % retention (Figure 3.15) after 12000 s in the CA

responses.

3.4 Conclusion

In this chapter, a strategy was developed by using SNGA aerogels to endose Ni-
Co-S materials with the target of improving the electrochemical performances of
energy storage and conversion, especially the stability of Ni-Co-S ternary metal
sulfides for rechargeable alkaline battery electrodes and ORR catalysts. Among
four types of Ni-Co-S/SNGA, CoNi2S4/SNGA nanostructures presented the best

performance as electrode materials, and exhibited a high gravimetric discharge
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capacity of 318.3 mAh g at a current density of 1 A g**. The material showed a
high rate performance of 44.3 % retention of its initial value after a 30 times
increase of the current density. A capacity retention of ~ 95.8 % was noted after
a long GCD cycle of 10000 times from a three-electrode test configuration. The
hybrid battery based on CoNi2S4/SNGA as the cathode and SNGA as the anode
showed a superb volumetric power density of 17.5 W cm= while it maintained the
relatively high volumetric enegy density of 1.95 mWh cm3 at a current of 1 mA.
The hybrid battery showed excellent cycling performance and a capacity
decrease of only ~ 0.002 % per cycle over 8000 cycles. When these materials
were used as electrocatalysts in ORR, an increase of Ni ion in the hybrid
structures could decrease the electrocatalytic performance. Moreover, SNGA
structures capped with metal sulfides exhibited enhanced stability for ORR.
Importantly, the commonly regarded supercapacitor electrodes based on Ni or
Co-based materials as electrode was confirmed as rechargeable alkaline
batteries from a kinetic view in this chapter. The detailed caculation formulas for
evaluating hybrid devices were proposed. These contribution could serve as a
standardization for performance comparisons in future work for hybrid battery

systems.

Compared to the ternary transition metal materials for electrodes in Chapter 1.
Both metal ions in Ni-Co-S materials participate in electrochemical energy
storage applications. The energy storage mechanism is clarified in this work,
which demonstrated that nickel and cobalt-based materials are not suitable for
pseudocapacitors electrodes. In addition, flexible devices are attracting research
attention. In the following content, the work related to bendable electrodes are

designed and synthesized.
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Chapter 4

Tungsten Nitrides Used as Self-standing

Electrodes for High-performance Supercapacitors

(Copyright © 2017 The Authors. Published by Elsevier B.V. Results from published work)
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4.1 Introduction

In previous chapters, the definition of supercapacitors and batteries, especially
Li-ion battery was described. Commonly regarded pseudocapacitor materials, i.e.
Ni and Co nanostructures in aqueous electrolyte, were identified as battery-type
charge storage mechanism. As a promising type of energy storage configurations,
supercapacitors, especially pseudocapacitors, could deliver higher power
densities than the metal-ion batteries.[" In this chapter, the design and synthesis
of high-performance active materials for pseudocapacitor are presented. The
practical applications of normally reported pseudocapacitor materials, such as
amorphous Ru02,123 MnO2*! and WOs, etc., require further enhancement
around specific capacitance and energy density. As an emerging class of
electrode materials, metal nitrides exhibit superb electrical conductivity (4000-
55500 S cm™) and improved charge storage and transfer properties. Prof. Hong
Jin Fan’s group reported the fabrication of devices by TiN cathodes and FezN
anodes, which realized high-rate and stable asymmetric supercapacitorsf®. From
their statement, structural modifications, such as carbon coating, was declared
effective to further improve the stability of metal nitrides during electrochemical
reactions. Among all the reported transiton metal and their derivatives in
electrochemical energy storage applications, tungsten-based active materials
possess numerous intrinsic advantages, such as relatively low toxicity and cost,
high specific capacitance and excellent cyclability>”8l. Intensive studies have
been reported to utilize tungsten oxide as electrodes in pseudocapacitors, for
some examples: MoOsx/WOsx core-shell nanostructures on carbon cloth®;
titanium foam supported WOs nanoflowers® and WOs/graphene aerogel
composites!'®, These materials deliver enhanced electrochemical energy storage
performances compared to pure WO3 couterparts by the design and fabrication
of nanostructure and composites. However, tungsten-based materials for
electrodes still need further modification, either in synthetic technique, electrode

fabrication or performance amelioration to meet practical requirements. It is worth
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noting that little work has been reported using tungsten nitrides for
electrochemical charge storage applications!*l and no previous work has
uncovered the origin of their excellent pseudocapacitive performance. Moreover,
no comprehensive research has been conducted so far related to device

fabrication based on tungsten nitride active materials.

As an alternative approach of commonly reported electrode making procedure,
the strategies for design of self-standing electrodes include integration of active
materials and conductive current collectors, such as elastic carbon films*? and
metal substrates supported electrodes(®*3l, which eliminated the sophisticated
electrodes fabrication process for powdery active mateirals. Chemical vapor
deposition (CVD) has proved an effective process for surface engineering and
delivers distinct advantages compared to other synthetic methods for self-
standing electrodes, such as the hydrothermal synthesis and electrochemical
deposition. In general, CVD is an industrially relevant technique for production of
films with uniform coatings!#, which can produce more robust adhesion strength
between the coated layers and the substrates. Recently, the synthesis and
growth mechanism of WOz nanorod arrays on glass by aerosol-assisted chemical
vapour deposition (AACVD) was studied from our group!*4. This approach
achieves uniform film at relatively low deposition temperature compared with
other types of CVDE and is potentially considerable for large-scale

industrialization due to its merits of energy conservation.

In this chapter, W2N@C core-shell structures on carbon cloth were prepared by
a facile one-step AACVD (formation of WOsx and carbon coating) followed by
ammoniation. The nanorod arrays on current collectors contribute to the enlarged
specific surface area and have potential application as frameworks for supporting
other active species for electrochemical energy storage with low electrical
conductivity. Supercapacitors were fabricated by utilizing solid-state electrolyte
for bendable devices and ionic liquid electrolyte for high working potential
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applications. The improved electrochemical energy storage performances of W2N
materials in aqueous acid electrolyte in comparison with oxide counterparts
(WOsx) were uncovered by electrochemical testing, density functional theory

(DFT) calculations and in-situ electrical property measurements.

4.2 Experimental section

4.2.1 Synthetic process

The illustration of the AACVD is shown in Figure 4.1. Tungsten precursors
[W(CO)s] (99%, Aldrich) were dissolved in a mixed solution of acetone (99%,
Emplura) and methanol (99.5%, Emplura) with a volumetric ratio of 2:1 to produce
a solution with a concentration of 1.37 x 102 M. The aerosol was generated by
an ultrasonic humidifier (Liquifog, Johnson Matthey operating at 2 MHz) from a
precursor solution (volume was used from 5 to 25 mL to control the loading
density of WO3x@C coatings) and transported to the reactor by nitrogen (99.99%,
BOC) with a flow rate of 300 standard cubic centimeter per minutes (sccm)
controlled by a mass flow controller (MFC, Brooks). After deposition of all the
percursor solution at a temperature of 375 °C on the substrate, the heater and
humidifier were switched off and naturally cooled down to room temperature. The
inlet to the cold wall reactor of the AACVD system is equipped with a water jacket
(filled with floating ice) and turned on during the whole deposition process, which
can avoid overheating of the precursor and decompositing prior to entering the
reactor chamber. The exhaust was directly vented into the extraction system of
the fume cupboard. Finally, the as-synthesized electrodes were transferred into
a tube furnace for annealing under a 500 sccm ammonia gas (BOC, U.K.) flow
with a temperature rate of 5 °C/min up to 600 °C. The system was maintained at
600 °C for 3 hours and then cooled to room temperature. To remove the carbon

shell from the WO3s.x nanorod, the as-synthesized electrodes were annealed in
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air at 600 °C for 2h. W2N/carbon cloth was annealed in NH3 gas with the same

procedure by using the carbon cloth supported WO3s-x hanorods.

Inlet of Water Precursor Outlet of
reactor jacket aerosols Substrate reactor

Precursor :
solution

Figure 4. 1 Schematic diagram showing the Aerosol-assisted Chemical Vapour
Deposition (AACVD) equipment.
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4.2.2 Materials characterization

The morphology of the electrodes were characterized by scanning electron
microscopy (SEM, JSM-6700F equipped with an energy-dispersive X-ray
spectrometer) and TEM (JEOL, JEM-2100). The phase and chemical
compositions were determined by a STOE SEIFERT diffractometer (Mo source
radiation) and X-ray photoelectron spectroscopy (XPS; Thermo scientific K-alpha
photoelectron spectrometer). The mass of the active materials was weighed by
an analytical balance (Ohaus; & = 0.01 mg). The in-situ electrical properties were
measured by a transmission electron microscope-scanning tunneling microscope

(TEM-STM) holder (Nanofactory Instruments AB, Goteborg, Sweden) within a
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200 kV high resolution TEM (JEM-2100F) with beam-blank irradiation at low

illumination.

Piezoelectric tube

A
TN Pt cantilever Au cantilever l DC

-V
Figure 4. 2 The experimental setup of in-situ electrical properties test of the W2N
(WOs3x) nanorod within the TEM-STM holder.

This experiment was carried out at Donghua University in collaboration with Prof.
Rujia Zou. The procedure and results are included in this chapter. Firstly, a gold
tip attached with the single nanorod was fitted to an electrical holder, and a
platinum probe was set at the piezo-driven movable part of the holder. A tweezer
was used to adapt position between the tip and probe manually under the
observation of an optical microscope to minimize the possible gap. After that, the
position of the Pt probe was modified by a piezodriven manipulator with
nanoscale precision, and an ideal alignment resulted in the Pt probe approaching
and adhering onto the nanorod on the Au tip side, forming the nanorod bridge
between the Au tip and the Pt probe. Then, a current was applied to weld the
contact domains of the nanorod on Au tip and Pt probe to induce a robust contact
with low contact resistance between the nanorod, the tip and the probe. At last,
the in-situ electrical property of the nanorod was appraised based on the classical

electricity model by Nanofactory Instruments AB.
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4.2.3 Electrochemical evaluation

The electrochemical performance of a single electrode test were conducted by
potentiostats Gamry Interface 1000 or Autolab PGSTAT302N in a three-electrode
configuration with 2 M H2SO4 as the electrolyte. A platinum foam (~ 2 cm?) and
an Ag/AgCl electrode were used as the counter and reference electrodes,
respectively. The free-standing electrodes were tested directly with an area of ~
1 cm?in the electrolyte. The thickness of the electrode is ~ 0.30 mm as measured
by Vernier caliper (Resolution: 0.02 mm). The electrochemical impedance
spectroscopy (EIS) measurements were carried out at open circuit voltage with a
sinusoidal signal in a frequency range of 100 kHz to 0.01 Hz at an amplitude of
10 mV. Specific capacitances were calculated from CV plots by calculating the
slope of the integrated discharge Q versus voltage range, as shown in the

following equations:

AQ
Carea = SAV (4-1)

AQ
Cinass = AV (4-2)

where C,,.s IS the gravimetric specific capacitance (F g1), Cgreq is the specific
areal capacitance (mF cm); i—g is the slope of the integrated discharge Q

versus voltage range; m is the mass of the active materials and S is the area of
the tested electrodes. The specific capacitance of WoN@C/carbon cloth with
different volumes of precursor in the AACVD process were recorded and

calculated by at least three independent electrodes.

Asymmetric solid-state supercapacitors were fabricated by a piece of carbon
cloth supported W2N@C CSA as the negative electrode and flexible carbon paper
loaded commercial nitrogen doped graphene (Nanjing XFNANO Materials TECH
Co., Ltd) as the positive electrode, a piece of glassy fibre paper (Fisher Scientific,

U.K.) as the separator and H2SO4-polyvinyl alcohol (PVA) as the electrolyte (5 g
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of PVA were dissolved in 50 ml of distilled water at a temperature of 85 °C and
cooled down to room temperature with mixing 5 g of H2SOa4 for further use). The

devices were sealed in two pieces of PET films.

Symmetric two-electrode devices in coin-type cells (CR 2032) were fabricated in
the glove box by using 2 M ethyl-methyl-immidazolium tetra-fluoro-borate (EMI,
BF4) in acetonitrile as the electrolyte, two pieces of W2N@C CSA/carbon cloth as

working electrodes directly and Celgard 3501 as the separator.

Areal energy density (Ereq, MWh cm?) and power density (Pyeq, MW cm?) were

calculated based on the following equation:
2
Egrea = CareTaUW (4.3)

Earea
Prrea = ~ (4-4)

Uw
v

t = (4.5)

Where U, is the voltage window and v is the scan rate.

4.2.4 DFT calculations

Computational simulation was done by our collaborator, Dr. Xiaoyu Han in Prof.
Zheng Xiao Guo’s group from UCL Chemistry Department. The related part was
rewritten according to the results. DFT calculations were performed based on a
projector-augment wave (PAW) pseudopotential, implanted in the Vienna Ab initio
Simulation Package (VASP). From Table 1, PBE functional produced larger
lattice parameters than LDA functionals for c-WN and 3-W2N structure, contrast
to t-W2N structure. Compared with experimental data, the PBE functional is more
suitable for the description of the W-rich W2N, while LDA functional is more
suitable for WN. For the absorption and desorption of H" on the surface of 3-W2N
structure, newly developed van der Waals correction, optB88-vdW functional,
were accomplished!®, which shows improvement on the description of the

electronic dispersion, especially for H*.[*] Kohn-Sham orbitals are expanded in a
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plane wave basis set with a cut-off energy of 560 eV, which is 40% higher than
the default cutoff of N by performing accurate convergence tests. The systems
were relaxed until all forces were less than 0.01 eV/A. The k-points was set to

15 x 15 x 15 for sampling.

4.3 Results and discussion

The synthetic procedure for substrates supported W2N@C core-shell nanoarrays
(CSA) contains two processes in Figure 4.3. At first, WO3.x@C CSA were
deposited on the substrates directly by using a mixed solution of [W(CO)s],
acetone and methanol as sources for both tungsten and carbon. The mixture of
acetone and methanol solution with low boiling point could accelerate the
formation of aerosols by a humidifier. It confirmed that this approach is potentially
more efficient for commercialization. The uniform films on hard, soft and porous
substrates and similar structure of WO3x@C CSA nanorods on copper foils,
nickel foams and carbon clothes detected by SEM in Figure 4.4 suggested that
AACVD is a useful technique for the fabrication of thin films on a variety of

substrates.

Step | Step I

A X o e

/fu:}\-—:"’ )

Inlet of NH3 gas

e NE—— \,6 5 |
Inlet of aerosol \ : : -
\Q J

Film synthesis in the Annealing process in the tube

AACVD reactor furnace ventilating with NH3

Figure 4. 3 Schematic illustration representing the synthesis of self-standing
electrodes.
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Then, the as-synthesized WO3x@C CS/carbon cloth was annealed for 3 hours in
a tube furnace under the flow of ammonia gas at 600 °C. The ramp rate of
temperature was controlled at 5 °C/min for mild ion-exchange without destroying
the morphology of nanorod arrays and core-shell structures. The colour of the

thin films changed from blue to black after the annealing process.
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Figure 4. 4 SEM images of WO3x@C CSA on (a, b) copper foils; (c, d) nickel
foams and (e, f) carbon clothes in low- and high-magnification, respectively.
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The morphology and microstructures of the W2N@C/carbon cloth materials was
illustrated by scanning electron microscopy (SEM) in Figure 4.5a and b. The W2N
formed as needle-structured nanorod arrays with similar morphology as oxide
counterparts. The orderly coated films can be demonstrated from low-
magnification SEM images. The detailed nanostructure of W2N@C arrays are
uncovered by high-magnification SEM images in Figure 4.3b. The width of a
typical nanorod is 20~30 nm, while the length is more than 1 pm. Figure 4.5c
shows transmission electron microscopy (TEM) image of the edge of a WoaN@C
nanorod. The thin-layered carbon shell covered the W2N nanorod uniformly. The
simultaneous synthesis of WOs-x and formation of carbon shell during one-step
process can be utilized to preserve metal nitrides and further enhance the
electrical conductivity of the structures. These morphologies displayed by TEM
are almost the same as WO3x@C nanorods (Figure 4.6a and b), illustrating the
annealing in ammonia gas had no disruption for structures of the nanorod and
the carbon shell. The high-resolution TEM (HRTEM) image in Figure 4.5d
revealed nanostructures and phases of the as-synthesized electrodes, which
clearly presented the ~ 3 nm thickness of carbon layer. The identified lattice
space of ~ 0.205 nm correspond to the (200) crystal plane of cubic structured
W:2N. Moreover, the blue dashed circle can be indexed to amorphous carbon
lattices. In order to further elucidate the structural composition of the
W2N@C/carbon cloth, energy dispersive X-ray spectroscopy (EDS)
characterization was performed to obtain elemental distribution. EDS spectra
disclosed the target element peaks of C, W, N in the electrodes with no other
extra peaks detected. Figure 4.5g-i showed the SEM mapping images of the
W2N@C/carbon cloth. The dense blue signals revealed the high tungsten content.
Nitrogen elements, signals from red spots, overlapped with tungsten uniformly,
suggesting nitrogen was homogeneously distributed in the crystals. Additionally,
the carbon was shown in a low intensity, in accordance with thin shell-layers

detected from TEM images.
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Figure 4. 5 (a), (b) SEM images of W2N@C/carbon cloth in low and high
magnification, respectively; (c) TEM image of the W2aN@C nanorod; (d) HRTEM
image of the edge stucture of a representative W2N@C nanorod; (e) EDS
spectrum of the carbon cloth supported W2N@C detected from SEM image; (f-i)
Mapping images of W2N@C/carbon cloth; (f): its corresponding SEM images; (9):
tungsten; (h): nitrogen and (j): carbon elements, respectively.
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Figure 4. 6 (a, b) TEM image and HRTEM image of the WO3x@C nanorod,
respectively. (c) XRD pattern of WOz x@C/carbon cloth and its corresponding
standard patterns (JCPDS No. 36-0101 and 41-0745) (d) XPS spectrum of the W
4f,

X-ray Diffraction (XRD) investigated phase evolutions of the materials after the
annealing step in ammonia. The phases of the synthesized WOsx (Figure 4.6c)
corresponded to the mixed phases of W1sOa9 (JC-PDS No. 36-0101) and Ws014
(JC-PDS No. 41-0745) and the blue colour of films instead of the white one
illustated the oxygen vacancy features within the stoichiometric tungsten oxide.
After the ammoniation, it is noting that phase-pure W2N was synthesized
successfully and the diffraction peaks of ~17.1°, ~ 19.8°, ~ 28.1°, ~ 33.1° and ~
34.6° corresponded to the cubic W2N lattice planes of (111), (200), (220), (311)
and (222) (JC-PDS No. 25-1257) with no evidence of residual oxides in Figure
4.7a. The peak in the diffraction pattern at ~ 12° from the carbon ultrathin shell
and carbon cloth can be observed from both XRD patterns before and after

ammoniation. X-ray photoelectron spectroscopy (XPS) analysis showed that the
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C-N bonds from C 1s in Figure 4.7b and N 1s in Figure 4.7d spectra,
demonstrating the sp® and sp? hybridized N species doped into the carbon.8! In
comparison with WO3.x@C/carbon cloth in Figure 4.6d, the W 4f spectrum of W2N
(Figure 4.7¢) exhibited diverse chemical compositions. The spin orbital peaks of
W 4fz2 and W 4fs2 for W at ~ 33.2 and ~ 35.2 eV are associated with W species
in b.c.c W2N structure. Residual W-O bond similar to that of WOsx can be
detected from W 4f spectrum of W2N, which is a ordinary phenomenon for metal
nitrides and formed by oxygen contamination on the surface.[*®l Moreover, the

peak at ~ 396 eV from N 1s in Figure 4.7d suggest the W-N from metal nitrides.
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Figure 4. 7 (a) X-ray Diffraction (XRD) pattern of carbon cloth supported W2N@C.
The red triangle showing the peaks from the carbon substrate, inset in (a): the
crystal structure of cubic W2N, large ball: tungsten atoms, small ball: nitrogen
atoms; X-ray photoelectron spectroscopy (XPS) spectra of (b) C 1s; (c) W 4f; and
(d) N 1s.
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To assess the electrochemical capacitive performance of self-standing
W2N@C/carbon cloth, the as-fabricated electrodes were evaluated in a three-
electrode configuration directly using 2 M H2SO4 solution as the electrolyte. To
optimize the energy storage properties of the materials, different volumes of the
precursor solutions were firstly prepared to control the loading amount of W2N@C
on carbon cloth substrates. Figure 4.8a shows the rate performance of the
W2N@C/carbon cloth obtained from different volumes of precursor solution,
calculated from the cyclic voltammetry (CV) curves of at least three individual
electrodes. At the low scan rate of 5 mV s, the areal capacitance improves with
the increased loading amount of the active species. The highest areal
capacitance of 752.3 mF cm could be realized at 25 mL of precursor solution.
However, the high loading amount of the W2N@C on carbon cloth prohibited the
utilized surface areas and porous structures for mass transfer thus reducing the
electrochemical capacitive storage especially at high scan rates. Compared with
other amounts of the precursor solution, the one with 20 mL delivered the best
rate properties. It realized average areal capacitances of 693.0, 598.9, 519.7,
469.8, 436.2 and 410.0 mF cm at scan rates of 5, 10, 20, 30, 40 and 50 mV s,
respectively, showing the highest specific capacitance at almost all scan rates.
Therefore, 20 mL of precursor solutions was utilized as the optimized volume for
synthesis. Compared with the capacitive performance before (WO3x@C) and
after (W2N@C) annealing process by galvanostatic charge-discharge (GCD)
tests in Figure 4.8b, W2N@C/carbon cloth electrodes showed nearly linear GCD
curves for surface-controlled energy storage and longer discharge time, which
demonstrate it possessed higher specific capacitance, in line with the larger
enclosed area of the W2N@C from CV curves in Figure 4.8c. In addition, the CV
curves varied from the “dolphin-like” shape to a rectangular one after the
ammoniation treatment. The notable pairs of the redox peaks can be identified
for W2N@C/carbon cloth electrodes at 0.05 and 0.45 V during oxidation process
and 0 and 0.39 V for reduction, respectively. Nevertheless, nearly undetected CV
peaks are observed for WO3x@C electrodes, which is a normal character for
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various types of tungsten oxide analogues. This is as a result of the tortuous ion-
diffusion within the lattice/surface of oxide counterparts.??! Furthermore, the
potential discrepancy of anodic and cathodic peaks can illustrate the reversibility
of electrochemical redox reactions. The value of potential discrepancy for
W2N@C/carbon cloth electrodes is ~ 0.05 V, less than that of reported tungsten
oxide electrodes [> 810. 201 demonstrating its reversibility of redox reactions.
Therefore, the capacitive behaviours of W2N materials could be contributed from

both electrical double-layer capacitance and pseudocapacitance. The possible

Faradaic reactions can be described as: W,N + aH* + ae” & H,W,N. The
inherent resistance and the ion-mobility of these two electrodes were further
evaluated by EIS spectra. The equivalent series resistance (Rs), composing of
inherent resistances of active materials, bulk resistance of the electrolyte and
contact resistance of the interface between electrolyte and electrodes, are 0.542
and 0.588 Q for the W2N@C/carbon cloth and WOs.x@C/carbon cloth electrodes,
respectively. The charge transfer resistance (Rct), revealing the ability of
electrodes for diffusion of electrons, are 0.12 and 0.133 Q for W2N@C/carbon
cloth and WOs-x@C/carbon cloth electrodes, respectively. The relatively small
resistance value and the negligible discrepancy between two electrodes validated
the fact that coated carbon layers improve the electrical conductivity of the whole
structure. To further clarify the enhanced electrochemical energy storage
properties of the tungsten nitrides as electrode materials for supercapacitor
applications in comparison with the oxide counterparts, in-situ electrical
properties from transmission electron microscopy-scanning tunneling microscopy
(TEM-STM) measurements of the individual W2N and WOsx nanorod were
investigated and compared. The experiment was conducted within a 200 kV high-
resolution TEM with beam-blank irradiation at low illumination and similar to our

previous work.[24
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The Schottky contact between nanorods and probes were observed from the |-V
curve when a bias was applied in Figure 4.8e. The current changes from -96 to
84 uA with the voltage range of -5.0 to 5.0 V. The resistance can be predicted as
5.56 x 10*Q for a single W2N nanorod; as a contrast, the current varies from -1.6
to 1.4 pA at the same potential range of an individual WOs.x nanorod, which
shows a resistance of 3.33 x 10° Q. The result confirmed that the electrical
conductivity of the W2N nanorod was ~ 2 magnitudes higher than that of WO3«
nanorods and 5-7 magnitudes better than other reported transition metal
oxides.l?22% To prove the effect of the carbon coating on the metal nitride
electrodes, a long-term cycling CV tests at a scan rate of 50 mV s* was compared
between carbon cloth supported W2N@C and W2N, respectively. As shown in
Figure 4f, a capacitance retention was ~ 91 % for W2N@C CSA/carbon cloth
electrodes after 20,000 cycles, better than that of ~ 81.3 % for W2N/carbon cloth
in 5,000 cycles. The inset in Figure 4.8f shows the TEM images of the W2N@C
nanorod after stability test. The rougher surface of nanorods was observed after
the long-term redox reactions but still covered by the carbon coating layers,
keeping the integrated nanostructures of the electrodes. Thus, an increased
capacitance after several cycles may be due to the further activation of the etched
surface process. The results illustrates the improved cycling and structural
stability as a result of surface carbon layers. The as-synthesized W2N@C
CSA/carbon cloth is among the best tungsten materials and other transition metal
nitrides for electrodes in supercapacitors and delivers one of the highest areal

capacitances ever reported, as shown in Table 4.1.
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Figure 4. 8 (a) Rate performances of carbon cloth supported W2N@C electrodes
obtained from different amount of precursor solutions; (b) Galvanostatic charge-
discharge (GCD) at an areal current density of 3 mA/cm?; (c) cyclic voltammetry
(CV) at the scan rate of 5 mV/s and (d) electrochemical impedance spectra (EIS)
curves of carbon cloth supported W2N@C and WO3x@C respectively, inset in (d)
showing the high frequency range of the spectra; (e) I-V curves detected by in-
situ TEM for a single W2N and WOsx nanorod, respectively; (f) Stability test of
W2N@C/carbon cloth and W2N/carbon cloth performed from cyclic CV tests, the
inset showing the TEM images of W2N@C after cycling tests.

Table 4. 1 Summary of representative electrochemical performances of
tungstate-based materials and other metal nitride electrodes.

Electrodes Specific Mass Rate Stability Reference
capacitance | Loading | performance
W_oN@C/carbon | 693 mFcm | ~3.5 78 % retention 91 % This work
cloth 2 mg/cm? | 10 times scan retention
CVats5mv rate increase* 20000 CV
st cycles
Ag nanowire/WQO3 13.6 mF ~0.1 - 72.6 % [24]
cm? mg/cm? retention
CVat1l0 | forWOs3 5000 CV
mV st cycles
WO3/Ti foam 652mFcm | ~4.0 70 % retention 85 % [9]
2 mg/cm? | 10 times scan retention
CVvatl10 rate increase 5000 CV
mV st cycles
h-WO3/SWCNTs | 490.2 mF ~2.0 42.3 % 87 % [25]
cm-2 mg/cm? retention retention
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CVat2mv 25 times scan 5000 CV
st rate increase cycles
WO3.5/M0O3. ~ 500 mF ~3.0 ~35% _ [8]
x/carbon fabric cm? mg/cm? retention
CDat2mA 15 times
cm? current density
increase
WOs3 quantum ~ 136 mF - ~ 60 % - [18]
dots cm? retention
CD at0.2 40 times
mA current density
increase
WOs.x/porous ~125Fcm | 77 % retention ~100 % [26]
carbon 3 10 times scan 1000 CD
Cvat2mV rate increase cycles
S—l
TIN@GNS/carbon | ~180 F g* <1 80 % rerention - [27]
fiber mV st mg/cm? | 10 times scan
rate increase
2D Metallic MoN | ~278.4mF | ~6.6-9 | 21 % retention ~95 % [28]
cm?at2 | mg/cm? | 10000 times retention
mV st scan rate after 25000
increase cycles
molybdenum ~275F g? 30 % retention ~95% [29]
nitride at2mvst 50 times scan retention
rate increase after 1000
cycles
VN ~28 mF 0.1 42 % retention _ [30]
cm2 mg/cm? | 100 times scan
at2 mv st rate increase
TiVN films 15 mF 10 % retention ~99 % [31]
cm-?at 2 10 times scan retention
mV s?t rate increase | after 10000
cycles
NixC02¢(OH)ex/TiN | 2543 F gt ___ | ~26retention ~94 % [32, 33]
Nanotube at 5mvV s? 100 times scan retention
rate increase after 5000
cycles
MnO2/TiN NTA 681 F g!at 0.7 55 % retention ~97 % [33, 34]
2Ag? mg/cm? 1000 times retention
scan rate after 1000
increase cycles

*Best rate performance sample was shown here.
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To further elucidate the capacitive behaviours of the cubic W2N and oxide
counterparts, the computational simulation of the H" redox reaction on (200)
surface of W2N and (010) surface of W1sOa49 were conducted by density functional
theory, implanted in the Vienna ab-initio Package (VASP).[3% The comparison of
different functionals and computational settings, including projector augmented

wave (PAW) 3¢l and PBE functional [¥7- 38 were described in detail in the

experimental sections.

Figure 4. 9 The possible cubic structures of W2N: 3-W2N (a) and t-W2N (b); (c)
The top view of (200) surface for cubic W2N. The W atoms directly above the N
atom are noted as W1, the ones without N atom are W2; The top and vacancy
sites are shortened as T and V, respectively; The grey and light purple balls stand
for W and N atoms, respectively; (d) The top view of relaxed (010) surface of
W180O49. The grey and red balls are W and O atoms, respectively.
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In the case of WNx system, when x<1, two main phases could be formed:
tungsten mononitride WN including hexagonal h-WN at low and cubic c-WN at
high temperature, and tungsten sub-nitride W2N.[% Previous study on deposition
of tungsten nitride thin films indicated that WN or other WNx (x>1) phases would
require bias assistance or other non-equilibrium film growth processes.*% The
high formation energy of WN suggested it delivers the metastable phase, which
is in line with the experimental observation. The former phases were investigated
and reported widely; [*-%5] however, few theoretical works are related to the cubic
W:N. 146481 As for W2N derived from the c-WN Fm3m crystals, two feasible
structures, i.e. 3-W2N and t-W2N, could be proposed and shown in Figure 4.9a
and b. On the basis of the c-WN structure, both share the same positions for W
atoms, while 50 % vacancy of N atoms occupy at different sites. The formation
energies of the two structures were compared and calculated by the equation

below:

Ef = Ey,y —nEy —5nEy,  (4.6)

where Ey,y represents the chemical energy of -/t-W2zN; n represents the
numbers of W in the system, E,, and Ey, are the chemical energy of W in bulk
tungsten and N in Nz, respectively. As shown in Table 4.2, both 3- and /t-W2N
exhibit relatively low formation energy compared with c-WN, which illustrated that
both structures are stable in WNx system. While the 3-W2N is more energetically
favourable than t-W2N. Thus, R-W2N structure is used for the following

calculations.

Table 4. 2 Comparison of the formation energies, lattice parameters in different
functionals and the experimental data.

PBE LDA Experiments
) Lattice _ Lattice lattice
Formation Formation
parameters parameters parameters
energy (eV) energy (eV)
a c a c a
WN 1.18 4.367 N/A 1.12 4.358 N/A 4,139
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3-W32N
t-W>2N

-1.54
-1.13

4.085
4.089

8.170
N/A

-1.59
-1.19

4.076
4.209

8.153
N/A

4.126

The 2x1x1 and 1x2x1 supercells were chosen for the study of H"
adsorption/desorption in W2N (200) and W1sOa49 (010) slabs (Figure 4.8c and d).
To prevent periodic interactions, a 10 A vacuum slab was added to the systems.
The atoms in bottom two layers were kept fixed during the calculations, while
other atoms including the reactant H are fully relaxed. The k-point samplings were
reduced to 15x15x1 and Gamma point only for W2N and W1sOag, respectively.

The adsorption energy was defined according to:

1
Eoa = Etotar — Estab — EEHZ

4.7)

where Eaq stands for the adsorption energy; Eioal is the total energy in the system;
Esap» and En2 are the chemical energy of W2N (200) or W1sOa49 (010) slabs and
the chemical energy of Hz, respectively. From the top view of the W2N (200)
surfaces, four different possible adsorption sites can be detected in Figure 4.8c.
To differentiate different surface W atoms as active sites, W atoms with and
without N atom below them are labelled as W1 and W2, respectively. The T and

V represent the top and vacancy sites, respectively.

Table 4. 3 The H" adsorption energy (eV) at different active sites and H-W/N
distance (A) on different sites of W2N (200) surfaces.

Wi_T Wy T N.T \Y;
Ead (€V) -0.50 -0.06 0.17 0.39
distance (A) 1.74 1.77 1.03 2.25

As shown in Table 4.3, the H" tends to bond with surface tungsten via physical
adsorption. The W1 and W2 are the top two easiest sites with exothermic reactions
during formating interactions among H" and materials. The physical adsorptions
are beneficial for H* association with active sites in the redox reactions.

Compared with unfavourable bonding sites with H" such as N and V, the W2N
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surface delivered more dynamically active sites. Therefore, 3-W2N structure is
not only an energetically stable structure, it also provides a W-rich surface for
absorption of H'. In addition, the diverse range of the valence states of surface W
atoms offer the hosts the ability for multi-adsorption of H".[5% To elucidate the
energy barrier of the H* diffusion on the W2N (200) surfaces, the climbing image
nudged elastic band (Ci-NEB) method was carried out.Y The results indicate that
the energy barrier within surfaces is relatively huge, which is strong enough to
hinder further diffusion of H*. Consequently, redox reactions between H" species
and electrodes happened only at individual sites without additionally H”* diffusion

on the surface.

Nevertheless, the relaxed structure presented a significant distortion for the
W18049 (010) surfaces. In this system, the W1isOs9 surface is much more
disordered, the dangling O on the surfaces could induce strong bonding sites for
H" due to the adsorption energy of ~ 2eV, which leads to proton passivation of
the W1s0Oa49 (010) surface. The H passivation is indexed to the “dolphin-like” shape
CV curve in Figure 4.6¢. The formed covalent bonds between H passivition and
dangling O are too strong for the H" to continue reversible redox reactions.
Therefore, H passivated W1sOa9 (010) surface will be the next reactant for further
reversible redox reaction. However, additional absorption of H* will not be easy

due to the relatively weak bond formation.

A flexible asymmetric supercapacitor device (FASD) was fabricated by using the
W2N@C/carbon cloth as an anode and commercial nitrogen doped graphene
(morphology in Figure 4.10a) on carbon paper as the cathode for assessing
practical applications of as-designed W2N@ C/carbon cloth electrodes. The redox
peaks for NG in Figure 4.10b is common for nitrogen doped carbon materials as
the pseudocapacitor electrodes. The GCD tests at the different current densities
revealed the excellent rate performances of NG in Figure 4.10c, and the
capacitance of the 1000" cycle is higher than the initial one, suggesting the
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activation of the materials and in accordance with the EIS results in Figure 4.10d.
The capacitance of the W2N@C/carbon cloth anode and NG cathode was

balanced according to Q+ = Q-.

R M7 a 8
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7 97 SR 2 4
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Figure 4. 10 (a) SEM image of the commercial nitrogen doped graphene (NG);
(b) CV test of the NG on carbon paper at the scan rate of 50 mV s in 2 M H2SOg;
(c) GCD tests of the NG at different current densities; (Loading mass density: 0.5
mg/cm?) (d) Stability test of the NG in the continues CV tests for 1000 cycles and
inset showing the EIS spectra before and after the cycling CV scans.

As for the gravimetric capacitance, the W2N@C/carbon cloth processed specific
capacitance of 236 F g at the scan rate of 50 mV s, and NG/carbon paper
exhibited the specific capacitance of 225 F g. According to Q+= Q-
Q=C,xXmxAE (4.8)

mw,N __ 225X0.8
Mcearbon 236%0.9

=1:1.18 (4.9)
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The mass ratio of two electrodes is calculated as ~ 1:1.18. The mass loading of
W2N@C/carbon cloth is ~ 3.2 mg/cm?, thus the mass density of NG is coated as

~ 3.8 mg/cm? on carbon paper for device fabrication.

The CV curves in Figure 4.11a of the FASD suggests that the as-fabricated FASD
worked well up to a voltage range of 1.6 V. The shape of the CV curves deviates
from the rectangular shape and the unapparent redox peaks indicating that both
pseudocapacitance and electrical double-layer capacitance (EDLC) contributed
to the total asymmetric capacitance. To eliminate side reactions, especially
oxygen evolution reactions, GCD tests were characterized within the voltage
window of 1.2 V at different current densities as shown in Figure 4.11b. The
superb specific capacitance was calculated as ~ 180 mF/cm? at 1 mA/cm?. It is
noted that a high rate performance of ~ 85.5 % capacitance was retained when
the current density was increased 10 times. With the aim of realizing large
working voltage range applications, symmetric devices (SD) were manufactured
by using W2N@C/carbon cloth in ionic liquid electrolyte within coin cell
configurations. The near rectangular and revesible shape of CV in Figure 4.11c
even at a fast scan rate of 1000 mV st indicated high rate capability of the devices.
The cycling performances were performed by 5000 cyclic CV tests at a high scan
rate of 100 mV stin Figure 4.11d. The capacitance retention of 83.3 %, indicating
the superb cycling stability of the ionic liquid electrolyte based SD, which is also
reflected by limited difference of the area in CV curves between the first and final

cycles.
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Figure 4. 11 (a) CV curves of a flexible asymmetric supercapacitor device (FASD);
(b) GCD test of the FASD in the voltage range of 1.2 V; (c) CV tests of the ionic
liquid-based electrolyte for symmetric devices (SD); (d) Cycling stability of the
SSD at a CV scan rate of 100 mV s™.

4.4 Conclusions

In this chapter, an easily ready-to-industry approach by combining AACVD and
ammoniation process was develop to fabricate self-standing electrodes for
bendable supercapacitors. The carbon cloth was introduced as the flexible
current collectors from this chapter to support W2N@C active materials. The as-
designed electrodes are among the highest areal capacitances of tungsten-
based electrodes with excellent rate capability and long-term stability for the
single electrode evaluation. Moreover, the merits of tungsten nitride materials
over the oxide counterparts for use as electrodes were confirmed by a combined

electrochemical analysis, in-situ electrical property test within TEM-STM and
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computational caculation approach. The pratical applications of supercapacitors
were confirmed by assembled flexible device and coin cells. This chapter
provides insights and attracts research interests for exploring metal nitride
materials in energy storage and conversion and designing of hierarchical
nanostructure based on the electrically conductive self-standing electrodes. In
Chapter 5, by integration of the carbon cloth-based electrode fabrication
technique and nanostructure design strategies, the validation of the flexible

electrodes were expanded and proved for Li-ion battery electrodes.
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Chapter 5

Structural Design for Realizing Highly Effective
and Stable Cathodes in Rechargeable Li-lon

Batteries

(Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Results from published work)
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5.1 Introduction

Rechargeable lithium-ion batteries (LIBs) are extensively investigated and serve
in electrical vehicles and electronic devices because of their low cost, light weight,
high energy density, long cycle life and eco-friendly properties.[*: 2 In spite of
recent achievements around innovative synthesis of materials and improved
technology for fabrication, the increase in demands for high-performance LIBs is
encouraging their further developments, in particular, around energy/power
density, stability and rate capacity. Compared to the diverse active materials for
anodes with higher specific capacity, whereas the electrochemical performance
of LIBs full cells is restricted by the relatively low capacity of the cathodes.? 4
The majority of commercial cathode materials, for instance LiCoOz2, LiMn204 and
LiFePO4,! in theory could only afford single Li* ion insertion/extraction per unit
cell due to their inherent crystal structures and redox electrochemistry. Therefore,
multi-Li* ion insertion/extraction active materials for cathodes could enable high

capacity batteries.

Among all materials for cathodes in LIBs, vanadium pentoxide (V20s) is one of
the perspective candidates that could meet the high capacity requirements. Its
layered structure could insert/extract multiple Li* via reversible phase
transformations, and the structural formula of as-formed LixV20s5 could be
formulated as: a phase: x < 0.1; € phase: 0.35 < x < 0.7;  phase: x = 1; y phase:
1 < x < 3 and w phase: x = 3.1 At the voltage range of 2.0-4.0 V, V205 materials
could undergo intercalation of two Li* ions with theoretical specific capacity
reaching 294.0 mAh g-'. However, low Li diffusion coefficient, poor electrical
conductivity and undesirable structural stability affect the electrochemical energy
storage performance of V20s.[* 68 From previous work, two representative
strategies have been proposed. One focus is the design of novel V205 structures,
such as nanobelts!’], nanosheets!® ° and microspheres!'®. These structures could

increase the active surface area and enhance the diffusion efficiency of Li* ions.
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Recently, Liang et al. reported the synthesis of ultra-thin and large V205
nanosheets. These nanosheets possess a high specific discharge capacity of 141
mAh g at a current density of 0.1 A g-! with superior stability showing 92.6 %
retention after 500 cycles.['"l The other method is to synthesize V20s-based
composites, such as V20s-graphene xerogell®], Sn0O2/V20s composites!? and

V20s/mesoporous carbon composites!'3l.,

Direct synthesis of active materials on current collectors has been proved to
escape sophisticated electrode fabrication process compared with powdery
materials mentioned above and the mixed slurry procedure as-required®'3],
Previous work and chapters have reported the disadvantages and complex
procedures of making electrode materials with binders and conductive agents.[#
51 However, some common issues still remain for the reported core-shell
structured composites* 16-191 Firstly, the electrochemical energy storage were
contributed from reactions of both core and the shell structures simultaneously,
which would still cause undesirable stability performance of the electrodes due to
cracks formed by large volumetric expansion or sometimes dissolution of the core
structures; Secondly, active electrode materials are partially encapsulated by

inert conductive or protective layers, which may decrease their full utilization.

Taken into consideration all the points raised above and further guided by
computational simulation from our collaborator, Dr. Xiaoyu Han in Prof. Zheng
Xiao Guo’s group (UCL Chemistry Department), a targeted approach to design
and synthesize the V205 coated NiCo0204 porous structure on carbon cloth, i.e. 3D
NiC0204@V20s5 core-shell arrays (CSAs), was developed. In Chapter 2, the use
of the bi-transitional metal oxides have been proved to enhance the electrical
conductivity of the entire structures compared to single-metal oxides. In Chapter
4, carbon cloth as a flexible current collector were introduced. Inspired by
previous strategies, the NiCo204 nanosheet network is firstly grown onto the
carbon clothes and then the optimised thickness of layered V205 is coated onto
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the NiCo0204 network. This approach effectively separates the proper roles of Li
storage in V205 and electronic conduction via. NiCo204 and carbon cloth nano-
network. Meanwhile, the volumetric expansion of V205 during
lithiation/delithiation is fully alleviated by the robust NiCo0204 nanosheets, without
exerting undue stress on the carbon cloth. The as-designed structures as the
electrodes for LIBs reached the theoretical capacity of V205 materials over the
high voltage range during 2.0 - 4.0 V vs. Li*/Li and delivered one of the best
reported stabilities. Moreover, in-situ TEM study and computational simulations
also provide insights into the robustness of the structural design and the
mechanism of the layer effects in these rational electrodes, which will guide
studies around V205 based LIBs in the future. As-designed self-standing
electrodes display distinct merits: flexibility; large surface area; easy access of
electrolyte and facile electron/ion transport. The electrodes also show potential

applications as cathodes for foldable/flexible Li-battery devices.

5.2 Experimental section

Electrode Preparation. All chemicals used in this work are commercially
available from Sigma-Aldrich (U.K.) and were used as-received without further
purification. The NiCo204@V205 CSAs were synthesized on carbon cloth via a
two-step hydrothermal reaction with annealing afterwards. At first,
Co(NOs3)2:6H20 (0.58 g), Ni(NO3)226H20 (0.29 g) and methenamine (0.56 g) were
dissolved into a solution of methanol (35 mL) to form a clear pink solution in an
autoclave. The carbon cloth substrates were cleaned by sonication in acetone,
deionized (DI) water and ethanol successively for 30 min, and transferred to the
above autoclave in an electrical oven at 160 "C for 6 h. After the reaction, the
NiCo hydroxides on carbon cloth was annealed at 300 °C for 2 h under air in the
tube furnace. During the initial step, four pieces of carbon cloth were prepared.

Secondly, different amounts of vanadium oxytriisopropoxide (0.1 ml, 0.2 ml, 0.4

134



ml and 0.6 ml) were mixed with isopropanol (50 mL) in four separate 60 mL teflon-
lined autoclaves under magnetic stirring for 30 min. Afterwards, the magnetons
were taken out and one piece of NiCo204 nanosheet arrays coated carbon cloth
were put inside of each liner, which was sealed and heated in an electrical oven
at 200 °C for 12 h. Then, the as-synthesized electrode materials on carbon cloth
were washed with DI water and ethanol to remove any loosely attached powders
and remove any residual ionic species and dried in a vacuum oven at 60 °C for
24 h. Finally, the as-synthesized samples on carbon cloths were annealed at 350

°C for 2 h under air in a tube furnace.

Characterization. Micro/nanostructures of the as-synthesized electrodes were
characterized by SEM (S-4800; Hitachi) and TEM (JEOL, JEM-2100F equipped
with an energy-dispersive X-ray spectrometer). X-ray diffraction patterns were
recorded using a STOE StadiP diffractometer with Mo-Ka radiation (A = 0.71 A).
The mass of the active materials was weighed using the accurate balance
(readability of 0.001 mg). In-situ TEM observation of the lithiation/delithiation
process was conducted by a scanning tunneling microscopy-TEM holder from
Nanofactory Instruments AB (Gothenburg, Sweden) within the JEOL 2100F TEM

under the accelerating voltage of 200 kV.

Electrochemical measurements. The NiCo0204@V20s CSAs/carbon cloth
nanocomposites were served as working electrodes directly without extra
conductive agents or binder materials. The loading densities were calculated as
1.790-1.816, 2.594-2.618, 3.040-3.072, 3.640-3.812 mg/cm? for the four types of
electrodes, the mass density of NiCo204 nanosheet arrays was 0.994-1.024
mg/cm? on the carbon cloth. The V20s/carbon cloth were loaded with ~ 1.76
mg/cm? of V20s. The mass of the carbon cloth in each coin cell is ~ 18 mg. As for
the compared electrodes, the working electrode was prepared by mixing the V205
nano-flowers, conductive substance (carbon black) and binder (sodium alginate)
with a weight ratio of 50:40:10. Coin-type cells (CR2032) were fabricated using
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lithium metal as the counter electrode, Celgard 2400 (Charlotte, NC, USA) as the
separator and 200 pL of 50 LiPFs (1 M) in ethylene carbonate-dimethyl carbonate
(1:1 vol%) as the electrolyte. Cyclic voltammetry (CV) measurements were
conducted at 0.1 mV s in the range of 2.0 ~ 4.0 V (vs. Li/Li*) on a CHI 600D
(Shanghai, China) potentiostat. Electrochemical impedance spectroscopy was
carried out with a ZAHNERelektrik IM 6 (Kronach) potentiostat at a frequency
range of 100 kHz to 0.01Hz. All electrochemical measurements were tested more

than twice to ensure the replication of the results.

Theoretical calculation of layered effect for lithiation in V20s. DFT+U
calculations were carried out by a projector-augment wave (PAW)
pseudopotential, implanted in the Vienna Ab initio Simulation Package (VASP).[20
As the van der Waals interaction dominant the intra-layer of a-V20s, serial
functions have been assumed for comparison, including PBEsol-vdW-DF, PBE-
vdW-DF2, and optPBE-vdW.[?"-281 The plane-wave basis was set with energy cut-
off of 520 eV, which has been proven large enough to ensure the methods
correctly reproduced the V20s strudcutre.l?® The Brillouin zone was sampled by
Gamma centred at 2 x 2 x 2 k-mesh for the bulk and 2 x 2 x 1 for the layered
slides. All the structures are fully relaxed, and the relaxation criteria set to the
force on each atom and energy difference of each ionic step are less than 0.01
eVA' and 10 eV, respectively. Spin polarization was counted through all the
simulations. Due to the limitation of DFT calculations in presenting the delocalised
d and f electrons excessively, B0 the effective Cou42lomb and exchange

parameters +U was set to 4 eV, as suggested from previous work. 3]

The 2a x 2b supercell of 1- to 5-layer of a-V20s5 have adopted for the analysis of
the layer effect on Li* ions intra-plane and inter-plane diffusion process. Dipole
correction has adopted through all the calculations. For the few-layer V205, each
model has 15 A vacuum region. Energy barriers of the Li were evaluated by the
climbing image nudged elastic band (Ci-NEB) method. 32
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5.3 Results and discussion

The schematic illustration of fabricating carbon cloth supported NiCo204@V205
CSAs is presented in Figure 5.1 and described in detail in the experimental parts.
The flexible carbon cloth with high electron conductivity and potential applications
for wearable LIB devices, were selected as the current collector to support
integrated electrodes. At first, NiCo204 nano-network was synthesized on the
current collectors via a facile hydrothermal process followed by annealing to
improve the crystallinity, bonding and further electrical conductivity. These porous
networks could deliver adhesive supports and further form heterojunctions with
V205 shells. Importantly, NiCo204 nanostructure exhibits 5 ~ 6 orders of
magnitude higher electron conductivity than that of V20513336, The nano-
architectured design also benefits from the open channels of 3D NiCo0204
frameworks, which provide easy access for the electrolyte thus enabling sufficient
ion mobility. Then, V205 nanosheets were coated on both sides of the NiC0204
arrays by a hydrothermal process that formed well-connected core-shell networks.
The firm structure and the strong binding between the structure and the carbon-
support partially alleviates the possible stress of volumetric change during the
lithiation/delithiation process. To obtain the best performed electrodes, different
concentrations of precursor solution (0.1~0.4 mL) were adjusted to identify the

appropriate thickness ratio of the core-shell network.
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Figure 5. 1 schematic diagram showing the synthetic procedure for
NiC0204@V20s5 core-shell arrays (CSAs) on carbon cloth.

The morphologies of the pure carbon cloth, carbon cloth supported NiCo204 and
NiC0204@V205 CSAs were examined by SEM. As shown in Figure 5.2, the pure
carbon fibers are interlaced and constituted fabric structure for promoting
heterogeneous nucleation of Ni/Co precursors. During the first-step synthesis,
NiC0204 nanosheets were grown on individual carbon fibers and formed a nano-
network with a mesoporous structure as shown in Figure 5.3a. The zoom-in
morphology was illustrated in Figure 5.3b, a thin layer of nanosheet could be
noted and further increased the surface area of the electrodes. As for the second
step, the growth of the V205 shell over the NiCo204 core, the amount of the
precursor would influence the thickness of the V205 nanosheets. The
microstructures of the nanosheets become crude showing small nanoparticles
attached on the surfaces (Figures 5.4a, 5.5a), with the added vanadium precursor
solution controlled at 0.1 mL. When the concentration of the precursor solution
was increased to 0.2 mL, V205 nanosheets were observed to arrange on both
sides of the NiC0204 sheets thus forming sandwich structures (Figures 5.4b,
5.5b). Further increases of the vanadium oxytriisopropoxide solution to 0.3 and

0.4 mL during sythesis, it noted that the thickness of the V205 nanosheets
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increased dramatically (Figures 5.4c, 5.5c¢ and Figures 5.4d, 5.5d). The
nanosheets would then stack together and even block the porous architecture,
which may retard the Li* ion diffusion and electron transfer during electrochemical

energy storage process.

Figure 5. 3 (a) SEM image of the NiCo0204 nanoarrays/carbon cloth; (b) TEM
images of NiCo204 nanosheet.
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Figure 5. 4 (a-d) SEM images of four types of NiCo204@V205 CSAs on carbon
cloth with different concentrations of reactant (b: 0.1 mL, ¢: 0.2 mL, d: 0.3 mL and
e: 04 mL of vanadium oxytriisopropoxide, respectively) during second
hydrothermal step.

140



Figure 5. 5 (a-d) High magnification SEM images of four types of NiCo204@V20s5
CSAs on carbon cloth, showing the enlarged area in Figure 5.3.

The detailed topography of the sandwich-like structures was further characterized
by transmission electron microscopy (TEM). The nanosheets show clearly the
mesoporous structure with pore sizes of several hundred nanometers to
micrometer scale, as detected from the low magnification TEM image (Figure
5.6a). The high magnification TEM observation in Figure 5.6b presents the
morphology of nanosheet more broadly. As-obtained structures could afford large
open surface areas for easy soak of the electrolyte, and fast transport for ions
and electrons. In addition, the mesoporous structures can be noted on the
individual nanosheet. High resolution TEM (HRTEM) image presenting the
boundary between NiCo0204 and V20sis shown in Figure 5.6¢, where the lattice
space of ~ 0.234 nm corresponds to the (222) plane of the NiCo204 spinel
structure, while ~ 0.265 and ~ 0.438 nm could be assigned to the (310) and (001)
lattice planes of the V205 orthorhombic structure, respectively. Due to the
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relatively small lattice mismatch, the heterostructures constituted robust linkage
across the interface, which ensures the structural integrity facilitates large
amounts of Li* intercalation/deintercalation. The crystallographic phases of the
NiC0204@V205 CSAs/carbon cloth were further characterized by X-ray
diffraction (XRD), Figure 5.6d, where the two main diffraction peaks at 14.1° and
20.2° correspond to the (110) crystal planes of the orthorhombic phase of V205
and (400) crystal plane of the spinal phase NiCo0204, respectively. A series of
relatively weak and somewhat broad peaks could be indexed to V205 (JCPDS no.
41-1426) and NiCo204 (JCPDS no. 20-0781), respectively. In Figure 5.6e, X-ray
mapping with a matching TEM images further elucidated the elemental
distribution of the NiC0204@V205 CSAs, the result revealed that Ni, Co, V and O
are distributed in the core with Ni, Co, O elements and the shell (V, O) regions

uniformly.
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Figure 5. 6 (a) Low- and (b) high-magnification TEM images of NiC0o204@V20s5
CSAs; (c) High resolution TEM images of NiCo204@V205 CSAs; (d) XRD pattern
of NiCo204@V205 CSAs/carbon cloth; (e) the TEM image and its corresponding
elemental maps.

The electrochemical properties of four types of NiCo204@V20s CSAs as the
cathodes for LIBs were evaluated as shown in Figure 5.7. The specific capacity
and the cycling performance was investigated at a current density of 0.5 C for
100 cycles, as shown in Figure 5.7a. As expected, compared with other
electrodes, sandwich-structural CSAs, electrode b, shows the best performance
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with the highest discharge capacity of ~ 276.4 mA h g™, calculated based on the
total mass of NiCo204 framework and V205 material, (discharge capacity of ~
2389 mAh g', ~197.3 mAh g'and ~ 166.8 mA h g for electrode a, ¢ and d,
respectively). The results indicate that the thickness of the V20s nanosheet out-
layers affects the specific capacity. The following electrochemical performance

was carried out using the sandwich-structural NiCo204@V205 CSAs electrode.

The CV plots of the first and second cycles are shown in Figure 5.7b at a low
scan rate of 0.1 mV s™" within the potential window of 2.0 - 4.0 V vs. Li/Li*. During
the second stable cycle, the first cathodic peak at 3.34 V can be indexed to phase
changes from a-LixV20s5 (x < 0.1) to &-Lio5V20s. Another two reduction peaks at
3.13 and 2.23 V can be ascribed to the formation of 8-LiV20s and ¥-Li2V20s,
respectively. In the Li de-intercalation process, three anodic peaks observed at
2.52, 3.28 and 3.48 V correspond to the reverse phase transformations, i.e. from
¥-Li2V20s, 8-LiV20s, €-LiosV20s to a-LixV20s5 (x<0.1), respectively.®! There are no
other available peaks from the CV curves, suggesting only the V205 phase
transformations take place in the electrochemical reactions. This also indicates
the stable network structure was introduced during the entire electrochemical

process. The reaction processes could be expressed as below!3!:

V205 + 0.5 Li*+ 0.5e" <> €-Li0.5V20s5 (5.1)
€-LiosV20s5 + 0.5 Li* + 0.5 e > 8-LiV20s5 (5.2)
0-LiV20s + Li* +e” > y-Li2V20s5 (5.3)

Figure 5.7c shows the first, second and fifth cycles of the CD curves for the
NiCo204@V205 CSAs at a current density of 0.1 C. After the first cycle to form
the solid state electrolyte interface, the specific capacity remains stable and then
decreases slowly. As shown in this figure, there is no evidence of flat voltage
plateaus in the charge and discharge curves, which suggests relatively low
crystallinity of the V20s structure. It is demonstrated that lower crystallinity can

144



lead to less stress on the electrodes during the Li ion insertion/extraction and
better cyclic performance. In line with the above CV results, three distinct voltage
stages could be observed at 3.40-3.32, 3.15-3.10 and 2.35-2.23 V on the
discharge curves. These stages suggest the Li ion intercalation procedure.
Likewise, three corresponding voltage stages at 2.42-2.55, 3.20-3.35 and 3.42-
3.53 V are related to the Li ion de-intercalation processes. As stated above, both

CV and CD results verify the multi-step Li intercalation process.

Rate capabilities of the NiCo204@V205 CSAs are further presented in Figure 3d.
At a current density of 0.1 C, a stable discharge capacity of 292.0 mA h g-' was
achieved. With the increase of current densities, the discharge capacities
decrease to 256.8, 198.4, 151.9 and 128.7 mAhg'at1.0C, 5.0 C,10 C and 20
C, respectively. It is noted that the electrodes show excellent rate performance of
~ 45% retention with an increased current density of 200 times. The specific
discharge capacity of 271.6 mAh g-' can be maintained when the current density
was recovered to 0.1C after 60 cycles of stepwise current density changes,
corresponding to a capacity retention of ~ 93.0 % of its initial value. These
improvements can be attributed to the complete Li intercalation/de-intercalation
reaction of the V205 coating and rapid charge and Li* mobility within the entire
heterostructure. The discharge capabilities of the NiCo0204 nanosheet are shown
in Figure 5.8, this skeleton structure has negligible capacity contribution of 14.6
and 6.9 mAh g at current densities of 0.1 C and 1 C, respectively. It can be
reflected that the NiCo204 core structure shows almost no electrochemical
reactions with Li* within the voltage range of 2.0-4.0 V vs. Li*/Li and this largely
insignificant capacity is because of the limited ion absorption from the surface-

controlled process.
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Figure 5. 7 (a) Cycling performances of four types of NiCo204@V20s at a current
density of 0.5 C (a, b, ¢ and d suggest different electrodes in Figure 5.5a, b, c
and d); (b) Cyclic voltammetry (CV) measurements of NiCo204@V205 CSAs at a
scan rate of 0.1 mV s'; (c) Charge-discharge curves (CD) of NiC0o204@V20s
CSAs at a current density of 0.1C. (d) Rate performances of NiCo204@V20s
CSAs at different current densities; (e) Cycling performance and corresponding
Coulombic efficiency of NiCo204@V20s5 CSAs and cycling performance of V20s
nanoparticles measured at high current density of 10 C.
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To tackle the persistent challenge of unsatisfied cyclic stability for these materials,
the NiCo204@V205 CSAs electrode was evaluated under 500 cycles of a GCD
test at a high current density of 10 C in Figure 5.7e. Notably, except for the first
few cycles, the cycling stability was largely maintained with only 0.0126 %
capacity loss per cycle within 500 cycles and a Coulombic efficiency > 99.5 %.
For comparison, flower-like V205 nanoparticles (power samples) and
V20s/carbon clothes (Figure 5.9) were constructed into coin cells as cathodes in
LIBs. After 500 cycles under the same conditions, the retention of capacities are
40.7% and 33.5% of their initial value, respectively, equivalent to decline of 0.12%

and 0.13% capacity per cycle.
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Figure 5. 8 Rate capability of carbon clothes supported NiCo204 nanosheet
arrays.

Therefore, carbon cloth supported NiCo204@V205 CSAs electrodes improved
the cycling stability by 10 times, in comparison with the V205 nanoparticles and
V20s/carbon cloth obtained from the same process. All these results demonstrate
the excellent cyclic stability and reversibility with no side reactions in the
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NiC0204@V20s/carbon cloth electrodes. Compared with the previous work, the
exceptional cycling performance of the NiCo204@V205 CSAs/carbon cloth
electrodes is among the best reported nanostructures for cathodes in LIBs (Table
1). The long lifetimes were consistent with almost no obvious destruction of
morphology after 500 cycles, though the sandwich network became thicker in
Figure 5.10a, the porous structures of NiCo204@V20s5 CSAs structure remains
complete. As for powdery V205 electrodes, the surface appeared to be rough and
the nanoparticles further stacked together, shown in Figure 5.10b, which may
prohibit the access of the electrolyte and the Li* diffusion during the

electrochemical processes.
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Figure 5. 9 Cycling stability of V20s nanoflowers on carbon cloth at high current
density of 10 C, inset showing the SEM image of the V20s nanoflowers on carbon
clothes.
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Figure 5. 10 SEM images of carbon cloth supported NiC0204@V20s CSAs and
V205 nanoparticles after 500 cycles at the high current density of 10 C.

The outstanding stability and the morphologies further confirm the remarkable
benefit from the rational design and the robustness of the open network. The
overall energy storage performance for the optimized structures is better than a

large series of reported cathode nanostructures for LIBs (Table 5.1).

Table 5. 1 Comparison of electrochemical performances of NiC0204@V20s
SAs/carbon cloth as cathodes in LIBs with the representative cathodes in the
literature.

Specific Rate
capacit erformances
Cathodes for LIBs pactty P Stability Reference
(Current (Increased
density) current density)

0.0126% decrease This work
per cycle (500 cyles
at 10 C)

_ 0.28% decrease per
280 mAh g*  32% retention
V205 nanobelts cycle [7]

0.2C 200 times
( ) ( ) (50 cycles at 0.2 C)

0.0415% decrease
per cycle (200 cycle [4]

NiC0,0:@V20s5 292 mAh g? 45% retention
CSAs/carbon cloth (0.1 C) (200 times)

V205 @carbon 224 mAh g?' 40.2% retention
nanotubes 0.10) (1000 times)

at 0.5 C)
) 0.38% decrease per
Porous V20s 275 mAh g' 33.5% retention cvele [10]
microspheres (0.125 C) (120 times) 4

(20 cycles at 0.2 C)
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47.4 % 0.05% decrease per
retention (40 cycle (100 cycles at [37]
times) 2000 mAh g?)

0.09% decrease per
141 mAh g! 88% retention ° P

V205 nanosheets cycle (100 cycles at [33
2 (100mA g?) (60 times) yele (100 cy 133]

V4+\/,05 293 mAh g!
nanoflake (100 mA g1

100 mAh g?)

o 0.2% decrease per
LiNio.4Mno.4C00202 228 mAh g'l cvele [38]
spherical particles  (0.05 C) Y

(20 cycles)
62.4% retention 0.44% decrease per
. 285 mAh g? .
V>0s nanoparticles (0.50) (40 times) cycle [39]
' (50 cycles)
45.8% retention 0.13% decrease per
432 mAh gt ,
V,0s/graphene (0.05 C) (200 times) cycle (200 cycles at [6]
' 10)
) 3.7% decrease per
L|4Mn205 355 mAh g'l
. cycle [40]
composition (0.05C)
(8 cycles)
54.8% retention 0.42% decrease per
Hydrogenated 252 mAh g? )
(20 times) cycle (200 cycles at [5]
V205 nanosheets (0.1 Ag?)
0.1Ag?

As discussed in previous contents, poor structural stability, inferior electron
conductivity and sluggish Li diffusivity are the main obstacles for V205 materials
as cathodes in LIBs. The first problem, unstable structures, mainly originated from
the strains produced from the volumetric expansion of the electrochemical active
material during the lithiation process. It could result in cracks, falling-off and
electrical disconnection with the building blocks and the current collectors, thus
shortening the lifespan of LIBs. In-situ TEM observation was carried out by a dual-
probe biasing TEM holder in Figure 5.11a to monitor the mechanical properties
and morphological evolution of NiC0o204@V205 CSAs during Li intercalation and
de-intercalation within layers of V20s. The related experiments were collaborated
with Prof. Rujia Zou in Donghua University. NiCo204@V205 CSAs were fixed on
a Pt wire probe, the opposite side was an Au wire probe assembled with a small
piece of Li/LizO. By manipulating a piezoelectric motor on the TEM holder, the
NiC0204@V205 CSAs could contact with Li/Li2O, then the Li* ion would go
through the solid-state electrolyte towards NiCo204@V20s CSAs under driving
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by a bias voltage of - 4.0 V. Figure 5.11b shows the pristine states of
NiCo0204@V205 CSAs before the lithiation. Afterwards, the NiCo204@V205 CSAs
went through the lithiation process for 15 min, where the coated structure
continues to expand, as shown in Figure 5.11c. After 30 min (Figure 5.11d),
further volumetric expansion is negligible which verifies the completion of the
intercalation reaction. The main period for volumetric expansion is in the initial 15
min. Compared with its initial state, ca. 1.22 times of volume change can be

noted.

O,

Sandwich

structures Li/Li2O

Li/Li2O

Figure 5. 11 (a) Schematic diagram suggesting the configuration of in-situ TEM
observations during the lithiation process; (b-d) TEM images detecting the
lithiation process of the NiCo204@V205 CSAs at 0, 15 and 30 min, respectively
(Scale bar: 500 nm).

The delithiation process was also recorded in Figure 5.12 after 30 min. Compared

with its initial state, an increased thickness of the coating is due to the distortion
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of V205 during lithiation/delithiation. No obvious cracks could be observed or
fractures in the NiCo204@V205 CSAs during the whole process of lithiation. As
expected, there is tiny volumetric expansion noted for NiCo204@V205 CSAs and
the NiC0204 core structure possesses sufficient ductility to adapt to the volumetric
expansion, which could protect the entire structure during lithiation. The
observation of the whole electrochemical process demonstrates clearly the
structural stability and the excellent cycling performance of these sandwich

structures. These results were in accordance with the SEM images before and

after long-term cycling.

Figure 5. 12 TEM images monitoring the de-lithiation process of the
NiC0204@V20s5 CSAs at time equal to 45 and 60 min, respectively (Scale bar:
500 nm).

To further elucidate and assuage the contradiction of sluggish Li diffusivity within
the layered V20s structures, theoretical calculations were carried out to study the
Li intercalation within layered a-V20s by Density Functional Theory (DFT). At first,
the simulated lattice parameters and the V-O bond distances of the a-V20s
structure from different functionals were compared with previous work, which are

shown in Table 5.2.
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Table 5. 2 Comparison of different functional and van der Waals correction of
lattice parameters and V-O bond distances of bulk a-V20s.

a | b | ¢ |vo [vo, |vo; [vo, |[v-o
This work
PBEsol-vdW-DF | 11.567 [ 3.581 | 4.392 [ 1.606 | 1.793 | 1.884 | 2.036 |2.786

Error -
0.47% | 0.48% | 0.55% | 1.58% | 0.73% | 0.16% | 0.69%

0.25%
PBE- vdW-DF2 11.833 | 3.663 | 4.493 | 1.624 | 1.824 | 1.927 | 2.091 | 2.870
optPBE-vdW 11.648 | 3.606 | 4.422 | 1.609 | 1.802 | 1.897 | 2.048 | 2.814
Comparison
Theoretical
11.690 | 3.628 | 4.423 | 1.620 | 1.810 | 1.912 | 2.046 | 2.804
work!41l
Error 1.55% | 1.80% | 1.26% | 2.47% | 1.69% | 1.65% | 1.19% | 0.39%
Theoretical
11.496 | 3.630 | 4.804 | 1.602 | 1.805 | 1.915 | 2.018 | 3.204
work21]
Error - -
1.85% | 9.98% | 1.33% | 1.40% | 1.81% 14.7%
0.14% 0.20%

Experimental

work42! 11.512 | 3.564 | 4.368 | 1.581 |1.780 | 1.881 | 2.022 | 2.793

In previous theoretical calculations, the ¢ vector, suggesting the stacking direction,
is excessively overestimated, even by 9.98 %,?" 41l because the van der Waals
contributions are not adequately considered from the standard DFT calculations.
This is actually significant for layered structures.[*3l The discrepancy of the
reported predictions with the experimental values are relatively large. In addition,
the PBEsol functional has verified to yield property predictions of densely packed
materials and their surfaces.[®? The results match well with previous experimental
data with the error of the lattice parameters under 0.55%. Therefore, the PBEsol-
vdW-DF functional should be suitable for prediction of the geometries of a-V20s,
which is important for further calculation as its high thermal expansion

coefficients.l*¥l Thus, this functional was used in the calculation afterwards.

Figure 5.13 shows the calculated electronic density of states (DOS) of a-V20s.
The direct band gap at Gamma point is 2.55 eV, whereas the indirect band gap
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is 1.98 eV, which is in consistency with previous calculations*'l and experimental
results.*5471 The partial charge density of the valence band maximum (VBM) and
the conduction band minimum (CBM) are shown in Figures 5.14a and 5.14b,
where the VBM is primarily centred on vanadium atoms, consisting of 3dxy orbitals

and the CBM is concentrated on the oxygen atoms.
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Figure 5. 13 Calculated electronic density of states (DOS) and band structure of
a-V20s.

The stable insertion sites of Li in a-V20s were investigated. Three possible sites
were denoted as H; and Hp for upper and the lower hollow sites and T for top site.

The binding energy is calculated according to the following equation:

Ep = Etorat — (Evyos + ELi) (5.4)
where E.nq is the energy of the entire system, Ey,,. and E;; are the energies

of the pristine layered V205 and the chemical energy of a single Li, respectively.
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The results shown from calculation suggested that the upper hollow site Ha is all
over the most stable one, followed by the top site T. The lower site H is the least
favourable for insertion. This result is in accordance with previous work.[*" 48]
Meanwhile, the layer effect also plays an important role in the binding energy.
The deeper the Li is inserted, the higher the binding energy Ep. This indicates that
the Li atoms tend to bind with the top layers of the a-V20s.

As for the Li-diffusion in the layered a-V20s, two potential pathways have been
considered and discussed, as illustrated in Figures 5.14c and 5.14d. Diffusion
within the layers has been intensively studied from previous theoretical reports.l*!-
48-501 However, the study around the other path where Li diffuses across the
layered a-V20s has not been reported yet, neither has the layer effect on the Li
diffusivity. For Li diffusion in the non-interaction lattice, the diffusion coefficient
can be simply calculated by D = 7"xd?, where /" and d are the hopping
frequency and hopping distance, respectively.®'l Further by adopting the
Arrhenius theory and the transition state theory, the equation of diffusivity could

be summarized by the following equation:[®?

D = d?v*e *sT (5.5)

where Eac: is the activation energy, v’ is the attempt frequency, kg and T are the
Boltzmann constant and temperature respectively. As for the activation energy
E.ct of a Li atom to diffuse through the a-V20s, it could be simplified as the energy
barrier along the diffusion pathway. The attempt frequency v* is generally in the
range of phonon frequencies,®3 which is adopted from the experimental data in

the literaturel®, j.e. v = 3.1 x 103 Hz.
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Figure 5. 14 (a, b) The side-view and top-view of a-V20s5 with the partial charge
density of the valence band maximum (a) and conduction band minimum (b). The
isosurface is set as 0.01 e/ac®. (blue balls: vanadium atoms, red balls: oxygen
atoms) (c, d) Diagrams of the two possible pathways for Li within layered a-V20s.
(c) in-plane pathway from hollow position (Ha) to another hollow position (H'a)
through top position (T); (d) inter-plane pathway from the hollow position in the
upper layer (Ha) to the lower layer (Ha'); (e) The diffusivity of Li through in-plane
(blue line) and inter-plane (red line) pathways as a function of the thickness of a-
V20s; (f) theoretical relationship of specific capacity including the total mass of
the structures as a function of the thickness of the layered a-V20s5 based on the
case of two Li intercalation/de-intercalation.

The fitted average Li diffusivities along two different pathways for few layers a-
V205 are shown in Figure 5.14e. Overall, the in-plane diffusivity is far higher than
the inter-plane pathway by 12 orders of magnitude. The in-plane diffusivity varies
exponentially with the thickness, ~ e %4635 where x is the thickness of V205 layers.
As for the individual diffusivity within diverse layers, the intercalation along the
top layer delivers the highest diffusivity. This is due to the lower energy penalty
needed to hop from one hollow position to another within the same layer on the
surface of the a-V20s slab. An increase of the layer thickness, results in the
binding energy and the energy barrier of Li decreasing, and an increased diffusion
rate on the surface. As for the intercalation in the middle of the slides, the

diffusivity drops dramatically. The situation is similar to that in bulk structures,
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where the Li atoms bind to both the upper and the lower layers. Even though the
overall diffusivity is dominated by the in-plane pathway, the inter-plane diffusion
plays the key role in accommodating more Li atoms from the solution into the
layered a-V20s, and further contributing to the capacity. The simulation results
show that the inter-plane diffusion is declined by ~ x -33474, Two formulas were

fitted according to the simulated results of 5 layers of a-V20s in Table 5.3.

Table 5. 3 Simulated values of the Li diffusivity within layered a-V20s.

Atom Inter-plane |In-plane Activation| Inter-plane pathway In-plane pathway
layers of |  activation Energy (eV) (cm?s?) (cm?s?)
V205 energy (eV)
1 1.006866 0.354687 1.53x 107%° 2.03x 10711
2 1.103866 0.373143 8.80x 10721 5.26x 10710
0.25273
3 1.142663 0.437078 2.49%x 10721 5.53x 107°
0.181142
0.368686
4 1.16495 0.52622 1.15x 1072¢ 7.31x 107°
0.312728
0.166545
0.542227
5 1.18675 0.458004 5.34x 10722 1.49x 1077
0.13119
0.184827
0.087659
0.346326

*Maximum values of inter-plane activation energy were shown in the form

Values of all in-plane activation energy were shown in the form

Further analysis was conducted to uncover the conditions for electrode b to
realize the highest capacity. The ideal relationship between the thickness of the
V205 layers and the specific capacity is shown in Figure 5.14f. The mass of the
conductive and supporting frameworks with negligible contributions to specific

capacity, i.e. 3D networked NiC0204, was summed with active materials. With the
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increase of thickness of the V205 materials and the mass of the frameworks
constant, the mass loading would increase dramatically, and the sum of the
specific capacity could be approximately equal to the theoretical values of the
V205 without considering the Li diffusion limitations and electrical conductivity. In
practice, from the high magnification SEM images of NiCo204@V205 CSAs and
3D NiCo0204 nanosheets arrays (Figure 5.15), the thickness of the outer layers of
V205 from 3D sandwich structures are ~ 32.6 nm, which is equivalent to ~ 77
atomic layers of V20s. Therefore, the corresponding inter-plane diffusivity of Li for
the innermost layer could be estimated as ~ 3.72 x 10726 cm? S,

g

E

Figure 5. 15 High magnification SEM of (a) 3D NiC0204 nanosheets on carbon
cloth; (b) NiCo204@V20s CSAs/carbon cloth.
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Figure 5. 16 (a) Schematic illustration of electrochemical reactions of
NiC0204@V20s5 CSAs; (b) EIS spectra of NiCo204@V20s CSAs/carbon cloth (red
line) and V205 nanoparticles (black line).
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Table 5. 4 Parameters from the equivalent circuit model.

Electrodes NiC020:@V20s5 V205 nanoparticles
Parameters SAs/carbon cloth

Ri (Q) 21.3 104

Rt (Q) 223 454

Rs (Q) 2.87 3.14

Obviously, the rapid decline of diffusion of Li within V205 layers is the main
limitation for realizing the theoretical specific capacity. In these 3D sandwich
structures, the above calculated inter-plane diffusivity value together with the
enhanced electrical conductivity (Figure 5.16 and Table 5.4) can assure the

realizing of theoretical specific capacity at a current density of 0.1 C.

5.4 Conclusion

In this chapter, a targeted design of carbon cloth supported sandwich-structural
3D NiCo204@V205 CSAs as the binder-free cathode for LIBs was developed.
The design stragety was inspired by the work in Chapter 2 and 4 and has been
balanced with the major issues in the electrode improvements. The electrode
showed excellent specific capacity of ~ 292.0 mA h g-! at a current density of 0.1
C, superior rate capability of ~ 45 % retention when the current density was
increased 200 times based on the total mass of active materials and frameworks
and one of the best reported cycling performances of 0.0126% capacity decrease
per cycle over 500 cycles. Furthermore, the rational structure design was proved
by both in-situ TEM and theoretical simulations. By further studying the few layer
slides of both in-plane and inter-plane pathway through DFT caculations, it is
suggested that the speed of diffusivity of Li is dominated by the in-plane direction,
whereas inter-plane direction diffusion could host more Li intercalation. The

balance of the Li diffusivity and the capacity contribution from the active materials
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could be optimized. This chapter expanded the scope of the design concept of
nanostructures for electrodes in batteries and shows that layered V205
nanostructures have an exciting future for cathode application in metal-ion
batteries. In addition, further work and strategy need to be developed to increase
the mass loading of active mateirals per unit area for binder-free electrodes, as

the high areal capacity electrodes are more promising for practical applications.
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Chapter 6

Summary and outlook
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To further meet the criteria of energy demands, two typical strategies are widely
investigated as aspect to electrodes in energy storage devices, including the
exploration of novel materials and design of favourable configurations. This
doctoral thesis has shown several novel materials/electrode configurations by
means of two-pronged approaches to increase the electrochemical properties of
the electrodes. The structural design and synthetic tactic could provide further
guidance for developing high-performance electrodes and possibly the broader
sphere of energy conversion applications, such as oxygen reduction/evolution,

hydrogen evolution, efc.

In Chapter 1, the background of different types of energy storage devices were
introduced, especially the supercapacitors and Li-ion batteries. The properties
and application of transition metal derivatives, such as nickel, cobalt and tungsten,
were introduced. The representative nanostructured materials for electrodes via
different chemical synthesis, such as template-assisted method, exfoliation
process and wet chemistry in various dimensions were discussed. The

advantages and challenges of these energy storage materials were proposed.

In Chapter 2, nickel foam supported NiWO4 and CoWO4 electrodes were reported.
The electrodes are among the top-tier of the similar materials and better than
powder fabricated electrodes. The use of ternary transition metal materials and
binder-free strategy could improve the electrical conductivity of the entire
electrodes. Herein, the tungsten elements could not contribute to capacity
through redox reaction. Further work around this system could discuss different
species contribution in various electrolytes. In addition, the function and energy
storage mechanism of nickel and cobalt species in alkaline electrolyte should be
clarified. The future work around these materials could discover the relationships
between structures and properties. One interesting topic is the phase-separated
NiWO4 or CoWO4 materials (formed Co-WOs3 or Ni-WO3) used in electrocatalytic
areas. As these materials should be active catalysis, such as for hydrogen
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evolution, deep research into boundary or surface chemistry should be

meaningful and interesting.

In Chapter 3, sulfur and nitrogen co-doped nickel cobalt sulfides aerogels were
developed and synthesized. This was a systematic research by controlling
different atomistic ratios of nickel and cobalt in sulfides, mass ratios of metal
sulfides and graphene aerogels to optimize energy storage and conversion
properties of these materials. The utilizations of the materials as rechargeable
alkaline electrodes and electrocatalysts for oxygen reduction reaction were
explored. Importantly, nickel cobalt-based materials were demonstrated as the
battery-type energy storage electrode materials through kinetic analysis from
electrochemistry and ex-situ XRD measurements, which suggested that these
electrode materials did not behave as pseudocapacitors as claimed in Chapter 2
and in many other literature reports. Nickel cobalt sulfides were promising
materials as alkaline battery electrodes; however, the fluffy graphene aerogels
may decrease the volumetric capacity for the hybrid electrodes. Further work
could be carried out by designing high volumetric/areal capacity nickel cobalt
sulfide electrode materials. In addition, kinetic analysis reflected diffusion-
dominated and hybrid features (limited surface-controlled process) in this system,
the facile methods or computer programs for separation of the contribution from
surface-controlled and diffusion-controlled processes should be developed. The
materials synthesized in this chapter are not highly active catalysts for ORR,
which cannot be compatible to the commercial noble metal catalysts. The
modification of the nickel cobalt derived high-performance catalysts, such as
nitrides, for ORR and detailed mechanism discussion could be discussed in the

future work.

Tungsten-based materials could be used as the electrodes in acid electrolytes by
redox reactions between tungsten and protons. In Chapter 4, the free-standing
electrodes of carbon cloth supported W2N@C nanorods were obtained by
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AACVD and by an annealing process. Compared to previous reports, the merits
of W2N materials as electrodes for pseudocapacitor electrodes compared to
oxide counterparts were uncovered by electrical property testing via in situ TEM
and DFT calculations. The asymmetric flexible devices were fabrication as
demostrations for practical applications as the free-standing electrodes. However,
as a potentially active materials for electrochemical water splitting, the limitation
of the voltage window of the supercapacitor devices based on W2N remains a
problem. Even though the ionic liquid electrolyte was also used in this chapter,
the specific capacitance was not high. Further work could be related to
modification of the electrolyte to enlarge the potential window without sacrificing

capacitance to improve the energy density of the devices.

In Chapter 5, a targeted design of sandwich structured NiCo204 and V205 on
carbon cloth electrodes were designed. Inspired by chapter 2 to utilize relatively
high electrical conductivity and stable features during cathode voltage range vs.
Li*/Li of NiCo204 materials, NiCo204 nanosheets were served as the robust
framework. By consideration of the Li diffusivity, electrical conductivity and
structural stability, the Li storage performance could be optimized. The loading
amount of the active materials is restrictive, which could limit the areal capacity
of the entire electrodes. In addition, the use of carbon cloth as the current
collector in both Chapter 3 and 4 could be changed by other lightweight current
collectors, for example using the thinner hollow carbon-tube interweaved

frameworks.

For all binder-free or self-standing electrodes, other factors, such as the binding
mechanism and loading amount of the active materials, should be considered in
the future, which could provide the robust adherence between different
components and facilitate electron transport. Binding behavior could be optimized
by different reactants and loading amounts are suggested to control through
various dimensional architecture.
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Most of the above-listed insight/future work is happening in ongoing projects. The
transition metal derivatives and their hybrids show great application prospects in
energy storage areas, not only limited to supercapacitors, Li-ion batteries and
hybrid devices in this thesis. Metal-ion (multivalent metals) or metal-air batteries
are the next-generation devices for energy storage, the related developed
materials reported in this thesis could hopefully serve in these devices. In
summary, the future research will around synthesis of different transition metal
materials for these applications, research from materials to devices and detailed
mechanism analysis by both surface-chemistry and solid-chemistry approaches,
including in situ measurements, such as TEM, AFM, XRD and XAS, together with

more collaborations of computational studies at diverse scales.
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