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Abstract

Vanadium pentoxide (V20s) deems as promising cathode candidate for rechargeable metal-ion
batteries owing to a layered structure, high chemical and thermal stability, electrochemical
safety, low cost, and ease of preparation. As a cost-effective option for cathode materials in
both lithium-ion batteries (LIBs) and zinc-ion batteries (ZIBs), V20Os has attracted great
attention due to its high theoretical specific capacity values. However, several challenges
impede its practical use, including insufficient practical capacity, sluggish ion diffusion, low
intrinsic conductivity, and limited cycling stability. To address these limitations, this thesis has
developed strategies including hydrogenation, doping, and defect engineering to improve the
electrochemical and optical performance of V;0Os-based cathode materials. Through an in-
depth examination of the physicochemical characteristics and a detailed study of the charge
storage mechanisms, the thesis emphasizes the importance of V205 modifications in enhancing
battery performance. The findings offer valuable insights for the future development of high-
performance, rechargeable metal-ion batteries. This research consists of three projects:
enhancing the optical and electrochemical properties of hydrogenated V,Os for photo-
accelerated lithium-ion batteries, designing pre-doped V:0s-based materials for high-
performance zinc-ion batteries, and developing cation-doped V2Os electrodes with engineered
oxygen vacancies for lithium-ion batteries. The specific aims and outcomes are summarized
below. A detailed summary of the objectives and key results of these three research areas is

provided below.

(1) Photovoltaic cells integrated with batteries face challenges such as additional ohmic
resistance and inefficiencies caused by mismatches in energy transfer among their
components. To address these limitations, researchers are exploring the development of
photo-accelerated batteries that combine energy harvesting and storage into a single device.
This approach could reduce expenses, boost energy conversion efficiency and develop
lightweight devices. This work introduces a novel strategy for designing photocathodes
using hydrogenated vanadium pentoxide (H:V20s) nanofibers, which enhances optical
activity, electronic conductivity, and ion diffusion rates within photo-accelerated Li-ion
batteries. Compared to pristine V205, the H:V20s showed better electrochemical

performance, with a 43% and 41% increase in specific capacity under dark and illuminated
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conditions, respectively, at a current density of 2000 mA g!. Characterization techniques,
like energy-dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS),
UV-Visible (UV-Vis) spectroscopy, and photoluminescence (PL), revealed that the
enhanced photocurrent generation was linked to defect mid-gap states, associated with
oxygen-related defects and hydroxyl groups, which increased optical absorption and
photoactivity. Moreover, density functional theory (DFT) simulations further confirmed
that the presence of oxygen vacancies significantly reduces the energy barrier for Li-ion
diffusion. This research holds great promise for the development of high-performance

photocathodes in future energy storage applications.

(2) Rechargeable ZIBs are gaining significant attention because of their affordability, abundant
raw materials, and eco-friendly nature. The use of aqueous electrolytes in ZIBs also offers
a substantial safety advantage over the flammable organic electrolytes commonly used in
LIBs. Despite these benefits, the development of high-performance cathode materials for
ZIBs remains a critical challenge. This work applies cation doping approach to synthesize
and evaluate four distinct materials: pristine vanadium oxide (V20s), sodium-doped
vanadium oxide (Na-V20s), potassium-doped vanadium oxide (K-V20s), and ammonium-
doped vanadium oxide (NHs-V20s). Transmission electron microscopy (TEM) and X-ray
diffraction (XRD) identify the interplanar distance of pristine V20Os expanded upon cation
insertion. Among all samples, the NH4-V20s electrode achieved the highest specific
capacity, reaching 310.8 mAh g at a current density of 100 mA g, along with superior
cycling stability. This enhanced performance is attributed to the highest V#*/V>" redox
couple ratio, the pillar effect introduced by ammonium cations, and the increased interlayer
spacing. These findings provide important insights for the design and development of

advanced cathode materials in the future.

(3) Difterent cations have been explored individually for LIBs, the mechanisms behind cation
doping remain complex and not fully elucidated, posing challenges in selecting the most
effective cations. In this research, hydrothermal synthesis was employed to create three
distinct types of cation-doped V205 nanofibers, which were characterized using scanning
electron microscopy (SEM) and TEM. The introduction of cations resulted in several
beneficial modifications: expanded interlayer spacing, increased concentration of oxygen

vacancies, and an elevated V#"/V>" ratio. These structural and chemical enhancements
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collectively facilitated enhanced Li" ion diffusion, improved capacity, stable cycling
performance, and reduced charge transfer resistance. Among the synthesized materials,
NAVO demonstrated outstanding electrochemical performance, achieving discharge
capacities of 249.1 and 122.0 mAh g at current densities of 100 and 2000 mA g,
respectively. Furthermore, it demonstrated impressive cycling stability, with an initial
specific capacity of 222.1 mAh g at 1000 mA g, retaining 150.5 mAh g after 30 cycles,
corresponding to over 67% capacity retention. This study sheds light on the impact of cation
doping on the electrochemical performance in LIBs and paves the way toward the
development of lithium-ion batteries with improved energy density, power performance,

and cycle life.



Impact Statement

This PhD project emphasizes different advanced approaches including hydrogenation, doping,
and defect engineering to improve the electrochemical and optical performance of V20Os-based
cathode materials in LIBs and ZIBs. The impact and highlights of this thesis were summarized

below:

In the first study, the development of photocathodes in LIBs has witnessed significant progress
in recent times. The dual-functional photocathode has shown improved capacity and rate
performance under illumination conditions. Herein, the first hydrogenated V,0Os photocathode
for photo-accelerated LIBs was proposed. The design integrates hydrogenated V2Os nanofibers
with reduced graphene oxide, poly(3-hexylthiophene) (P3HT), and poly(vinylidene fluoride)
(PVDF), forming a heterojunction that facilitates photo-charge separation and conductivity.
The hydrogenation process substantially increased the specific capacity of the material under
both illuminated and dark conditions, demonstrating enhancements in optical activity,
electronic conductivity, and ion diffusion rates. The study also proposed a mechanism
involving oxygen-deficiency defects, offering a foundation for future advancements in photo-

accelerated battery technology.

In the second study, considerable advancements have been made in developing cathode
materials for rechargeable Zn-ion batteries. Vanadium-based cathode materials, such as V>0s,
have shown great promise due to their ability to reversibly store Zn*>* ions and maintain long-
term cycling stability while offering higher capacities. However, several challenges need to be
addressed to achieve high-performance batteries. These challenges include the sluggish
diffusion of zinc ions caused by high energy barriers within the V,0Os layers, the requirement
for a pre-activation process, electrode structure degradation over time, and resulting capacities
lower than theoretical values. This work synthesized four types of materials, including pristine
V205, NH4-V20s, Na-V20s, and K-V20s, and evaluated their electrochemical behavior. NHa-
V205 outperformed the others, benefiting from an increased V**/V>" redox couple, especially
the higher presence of V**, which boosted its electrochemical capabilities. Moreover, ex-situ
HRTEM images and d-spacing measurements for NHs-V20s were performed both before and

after cycling, providing additional confirmation of the material's structural resilience following
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prolonged cycling tests. These findings offer critical insights into the future design and

development of high-performance cathode materials for ZIBs.

In the third study, the methods to boost capacity for LIBs have been extensively studied. It has
been observed that cation doping not only contributes to stabilizing the crystal structure during
cycling but also plays a crucial role in expanding the interlayer distance, thereby improving
overall capacity. However, the specific roles of different cations in this context have not been
extensively studied. Herein, cation-doped V:Os-based cathodes were fabricated via
hydrothermal technique. The incorporated cations generated oxygen vacancies and elevated
the concentration of V*', suggesting a potential mechanism that enhances charge storage
capacity and improves ion diffusion. Among the tested materials, NAVO displayed superior
electrochemical performance, even at high current densities. These results contribute valuable
knowledge for designing cathode materials suitable for high-energy and high-power LIBs,
addressing needs in electric vehicles and portable electronics that demand rapid charging and

long-term durability.

Overall, these accomplishments, encompassing both material innovations and insights into
underlying mechanisms, are believed to drive the advancement of lithium-ion and zinc-ion
batteries, benefiting both academic research and commercial applications. The application of
various engineering techniques to modify V205 offers an essential strategy for improving
battery performance. By bridging fundamental physiochemical principles with electrochemical
performance enhancements, the development of V,0s-based cathode materials will advance

the rechargeable metal-ion batteries technology to the next level.
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Abbreviation

AC Active carbon

AFI Antiferromagnetic insulating

AlBs Aluminum-ion batteries

ALD Atomic layer deposition

AZIBs Aqueous zinc-ion batteries

BSE Backscattered electrons

CE Coulombic efficiency

CIBs Calcium-ion batteries

CPS Counts per second

Cv Cyclic voltammetry

DFT Density functional theory

DI Deionized

EC Ethylene carbonate

EDS Energy-dispersive X-ray spectroscopy
EIS Electrochemical impedance spectroscopy
EPR Electron paramagnetic resonance

EVs Electric vehicles

GDC Galvanostatic discharge-charge

GITT Galvanostatic intermittent titration technique
H>0» Hydrogen peroxide

HER Hydrogen evolution reaction

HRTEM High-resolution TEM

IDEs Interdigitated electrodes



IR Infrared

I-V Current-voltage

KCl Potassium chloride

KI Potassium iodide

KIBs Potassium-ion batteries
LCO LiCoO2

LFP LiFePO4

LIBs Lithium-ion batteries
LiTFSI Lithium bis(trifluoromethanesulfonyl)imide
LMO LiMn,04

LWIR Long-wave infrared emissivity
M Metal

MglIBs Magnesium-ion batteries
MIBs Metal-ion batteries

MIT Metal-insulator transition
NaOH Sodium hydroxide
NH4VOs3 Ammonium metavanadate
NIBs Sodium-ion batteries
NMC Nickel-manganese-cobalt
NMP N-Methyl-2-pyrrolidone
OCP Open-circuit potential
OER Oxygen evolution reaction
P3HT Poly(3-hexylthiophene)
PAW Projector-augmented wave
PBAs Prussian blue analogues



PC Propylene carbonate

Photo-ZIBs Photo-rechargeable zinc-ion batteries
PL Photoluminescence

PM Paramagnetic metal

ppm Parts per million

PTFE Polytetrafluoroethylene

PVDF Poly(vinylidene fluoride)

Ret Charge transfer resistance

rGO Reduced graphene oxide

R Solution resistance

SAED Selected area electron diffraction
SE Secondary electrons

SEI Solid electrolyte interface

SEM Scanning electron microscopy
SHE Standard hydrogen electrode
TARC Temperature-adaptive radiative coating
TEM Transmission electron microscopy
TGA Thermogravimetric analysis

uv Ultraviolet

UV-Vis UV-Visible

\Y Vanadium

V203 Divanadium trioxide

V205 Vanadium pentoxide

V305 Trivanadium pentoxide

V307 Trivanadium heptaoxide
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VASP Vienna ab initio simulation Package

Vo Oxygen vacancies

VO, Vanadium dioxide

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

ZIBs Zinc-ion batteries

Zn(CF3S03)2 Zinc triflate

2D Two dimensional

3D Three dimensional
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Figure 3.8: CV curves of H:V,0s at scan rates of (a) 0.5, (b) 0.8, and (c) 1 mV s™! under dark
and illuminated conditions. (d) Comparative CVs of V205 and H:V>0s at a scan rate of 0.5 mV
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Chapter 1

Background and Literature Review

This chapter of the thesis describes the development of vanadium oxides-based cathode
materials for metal-ions batteries and summarizes the synthetic methods and engineering
methods for V>Os. The primary aim of this thesis is to explore and enhance the energy storage

capacities of V205 cathodes for both Li-ion and Zn-ion batteries.
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1.1 Introduction

According to a United Nations report, the world's population is rapidly expanding. ! At the
beginning of the industrial revolution, the global population was around 700 million. Today;, it
exceeds 8.1 billion. Projections indicate an increase of almost 2 billion individuals over the
next three decades, potentially peaking at nearly 10.4 billion by the mid-2080s. In conjunction
with this growing population, the accelerated processes of industrialization and modernization
have caused a significant escalation in energy demand. Global energy consumption is
anticipated to attain approximately 660 quadrillion British Thermal Units by the year 2050,
representing a 15% increase relative to the levels observed in 2021. 2 To meet the global energy
demand, fossil fuels remain the dominant energy sources due to their cost-efficiency and
reliability. As depicted in Figure 1.1, fossil fuel consumption reached 488.9, 490.07, 463.68,
491.7, 494.05 and 504.83 exajoules between 2018 and 2023, respectively. Concurrently,
renewable energy sources have shown a consistent upward trend, ascending from 25.83 to
50.58 exajoules within the same timeframe. ®> The emission of COz from fossil fuels combustion
is a major factor causing global warming. The current energy system accounts for
approximately 75% of global greenhouse gas emissions. * The amount of CO> in the
atmosphere has sharply risen from 365 parts per million (ppm) in 2002 to over 420 ppm in
2024.° Given the urgency of climate change and global warming, it is imperative to transition

to a greener and more sustainable energy system.
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Figure 1.1: The demonstration of worldwide primary energy consumption from 2018 to 2023,
by fuel type in exajoules from Statista.’
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To achieve this goal, the Paris Agreement was established. It targets to limit the global
temperature rise to 1.5 °C above pre-industrial levels by advocating for a 45% reduction in
greenhouse gas emissions by 2030 and achieving net-zero emissions by 2050. ¢ At the 28™
United Nations Climate Change Conference, an essential agreement was made to accelerate

the transition away from fossil fuels and to enhance renewable energy capacity threefold by

2030.7

Renewable energy sources such as wind, solar, and tidal power are subject to weather and
climate conditions. Their intermittent and fluctuation nature bring instability into powder
systems. The integration of energy storage systems can efficiently capture and store renewable
energy for later use. Energy storage systems, categorized based on their operational principles,
include pumped hydropower, electrochemical, electromechanical, and thermal storage.
Pumped hydropower stands out for its affordability and storage capabilities, comprising 92.3%
of the market share in 2020. ® Despite this, the construction of hydropower stations faces cost
and geological limitations, restricting its application. Electrochemical energy storage systems,
on the other hand, are gaining popularity due to their geographical flexibility, rapid response
capabilities, and reliable power delivery, making them an excellent match for renewable energy
storage and distribution. The electrochemical storage market is projected to grow significantly,
with the rechargeable batteries market expanding from an estimated 5.4 billion U.S. dollars in
2022 to over 17.5 billion U.S. dollars by 2028.° The most popular rechargeable batteries now
include lead-acid, nickel-cadmium, nickel-metal hydride, and lithium-ion batteries (LIBs). In
2022, LIBs accounted for 95% of the global market share owing to their exceptional energy
density (150-200 Wh kg™!), long cycle life, and low maintenance requirement. LIBs outperform
other batteries across a wide range of applications, such as personal electronic devices, electric

vehicles, hybrid electric vehicles and smart grid. '

As energy demands continue to rise, existing battery systems are struggling to meet the growing
needs. Advancing battery technology depends on progress in materials science, particularly in
the development of high-performance electrode materials, which play an important role in
pushing the boundaries of current battery performance. Discovering and developing next-
generation electrode materials is crucial to bridging the gap between rising energy demands

and battery capabilities, paving the way for a more sustainable and energy-efficient future.
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1.2 Vanadium Oxide

Vanadium (V) ranks as the 6" most abundant transition metal and the 20" most abundant
element in the Earth’s crust. !> 2 In nature, it rarely occurs in its elemental form due to its
reactivity. Vanadium is sensitive to oxygen and capable of reacting with nitrogen and carbon at
elevated temperature. !> With its electronic configuration of [Ar] 3d°4s%, V is a versatile element
that exhibits multiple oxidation states. These various oxidation states enable the formation of
oxides either in single oxidation states or mixed oxidation states, such as the Magnéli phase
(VnO2n-1) and the Wadsley phase (VaOzn+1). ' There are five thermally stable stoichiometric
phases: divanadium trioxide (V203), trivanadium pentoxide (V30Os), vanadium dioxide (VO.),
trivanadium heptaoxide (V307), and vanadium pentoxide (V20s). The remaining metastable
phases tend to decompose to stable phases. The crystalline structure of vanadium oxides vary
based on the coordination number of oxygen atoms, forming octahedral, square pyramidal,
trigonal bipyramidal, and tetrahedral geometries with shared corners, edges and faces. '° The
strong electron-electron interactions in various phases of vanadium oxides, caused by the

localized nature of the partially filled “d” orbitals, endow these materials with exceptional

1, 16,17 1’ 19

optica electrical, '® electrochemical, !° and magnetic properties. 2 As shown in Figure 1.2,

21,22

Vanadium oxides are used in a range of applications, including microelectronics” “, energy

23, 24

storage devices® %%, and smart windows®> ?°. Additionally, they play a significant role in

catalysis?’, further highlighting their versatility in advanced technological fields.

Figure 1.2: Demonstration of different thermodynamically stable vanadium oxides and their
applications.
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1.2.1 V203

As illustrated in Figure 1.3 a-b, V203 features a typical rhombohedral corundum-type crystal
structure (space group: R3c) with lattice parameters of a=b = 4.9492(2) A and ¢ = 13.988(1)
A at room temperature. 2% It is characterized by three dimensional (3D) V-V chains formed by
V atoms, each surrounded by a distorted octahedron of O atoms. 2° Notably, calcining the
material at 600 °C for several hours results in the formation of vanadium vacancies (indicated
by the red circle in Figure 1.3 (a), making it suitable for use in aqueous zinc metal batteries. *°

However, due to the low valence state of vanadium (+3), the surface of V>20s3 tend to oxidize

to high valence state (V** or V>) when exposed to air.

The metal-insulator transition (MIT) in V203 was first observed by Morin, it experiences a
complex phase diagram depending on temperature, pressure, or doping, undergoing a first-
order transition between 150 and 160 K from a rhombohedral paramagnetic metal (PM) phase
to a monoclinic antiferromagnetic insulating (AFI) phase (space group: i2/a), with unit cell
parameters of a=7.2727 A, b=5.0027 A, ¢=5.5432 A, and $=96.762°, as shown in Figure 1.3
c.3! . In this low-temperature phase, V.03 is classified as a "Mott insulator," characterized by
a bandgap of 0.6 eV, which is within the typical range for semiconductors. At ambient
temperature and pressure, it crystallizes in the corundum structure with four V atoms in the
primitive unit cell where V cations are coordinated by a distorted octahedron of O* ions. *?
Therefore, at room temperature, V203 demonstrates moderate electronic conductivity,
significantly surpassing that of other transition metal oxides, such as MnO; and Fe,Os, etc. *3
Trastoy et al. reported a strong interaction between magnetism and electronic transport in V203
during the MIT. 3* Also, Hu et al. demonstrated that the MIT in V203 thin films was influenced
by changes in the trigonal distortion, or equivalently, variations in the c/a ratio. *> Moreover,
Liu et al. reported a significant modulation of the MIT transition temperature in flexible
V>03/mica heterostructures induced by mechanical bending strain. *® In recent years, advanced
techniques such as angle-resolved photoemission spectroscopy, 37  scanning microwave
impedance microscopy, *® and emission Mossbauer spectroscopy®” have been introduced to

observe the MIT process in V203,

V203 has applications in the cathode material for metal-ion batteries (MIBs), catalysis, and
supercapacitors, efc. It exhibits a low capacity at potentials above 2 V (vs. Li'/Li) and lacks a
distinct plateau in its charge/discharge curves, leading Tranchant e al. to deem it unsuitable as

a cathode for LIBs in 1980. ** However, Li et al. reported in 2004 that V,03 has a high
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theoretical lithium storage capacity of 1070 mAh g™! when utilized as an anode material for
LIBs. ! The 3D V-V framework of V20s creates abundant open tunnel structures that
significantly facilitate the intercalation and deintercalation of Li* ions. ** For example, Liang
et al. prepared V,03@carbon nanofibers as flexible anode materials in LIBs via electrospinning.
The electrode demonstrated a specific discharge capacity of 495 mAh g at 1 A g'! after 1000
cycles. Remarkably, the material achieved a specific capacity of 336 mAh g at 5 A g'! and
maintained a capacity of 290 mAh g even after 10,000 cycles, suggesting excellent capacity
retention and long-cycle lifespan. Sun et al. developed an aqueous LIBs electrode using
metallic rhombohedral V203 ** which maintained a Coulombic efficiency (CE) close to 100%,
and presented excellent reversibility throughout extended charge/discharge tests, with no
significant gas evolution observed within the cycling voltage range. For zinc-ion batteries
(ZIBs), conventional low-valent V,0s struggles to accommodate Zn?" intercalation during the
discharge process due to its inherently unsuitable structure and suboptimal physicochemical
properties. To address this, Luo et al. employed an in-situ anodic oxidation strategy to utilize
V203 in aqueous ZIBs** forming a hierarchical microcuboid structure capable of
accommodating nearly two electrons during intercalation. They also discovered that H>O acted
as a reactant in the initial charge oxidation of V203. Additionally, the porous structure of V203,
with its high specific surface area, provided more reaction sites and facilitated a faster phase
transition from V>203 to V205.x-'nH>0. As shown in Figure 1.3 d, the small size and high surface
area of the V203 nanoparticles further enhanced the first charge oxidation process. As a result,
V,0;3 achieved a Zn?" discharge capacity of 625 mAh g at 0.1 A g’!, corresponding to 1.75
electron intercalation. Remarkably, the material retained 87% and 78% of its capacity when the
current increased to 10 and 20 A g!, respectively, and maintained 100% capacity retention after
10,000 cycles at 10 A g'. Moreover, V203 can also be used in other MIBs, such as potassium-
ion batteries (KIBs), 4% sodium-ion batteries (NIBs), * 47 magnesium-ion batteries (MgIBs),
8 etc. In addition, V205 and its complexes have been extensively utilized as catalysts in various
applications, including chemical looping dry reforming of methane, *° ammonium perchlorate
decomposition, *° the hydrogen evolution reaction (HER), "> 3 and the oxygen evolution

reaction (OER) >34,

Furthermore, V>03 exhibits a conductivity of ~10° Q! cm™, which is significantly higher than
that of monoclinic VO, (~4 Q' cm™) and comparable to Ru (~10* Q! cm™). 3 Also, V205 is

stable in both acidic and basic environments, ** making it a promising candidate for energy
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storage applications, particularly for supercapacitors. However, the specific capacitances
reported for V203-based materials are still insufficient, indicating the need for the development

and synthesis of novel V203-based structures with enhanced performance. °’
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Figure 1.3: (a) Along the (001) direction; (b) along the (110) direction in the perspective view

of V,0s3. Reproduced with permission. ' Copyright 2023, American Chemical Society. (c)

Generic temperature-pressure phase diagram of bulk V>0s3. Reproduced with permission. ¥’

Copyright 2021, American Association for the Advancement of Science. (d) Schematic
illustration of the oxidation at full charge state of V20;. Reproduced with permission. #
Copyright 2020, American Chemical Society. (e) Crystal structure of V30s. Reproduced with
permission. ' Copyright 2023, American Chemical Society.

1.2.2 V30Os

The crystal structure of V3Os was first reported in 1954, *® and exhibits monoclinic symmetry
(space group P2/c).° The lattice parameter of the unit cell are a= 11.93 A, b=3.6 A and c=
11.5 A. The O atoms occupy octahedral sites, with V atoms positioned at the centre of each
octahedron (Figure 1.3 e). Along the ¢ axis, there are two types of octahedral chains: face-
sharing and corner-sharing octahedra. These chains create a framework with large open spaces,

making V3Os suitable for accommodating lithium ions. © The structure reflects the mixed
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oxidation states of vanadium (+3 and +4), which results in distinct ordering within the lattice

influencing the material’s electronic and magnetic properties.

Despite its potential, V3Os has been relatively less explored due to the strict synthesis
conditions. Stabilizing the V30s phase by using solid-state chemistry while maintaining precise
stoichiometry between O and V through solution-based methods is difficult, making V3Os a
rare material for electrochemical and other applications. However, Chen et al. successfully
synthesized V3Os microcrystals via vacuum calcination and employed them as an anode
material for LIBs, achieving a high capacity of 628 mAh g! at 100 mA g!, good rate capability
(125 mAh g! at 50 A g!), and stable cycling performance (117 mAh g after 2,000 cycles). ¢
Besides, Wan ef al. prepared FeCoNi/V30s heterojunctions as highly efficient electrocatalysts
for the OER. ®! The FeCoNi demonstrated excellent electrical conductivity and outstanding
OER catalytic performance, while the V305 component in the heterostructured nanoparticles
contributed to an increased oxygen vacancies content. Moreover, Abdullah ef al. proposed a
Ni-doped V30s pseudocapacitive cathode with an excellent charge storage. > The half-cell
V305 can achieve a maximum capacitance of 5529 F gl at 1 A g'! in a KOH solution, with
corresponding energy and power densities of 116.8 Wh kg™! and 204.8 W kg'!, respectively. An
asymmetrical cell configured as Ni-doped V305 // active carbon (AC) demonstrated specific
capacity, energy density and power density values of 428 F g'!, 200 Wh kg'!, and 1121 W kg!,
respectively, in a 3 M KOH solution.

1.2.3 VO2

VO, exists in several polymorphic phases, as shown in Figure 1.4, including VO (B), VO2 (A),
VO2 (M), VO2 (R), etc. ®* VO, is a well-researched inorganic phase-change material known for
its reversible phase transition, which involves changes in crystallographic, magnetic, optical,
and electrical properties. Specifically, it transitions from an insulating monoclinic phase VO2
(M), to a conducting metallic rutile phase VO (R) at a critical temperature of approximately
68 °C. % This transition, characterized by a sharp decrease in infrared (IR) transmittance in the
metallic phase, makes VO: a promising candidate for thermochromic energy-efficient windows,
which can reduce energy consumption in buildings. VO3 is particularly suitable for smart
window materials due to its ability to quickly and efficiently regulate IR transmission across
its MIT with minimal impact on visible light transmission. Additionally, VO, exhibits a unique

capacity to alter its long-wave infrared emissivity (ELWIR) during the MIT. For instance, Wang
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et al. prepared a VOs-based multilayer structure which could regulate its near-infrared
transmittance and eLWIR spontaneously. %> Tang et al. designed a flexible temperature-adaptive
radiative coating (TARC) by embedding lithographically patterned W-doped VO, within a
dielectric BaF layer, positioned atop a reflective gold layer. ® The TARC film exhibited a low
eLWIR of approximately 0.2 in its insulating state and a high eLWIR of around 0.9 in its
metallic state. Besides, VO> (B), which has notable applications as a cathode material in
electrochemical devices due to its unique open atomic framework and good room-temperature
conductivity. For example, Cen ef al. reported ultrathin VO, (B) nanosheets as cathode
material for high-performance hybrid MgIBs. %7 Jang et al. synthesized 1D/2D VO (B)
nanowire/g-C3N4 hybrid architectures as cathode materials for high-performance LIBs. ®® Kang
et al. utilized mesoporous VO (B) nanorods deposited onto graphene architectures for
enhanced rate capability and cycle life of LIB cathodes. ® Gu et al. proposed W-doped VO, (B)
nanosheets built 3D networks for fast lithium storage at high temperatures. ° In addition, Zhang
et al. adjusted the valence state of vanadium in VO2 (B) by extracting oxygen anions to achieve
high-performance aqueous ZIBs. ! And Guan et al. reported ultra-long cycle H-doped VO2 (B)
cathode for high capacity aqueous ZIBs. "> However, like other metastable VO, phases, the
structural instability of VO> (B) limits its suitability for long-term cyclic stability in

supercapacitor applications.

Moreover, VO», known as a semiconductor with a band gap of 0.7 €V, is rarely considered as
a catalyst or photocatalyst. However, through phase engineering, VO> can be effectively
utilized as a photocatalyst for hydrogen evolution. Vanadium oxide composites hold significant
potential to enhance water dissociation kinetics and reduce charge-transfer resistance. ’*’* For
example, Wang et al. fabricated body-centred cubic nanostructured VO,, which demonstrated
excellent photocatalytic activity, achieving a hydrogen production rate of 800 mmol m>h’!
from a water and ethanol mixture under ultraviolet (UV) light at a power density of about 27
mW cm™. 7 Chen et al. synthesized M0S»/VO> hybrids using a two-step hydrothermal method,
showing that the phase transition of VO: has a substantial impact on the HER properties of the

heterostructures, with an onset potential of 99 mV and a Tafel slope of 85 mV dec™!. 7
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Figure 1.4: Schematics of (a) VO2(B), (b) VO2(A), (c) VO2(M1) and (d) VO2(R) phases with
different crystallographic orientations. Reproduced with permission. % Copyright 2016,

Springer Nature.

1.2.4 V1,05

Among other types of vanadium oxides, V205 is the most stable one owing to the highest
oxidation state.”” It has different polymorphs including the most stable 0-V,Os (orthorhombic),
and metastable B-V20s (tetragonal or monoclinic), y-V20s (orthorhombic) and 6-V20s
(monoclinic). ’® The unit cell structure of a-V20s belongs to the Pmnm space group, with lattice
parameters of a=11.150 A, b=3.563 A, and ¢ = 4.370 A. Additionally, other phases such as
B-V20s and y-V20s can be derived from the a-V20s phase through transformation under high-
temperature and high pressure conditions. ' 7 Figure 1.5 illustrates the crystal structure of the
a-V20s characterized by a layered structure consisting of corner- and edge- sharing square
pyramids. These layers are bonded by weak van der Waals bonds along c-axis between adjacent
vanadium and oxygen atoms of neighbouring pyramids. In each layer, there are three types of
oxygen atoms, distinguished by different coordination, labelled as O1, O2, and O3. The apical
vanadyl oxygen (O1) is singly coordinated, with a relatively short V-O bond length of
approximately 1.54 A. The O2 atoms serve as bridging oxygens, connecting two adjacent
vanadium atoms at the corners of the VOS5 pyramids, with a V-0 bond length of about 1.77 A.
The triply coordinated O3 oxygen links three vanadium atoms through edge-sharing VOS5
pyramids, with V-O bond lengths measuring approximately 1.88 A, 1.88 A, and 2.02 A,
respectively. Besides, the orthorhombic V20s can also be depicted as distorted VO6 octahedral.
The octahedra form a layered and anisotropic structure with addition of oxygen atoms at the
bottom of these square pyramids. The additional oxygen establishing a weak V...O van der

Waals bond with a bond length of about 2.81A. 158081
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Figure 1.5: The crystal structure of orthorhombic V,0s with (a) along b-axis, (b) along c-axis

and (c) coordination environment around a single V atom. Reproduced with permission. %
Copyright 2018, Elsevier.

In addition, V. Eyert et al. 3! studied the electronic structure of V20s. The electronic properties
are modified significantly by strong hybridization between O 2p and crystal field split V 3d
states. Strong deviations of the VO6 octahedra from cubic coordination give rise to the narrow

split-off conduction band as a characteristic feature of V,0s. Evgenii M et al. %

used quantum-
chemical calculations to study the electronic structure of a-V20s, y'-V20s, and y-MeV20s (Me
= Li, Na) bronzes. They found that Computed E; values are equal to 3.17, 1.21 and 1.18 eV for
v'-V20s, y-LiV20s, and y-NaV;,0s, respectively. The nature of the alkali metal atom is
determined to have little influence on the structure and electronic states of the bronzes. In
addition, techniques such as resonant photoemission spectroscopy, ** Raman spectroscopy, 34
X-ray absorption near edge spectra, % and resonant soft X-ray emission spectroscopy®® are used

to study the electronic structure of V20Os.

V1,05 possesses several remarkable properties, including a layered structure, high chemical and
thermal stability, electrochemical safety, low cost, and ease of preparation. These
characteristics make V>0Os an ideal material for applications in electrochemical energy storage,
catalysis, solar cells, gas sensors, electrochromic devices, and optoelectronic devices. As a
cost-effective cathode material for LIBs, V2Os has attracted great attention due to its high
theoretical specific capacity values (294 and 441 mAh g! for a 2 and 3 Li-ion intercalation,
respectively). 87 V20s was initially proposed as a Li-ion intercalation host by Whittingham et
al. in 1976, % and it can theoretically host lithium ions within its layered structure or undergo
a conversion reaction. The lithium-ion insertion/(de)insertion reaction of V>Os as the cathode

during discharge can be expressed as:

V205 -i-XLiJr +xe S LixV205
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The phases of LixV20s depend on the number of Li" insertion (x): a-phase (x < 0.01), B-phase
(0.3 <x<0.4), e-phase (0.35 <x <0.7), d-phase (0.7 <x <1) and y-phase (1 <x < 2). Further
lithiation, the y-phase irreversibly converts to a rock salt-structured w-phase (2 < x < 3). %3
a-, &- and 8- phases consists of VOs square pyramids and are accompanied by an orthorhombic
phase with the increased puckering in the layers. The deep charge/discharge (x > 1 in LixV20s)
of the V20s results in an irreversible crystal structural change. When 2 Li" ions are inserted,
the V205 remains in the y-phase permanently. Though the formed y-phase also consists of VOs
square pyramids, but it is highly puckered and irreversible. Finally, when the third lithium ion
is inserted into the V,Os layers, the irreversible formation of the w-phase (2 < x < 3) LixV20s
emerges. The w-phase owns a tetragonal structure, which is different with the initial V205 phase.
94 However, the average voltage for Li insertion and extraction in vanadium oxides ranges from
approximately 2.2 to 2.6 V vs. Li/Li". This voltage is too low for use as a cathode and remains
too high for it to function effectively as an anode in LIBs. > Besides, its poor intrinsic
electronic/ionic conductivity and structural stability, poor kinetics of the lithium ion
insertion/(de)insertion reaction, and an unclear lithiation mechanism are the main factors
restricting its practical application. Xue et al. synthesized hollow porous V205 microspheres
(HPVOMs) as the electrode material in LIBs, which exhibited good capacity, rate capability,
and stability, delivering 407.9 mAh g ! at 1.0 A g ! after 700 cycles. °® In addition, the
LiFePO4/HPVOM full cell had a discharge capacity of 109.9 mAh g™! after 150 cycles at 0.1 A
g’!. Dong et al. reported that V,Os porous microspheres cathode can achieve a reversible
capacity of 989.8 mA h g! at 0.5 A g'! after 350 cycles in LIBs. °’ In addition, Tan et al.
prepared large-scale carambola-like V205 nanoflowers arrays on microporous reed carbon as
enhanced electrochemical performances LIBs cathode. It achieved a stable capacity of 273
mAh g! after 100 cycles at 0.2 C, and maintained a capacity of 180 mAh g™ even after 500
cycles at 1.0 C. Moreover, Su et al. synthesized V205 yolk-shell microspheres as the electrode
in aqueous LIBs, with ultrafast rate capabilities ( 149.7 mAh g~ 'at 15A g~ !). *® In full-cell
tests, the VO//LiMn204 coin-cells demonstrated excellent cycle life, retaining 71.5% of their
capacity after 500 cycles at 1 A g, and exhibited ultrafast rate capabilities, delivering 87.4
mAhg'lat15A g

As for ZIBs, V20s also holds significant potential for applications due to its high theoretical
specific capacity of 589 mAh g! based on two electron transfers, its relatively low production

cost, and its appropriate layered structure that facilitates the insertion and extraction of zinc
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ions. % During discharge, zinc ions intercalate into the V2Os layers, resulting in a change in
layer spacing, while V> is gradually reduced to V** and V#*. Conversely, during charging, zinc
ions are extracted from the V205 cathode, diffusing via the electrolyte, and reduced to metallic
zinc deposited at the zinc electrode. Meanwhile, the layer spacing nearly returns to its original

state, and V" is oxidized back to V4" and V°*. The overall reaction can be represented as:
V7205 + xZn = Znx V205

Liu et al. synthesized two kinds of V,0s hollow spheres by optimizing the annealing
temperature as the cathode materials in ZIBs. !°° The obtained V,Os annealed at 350 °C
electrode exhibited both high specific capacity (437.5 mAhg™' at 0.2 A g'!) and high energy
density (306.25 Whkg ! at a power density of 140 W kg !). The superior performance can be
contributed to its hollow interior, which helps buffer the lattice expansion of the V205 electrode
and accommodates structural changes, while also facilitating rapid electronic and ionic
transport. Reported by Wang et al., the 2D amorphous V,Os/graphene (A-V20s/G)
heterostructures in ZIBs delivered an impressive capacity of 489 mAh g!' at 0.1 A g! and
maintained an excellent rate capability of 123 mAh g'! even at 70 A g'!. 1°! Additionally, the
novel prototype planar miniaturized zinc-ion microbatteries (A-V20s/G-ZIMBs) exhibited a
high volumetric capacity of 20 mAh cm™ at 1 mA cm™ and exceptional cycle life, retaining 80%
of their capacity after 3,500 cycles. Their ability for in-series integration highlighted their
strong potential as safe, high-performance microscale power sources. Furthermore, V20s is

also being explored for use in Na-ion, !> K-ion, ' Mg-ion, 1% Ca-ion, !°° and Al-ion batteries.
106

Among various vanadium oxides, V2Os has received more attention for supercapacitor
applications due to its wide range of oxidation states, high specific capacitance, and low
acquisition cost. Velmurugan et al. fabricated a symmetric device, V,0s||[PVA-KOH]||V20s, on
a thin flexible substrate, using both annealed (A-500) and as-prepared (RT) V20s films as
electrode materials separately. %7 The A-500 devices achieved a maximum energy density of
0.68 uWh cm™, significantly surpassing that of the RT electrodes (0.05 ptWh cm?). Additionally,
the symmetric A-500 exhibited outstanding cycle stability, maintaining a CE of 99% over
30,000 cycles. In addition, Sahu et al. synthesized graphene nanoribbon@V.0s nanostrip
composites to enhance the conductivity of V»0Os, achieving a high energy density of 42.09 Wh
kg and a power density of 475 W kg!. 1% Similarly, Sun et al. developed a 3D monolithic
aerogel consisting of uniform carbon nanofiber/V,Os core-shell nanostructures. ' This
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composite aerogel demonstrated a high specific capacitance of 595.1 F g, an impressive

energy density of 82.65 Wh kg™!, and excellent cycling stability (>12,000 cycles).

In addition, there are many studies about V2Os as the electrocatalysts applied in water splitting.
V205 demonstrated good OER performance due to the multivalent states of the V element,
which can enrich active intermediates (*OH, *O, and *OOH) by modulating the valence
electron structure of vanadium. ''% "' Mounasamy et al. prepared 2D V05 flat nanorods, which
exhibited excellent OER properties, achieving a low Tafel slope of 88 mV dec! and an
overpotential (Norr) of 310 mV at a current density of 10 mA cm™, and cycling stability over
12 h. "2 The V20s-based composites, such as IrO2/V20s, '* V205—Fe;04/rGO, ''* CoV204—
V205 coupled with porous N-doped reduced graphene oxide!!! have been reported for OER in
recent years. In terms of the HER, V,Os is typically regarded as inactive due to its weak H*
adsorption on V sites, which hinders H* formation at the active sites. !'> To enhance the HER
performance of V70s, three primary strategies can be employed: defects creation, interfacial
engineering, and composite formation. !' Li et al. synthesized V>Os nanosheet arrays
containing oxygen vacancies (Vo) on Co foam using a hydrothermal method. !'® By adjusting
the pH of the NH4VOs3 precursor solution to 1, they achieved a Vo concentration of 34.2% in
the V205 nanosheet arrays (named as Co—V,0s5—H). The Co—V20s5—H sample demonstrated a
low overpotential of 51 mV at a current density of 10 mA cm™, outperforming V>0s powder
and samples with lower Vo concentrations. Meena ef al. directly synthesized V,Os particles on
Ni foam using a one-step hydrothermal method. ''7 The resulting V>,0s/Ni(OH)@NF catalyst
exhibited a low overpotential of 39 mV at 10 mA cm™, comparable to that of Pt (35 mV @ 10
mA c¢cm?). Additionally, the hierarchical V>0s@Ni3S; hybrid nanoarray synthesized by Zhong
et al. demonstrated a favourable overpotential of 95 mV at 10 mA cm?, attributed to the

enhanced interfaces between V205 and Ni3S,. '8

Furthermore, the chemical and thermal stability, layered structure, narrow bandgap, and
photocatalytic properties also make V205 a practical material for fabricating electrochemical
and optoelectronic devices, such as photocatalytic degradation of dye, photoelectrochemical
water splitting, and photo-supercapacitors, etc. !'12* Photo-batteries, in which one of the
battery electrodes is made of a photoactive material that can be charged directly by light
without the use of a solar cell, thereby increasing the efficiency of the solar energy conversion

and storage process. V20s is a photo-responsive material with a small bandgap (~ 2.3 eV) that
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allows for light absorption in the visible range, making it suitable as a dual-function electrode

material in the photo-rechargeable batteries.

Boruah et al. were the first to demonstrate the photo-rechargeable properties of hydrothermally
synthesized V205 for ZIBs'? and LIBs!'?°. Specifically, a cathode formulation combining V,0s
nanofibers with poly(3-hexylthiophene-2,5-diyl) and reduced graphene oxide was proposed for
use in photo-rechargeable zinc-ion batteries (photo-ZIBs) in 2020. '?° This configuration
delivered gravimetric capacities of approximately 190 mAh g under dark conditions and
around 370 mAh g! when illuminated, with a photo-conversion efficiency of roughly 1.2%. In
2021, the same photo-active cathodes were adapted in photo-LIBs, which exhibited a capacity
increase of over 57% under illumination and can be charged up to approximately 2.82 V using
light, with the photo-conversion efficiencies of about 2.6% under 455 nm light and around 0.22%
under 1 sun illumination. 2 The improved electrochemical performance is due to the fact that
these cathodes exhibit a good absorption in the visible spectrum and enable the separation and
storage of charges required for direct light charging without the need for solar cells. Moreover,
V>0s nanofibers allow charge conduction along the nanofiber length, reducing the probability
of recombination for photo-excited carriers before extraction. Later, Wilhelm et al. reported
utilizing carbon-coated electrospun V205 nanofibers as photo-responsive cathodes for lithium-
ion batteries. >’ The materials delivered a high discharge capacity of 160 mAh g !, which could
be increased up to 184 mAh g~ ! (C rate of 0.75) under light illumination. The photo-conversion

efficiencies could reach 5.07%.

1.3 Rechargeable Metal-ion Batteries

Rechargeable metal-ion batteries are a type of battery that stores and releases electrical energy
by facilitating the reversible movement of metal ions between the positive and negative
electrodes. Known for their high energy density, long lifespan, and efficient recharging
capabilities, these batteries, including lithium-ion, zinc-ion, sodium-ion, potassium-ion,

calcium-ion, magnesium-ion, Aluminum-ion batteries, are widely used in various applications.
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1.3.1 Lithium-ion Batteries

The pursuit of sustainable energy storage solutions has intensified in recent years, driven by
the motivation of mitigating environmental degradation and the quest for higher energy density
systems. Lithium becomes a promising candidate owing to its highly reducing potential (—3.04
V vs. standard hydrogen electrode (SHE)), and its low atomic mass. Additionally, the small
atomic radius of Li-ions enables a high diffusion coefficient when used as the charge carrier,
making lithium-based systems theoretically ideal for meeting the high energy density and

power demands of portable energy storage devices.

LIBs have emerged as the leading battery technology due to their long lifespan, high energy
density, and superior power density. > 12° The introduction of LIBs by Sony® in 1991,
featuring graphite anode and lithium cobalt oxide cathode, marked a significant milestone in
rechargeable battery technology. Despite their success, there is a growing trend to cut down on
cobalt due to its geopolitical and supply-related risks, 1*° prompting a shift towards alternatives
to improve battery energy density. The expanding market for electric vehicles, consumer
electronics, and other portable electronics devices has significantly increased the demands for
batteries that offer higher capacity and power density. The current LIBs may not fully meet all
the requirements. Safety concerns associated with LIBs, including risks of thermal runaway
and explosions, have been reported. Developing a battery system that is both safe and
environmentally friendly, while still offering high electrochemical performance is the major

task.

1.3.1.1 Mechanism

A LIB is composed of four major parts: anode, cathode, separator, and electrolyte. The working
mechanism of typical LIBs is illustrated in Figure 1.6, using a LiCoO2 (LCO)/graphite cell as
an example. During charging, lithium ions de-intercalate from the cathode (LCO), diffuse
through the electrolyte, and move across the separator's nanopores to intercalate into the anode
material. Simultaneously, electrons flow in the opposite direction through the external circuit
to maintain electro-neutrality. During discharge, lithium ions migrate from the anode back to

the cathode.

The reactions at the LCO cathode during cycling can be expressed as:
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LiCoO; = Li(-xCo0; + xLi" + xe”
The reactions at the graphite anode during cycling can be expressed as:

6C +xLi"+xe© = LixCs
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Figure 1.6: Schematic diagram of charging and discharging process of LIBs.

1.3.1.2 Cathode Materials

Whittingham designed the earliest iterations of a cathode similar to the current cathode
materials. 1*! He utilized layered crystal structures of nearly metallic metal dichalcogenides like
TiSz and TaS: to store Li-ions. Whittingham termed this process the “intercalation mechanism,”
which exhibited high reversibility due to minimal changes in the crystal structure. He attributed
this phenomenon to ordered layered structure of TiS,, consisting of alternating Ti and S sheets.
The absence of disordered Ti cations within the crystal lattice benefits Li-ion transfer, making

the material highly suitable for this application.

In 1980, Godshall et al. proposed a high voltage metal oxide namely LCO used as cathode
material, operating at elevated temperatures of 400—450 °C. '3 Later, Mizushima et al. reported
a room temperature LCO cathode using organic electrolytes. '3* LCO possessed a layered
crystal structure similar to that of TiS: but provided several key advantages, including stability
under ambient conditions (moisture) and a much higher Li-ion insertion voltage (3.54 V vs.
Li/Li" in propylene carbonate). However, fully delithiating LCO required a very high voltage
(5 V vs. Li/Li"), which led to the oxidation of the organic electrolyte and instability of the
cathode material. Consequently, complete delithiation resulted in a significant 5% irreversible
capacity loss per cycle, as reported by Amatucci et al., '** making it unsuitable for practical

applications.
40



MnO, was explored as a cathode material for Li-based rechargeable batteries as early as 1974,
prior to the development of LCO, and demonstrated a capacity of approximately 308 mAh g!
at 5 V versus Li/Li", significantly higher than commercial LCO. Additionally, Mn had a
substantial cost advantage over LCO due to its lower price. However, MnO> underwent severe
structural changes when lithiated to form the rock salt structure of LiMnO,, rendering it
impractical as a rechargeable cathode material. It was not until 1983 that Thackeray introduced
LiMn>0O4 (LMO) with a 3D spinel structure, featuring a dual discharge plateau at 3 V and 4 V
versus Li/Li" as a promising alternative to LCO. Like LiMnO», LMO was significantly cheaper,
less toxic, and offered better thermal stability in the charged state as well as higher power
density due to its 3D framework. However, these advantages were offset by several challenges
at lower discharge voltages, including Jahn—Teller distortion, volume expansion from phase
transformations, and manganese dissolution from the cathode through a disproportionation
reaction (2Mn>" — Mn?" + Mn*") triggered by HF acid, which forms as a byproduct of the

reaction between LiPFg (electrolyte salt) and trace water impurities in the electrolyte.

Another class of cathode materials is the olivine-structured LiFePOs. Initial studies focused on
the low-cost LiFeO,, which was explored by Sakurai et al. in 1996. However, it exhibited a
low capacity (~100 mAh g!') and a severely sloped lithiation profile. Later, in 1989, Manthiram
and Goodenough investigated polyanions like Fe>SiO4 with a NASICON framework, which
showed a more favourable flat voltage plateau. In 1997, Padhi et al. further explored metal
polyanions (PO4) with 1D-ordered olivine structures, including LiFePO4 (LFP), LiMnPOs,
LiCoPOs4, and LiNiPO4, which demonstrated promising characteristics for battery applications.
LiFeP>07, LizsFex(POs)3, Fea(P207)3, and LiFePOy all exhibited the ability to reversibly insert
and extract lithium ions. It was discovered that the Fe**/Fe** redox couple in LiFePO4 has the
largest potential difference from the Fermi level of lithium, resulting in a lithiation voltage of
3.5 V versus Li/Li". However, in contrast to spinel manganese and the layered dichalcogenides
TiS2 and CoO; cathode materials, LFP is not electrically conductive and does not exhibit
increased conductivity at any state of lithiation. This limitation hindered the use of bulk LFP

particles in cathodes, significantly obstructing its initial commercialization.

The LIB technologies discussed so far (LMO and LFP) have not, and still do not, play a
significant role in modern electric vehicles (EVs). Instead, the most impactful and promising
cathode materials for EV applications have been the layered nickel-manganese-cobalt (NMC)

oxides. Its main advantages include increased capacity, a high decomposition temperature, the
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use of lower-toxicity materials, and reduced costs from substituting both cobalt and nickel with
inexpensive manganese. Initially, the cycle stability and electronic conductivity of NMC were
lower than that of LCO, raising concerns about the commercial viability of ternary metal oxides.
However, significant improvements in performance were observed when adjusting the ratios
of the three metals, leading to extensive research aimed at finding the optimal combination.
Each metal in the NMC system serves a distinct role: nickel contributes capacity by being
oxidized from Ni?* to Ni*" to Ni*, while manganese (Mn*"), although not electrochemically
active, enhances structural stability and reduces costs. Cobalt (Co) is oxidized from Co?" to
Co*" following the oxidation of Ni**, which helps prevent nickel from migrating into lithium
sites. While cobalt is expensive (approximately $9,000 per ton) and has limited availability on
Earth. As a result, the battery industry is increasingly shifting toward nickel-rich cathodes to

enhance performance and reduce reliance on Co.

Research on NMC cathodes initially focused on low nickel ratios. In 2001, Ohzuku and
Makimura synthesized and tested LiNio.33Mno33C00.3302, '*> while in the same year, Dahn et
al. investigated LiNixCo1-2xMnxO2 (where x = 0.25 and 0.375). !*¢ The work from both groups
introduced the NMC class of materials to the battery field. In 2011, Z. Li and Whittingham e¢
al. aimed to identify an optimal NMC ratio by testing NMC compositions 333, 442, and 992.
137 They found that NMC 442 exhibited a higher capacity at low currents and comparable
capacities at higher currents, while also reducing costs by lowering the Co content from 33%
to 20%. The commonly commercial NMC formulations include NMC 622, NMC 811, efc.
However, the performance fading of Ni-rich NMC cathodes is mainly due to the effect of
Li*/Ni** cation mixing, the influence of Li residues on the stability, the influence of
overcharging on the capacity degradation, effects of high temperature on the structure stability.

139, 140 and surface coating, ! 1> to address

138 Several strategies, including element doping
these issues have been reported in recent years. The high price of Co, poor structural and
interfacial stability of Ni-rich NMC still hinder their large-scale applications. Therefore, the
research on cheap, high-performance positive electrode materials is still the focus of the

development of the lithium-ion battery industry.

Vanadium is a widely abundant transition metal that exhibits four oxidation states: V2*, V37,
V#, and V°*. Vanadium-based nanomaterials have garnered significant interest for emerging
energy storage systems. In 1975, Whittingham prepared vanadium oxides as the cathode

material in LIBs, and found that the possibility of vanadium oxide as the host to accommodate
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Li ions, 3 which triggered the boost of studies on vanadium oxides as cathode materials for
LIBs. Among the various vanadium oxides, V2Os is the most prevalent and stable form. '*
Notably, V20s has a remarkably high reversible capacity compared to other cathode materials.
Its intricate structure and diverse morphology make it an exceptional candidate for LIBs. The
theoretical specific capacity of V20s is approximately 294 mAh g with two lithium-ion
intercalations and about 441 mAh g with three lithium-ion intercalations, significantly
exceeding the capacities of commonly used cathode materials. In 1992, West et al. utilized
V205 xerogels as the electrode and pointed out that the xerogel host exhibited greater stability
during lithium insertion, maintaining its structural integrity even after repeated cycling to a
depth of 2 Li/V,0s. % In 1997, Kumagal et al. synthesized vanadium oxides films, which could
be charge and discharge cycled over 300 times at a current of 10 pA at 25 °C. 1% In 2006, Zhou
et al. prepared metastable VO nanorods as cathode materials via hydrothermal method. %6 The
as-synthesized VO»(B) nanorods demonstrated an initial discharge capacity of 310 mAh g!,
and achieved at 250 mAh g! by the 30th cycle within the potential range of 1-3.5 V. In the last
decade, researchers have developed approaches to prohibit the growth of lithium dendrite by
applying lithium as the anode. '*’ The revitalization of V2Os as a promising cathode material
for LIBs is due to the development of nanotechnology and the use of lithium metal as the anode

where it eliminates the problem of no lithium ion in the cathode.

As mentioned above, vanadium oxides are promising electrode materials for high-performance
LIBs as for its high specific capacity, low cost and abundant source. The issues for the further
development of LIBs lies on its intrinsic low ionic diffusion coefficient, the challenge of
controllable preparation, and moderate electronic conductivity, and inferior cycling stability.
148 The electrochemical properties comparison is summarised in the Table 1.1 below from the

same reference.

Table 1.1: Comparison of several kinds of cathode materials for LIBs.

Lithium nickel
Lithium Ferrous

. L. cobalt Vanadium
Cathode Lithium manganate cobaltite lithium .
] manganese pentoxide
materials oxide oxide phosphate i
oxide
Main

Li]\/[l’le4149 LiMl’lOzlSO LiCOOz151 LiFeO4152 Li(NiCoMn)02153 V205154
components
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Theoretical

capacity 148 286 274 170 280 294
(mAh g*)
Actual capacity
100-120 200 135-145 130-140 >150 2224
(mAh g™)
Operating
3.1-3.9 3443 2.5-4.1 3.2-3.7 2.5-2.4 2-4
voltage (V)
Cycle
>500th poor >300th >2000th >800th >500
performance

1.3.2 Zinc-ion Batteries

Despite LIBs being the primary sector in the rechargeable battery market, the development of
LIBs has faced challenges such as the scarcity and high cost of lithium metal, the safety
concerns regarding the toxicity and flammability of their electrolyte. 15> ¢ Finding a
compelling alternative is of necessity. Among emerging technologies, rechargeable ZIBs have
attracted great attention for its potential to offer an advanced electrochemical performance.
ZIBs present several notable advantages over LIBs. Firstly, zinc, being one of the most
abundant elements on Earth, offers a cost-effective alternative to lithium. The price for zinc is
around 2638 USD per ton'>” while the price for lithium is approximately 10612.5 USD per ton.
158 Secondly, the nonflammability, nontoxicity and nonvolatility of the aqueous electrolyte,
avoiding the safety hazards presented in LIBs. Moreover, the ionic conductivity of aqueous
electrolyte is two orders of magnitude higher than that of organic electrolytes, which facilitate
power density and fast charging capability. 1> On top of that, from an environmental aspect,
ZIBs are inherently more sustainable due to the nontoxicity of zinc and its recyclability. 16
Another benefit of aqueous batteries is the lower fabrication cost, as they do not require strict

oxygen- and water-controlled assembly lines. '¢!

The history of zinc-based batteries dates back nearly 200 years prior to the current bloom
situation, beginning with the invention of the Zn-CuSO4 battery by Daniel in 1836, as presented
in Figure 1.7. Zinc-manganese batteries have dominated the primary battery market since their
invention by French engineer Georges Leclanché in 1860. 12 In 1878, the first alkaline Zn-air

battery assembly was designed by Maiche. !9 In 1941, zinc-silver (Zn-Ag) batteries were first
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appeared. '®* In 1986, alkaline Zn/MnO> batteries were developed based on these earlier
Zn/MnO; batteries. '®> However, the initial Zn/MnO> batteries were technologically outdated,
costly, and resource-intensive. To improve resource efficiency, rechargeable alkaline Zn/MnO>
batteries were introduced. Despite this, they still had drawbacks, such as low CE and rapid
capacity decay due to the reversible reactions at the Zn/MnO> electrodes. 1% In 2009, Xu et al.
discovered that Zn** could be reversibly intercalated and extracted from the MnO> electrode
(Zn>" + 2e + 2MnO; = ZnMn,04). 1 Building on this finding, they introduced the concept of
“ZIBs” for the first time in 2011. ' The rechargeable aqueous zinc-ion batteries (AZIBs) using
mild or ZnSO4 or Zn(NO3)» as the electrolyte, 0-MnO; as the cathode material, and zinc as the
anode. Polycrystalline MnO; (including a, B, R, o, T, A, €, and y phases), Prussian blue, and its
analogs (e.g., copper hexacyanoferrate and zinc hexacyanoferrate) have garnered considerable
attention as potential cathode materials. '!7! However, MnO; suffers from an unstable crystal
structure, leading to poor cycling performance during charging and discharging. !> 1”3 While
Prussian blue and its analogs possess stable crystal structures, their Zn storage capacity remains
low, typically below 100 mAh g™, 74175 In 2012, dual-ion hybrid zinc batteries (DHZBs) were
designed and developed. 7% In these systems, ions such as Li*, Na*, Mg?', and AI** are used
instead of Zn*' to intercalate into the cathode material, enhancing ion mobility. These
advancements have paved the way for new energy storage systems, offering a promising
alternative to traditional LIBs. In 2016, aqueous zinc-organic polymer batteries were proposed,
showing the beneficial impact of the conjugated backbone on material performance by
enhancing electron transfer throughout the polymer chain. !”7 In 2017, Hu et al. developed a
Zn/V,0s dual-ion battery using a "water-in-salt" electrolyte composed of 21 m lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI), and 1 m zinc triflate (Zn(CF3SO3)). !
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Figure 1.7: Illustration of the development history of Zn-based batteries.

ZIBs operate on the fundamental principle of electrochemical energy conversion. As shown in
Figure 1.8, ZIBs have the similar structure analogous to that of LIBs including four components:
the anode, separator, electrolyte, and the cathode. The electrochemical processes within ZIBs
involve the intercalation and deintercalation of zinc ions between the anode and cathode during
charge and discharge cycles. Separator is functioned to prevent short circuits caused the contact
of the cathode and anode, while also providing pathways for the transit of zinc ions. The
anode, typically composed of metallic zinc due to the numerous merits, such as relatively low
redox potential (-0.76V vs. SHE) and high theoretical specific capacity and volumetric density
(820 mAh g! and 5855 mAh cm™), undergoes oxidation, releasing zinc ions into the electrolyte.
These zinc ions migrate through the electrolyte to the cathode, where they intercalate into the
host material, facilitating the flow of electrons through the external circuit, thereby generating
electrical energy. During the charging process, the electrochemical reactions are reversed,
restoring zinc metal in the anode. In addition, the aqueous electrolytes play a crucial role by
facilitating the movement of Zn?* ions between electrodes during charging and discharging.
This process, which governs Zn** conductivity and the electrochemical window, relies on the
composition of the electrolyte. '’ Commonly used aqueous electrolytes for ZIBs consist of

solutions with various zinc salts such as ZnSO4, ZnCl,, and Zn(CF3S0O3)».
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Figure 1.8: Schematic illustration of the working principle of ZIBs.

Although ZIB technology is very promising, it is still in the research phase, facing several
limitations and challenges that need to be overcome before it can achieve commercial viability.
For the zinc anode, it encounters challenges such as side reactions, by-products, and dendrite
formation during Zn plating/stripping process. '%° Specifically, these side reactions, which
include Zn anode corrosion and the cathodic HER, irreversibly deplete electrolytes and prompt
the formation of insoluble by-products on the Zn anode surface. Dendrites, stemming from
uneven Zn deposition, often breach separators, causing battery short circuits. Additionally,
some dendrites easily detach from the Zn anode, becoming inactive "dead Zn." Consequently,
these side reactions and dendrites result in reduced CE and significant capacity loss in AZIBs.
For the aqueous electrolyte, Zn(CF3S0O3), stands out due to its notable merits such as a high
diffusion coefficient and effective suppression of the HER. In Zn(CF3SOs)> electrolyte,
CF3S0s5 ions possess low electron density and high ionic polarization, making them bulky and
prone to weak interactions with water molecules. Consequently, CF3SO3™ ions tend to form
solvation structures with Zn?" ions, thereby reducing the interaction between Zn>* and water
molecules significantly. This reduction occurs because the bulky CF3SO3™ anions limit the
coordination number of water molecules, weakening the solvation effect of Zn**. '° Although
Zn(CF3S03); electrolyte enhances the electrochemical performance of AZIBs, it faces several
challenges, such as high cost and environmental unfriendliness. For example, CF3SO; anions

are susceptible to hydrolysis, resulting in the formation of monohydrates (CF3SOs;H) and
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trifluoromethane (CHF3), which can lead to environmental pollution and health risks.
Additionally, Zn(CF3S0O3), electrolyte tends to be expensive, necessitating the recycling of
Zn(CF3S03); to mitigate costs and environmental impact. For the cathode, the primary
challenge preventing the practical application is the lack of electrode materials that meet all
critical criteria. These criteria include: (1) morphology and crystal structure to accommodate
the highly polarized Zn**ions and support their sluggish diffusion, (2) relatively high discharge
capacity, (3) high operating voltage, (4) structural stability for long-term cyclability, and (5)

cost-effectiveness and environmental sustainability. '3

Mn- and V-based cathode materials have been the primary focus in the development of ZIBs.
172. 181 Mn-based materials often suffer from rapid capacity decay due to structural instability,
which results from manganese dissolution and structural transformations during cycling. 182 183
In contrast, most V-based compounds exhibit better stability and capacity than Mn-based
cathodes due to a higher degree of capacitive contributions and more stable crystal structures.
184,185 However, the average operating voltage of most V-based compounds is approximately

0.75 V versus Zn/Zn**, limiting their potential to achieve high energy density. '8! 136 187 Tp

addition, some new classes of cathode materials, such as PBAs (Prussian blue analogues), '3
polyanionic compounds, '* metal sulfides, !°° and organic compounds'®! have been also studied

in recent years.

By addressing the above-mentioned challenges and leveraging the inherent advantages of zinc-
ion chemistry, researchers are aimed to explore the strategies to protect the zinc anode, develop
cost-effective and innovative electrolytes, exploit suitable cathode materials for the insertion
of zinc ions. These efforts can help pave the way for the widespread use of ZIBs, contributing

to the realization of a cleaner and more sustainable energy future.

1.3.3 Sodium-ion Batteries

Sodium-ion batteries (NIBs) are considered a viable alternative to LIBs due to their similar
chemical properties. Li and Na are both alkali metals from Group 1 of the periodic table and
share the characteristic of having a single loosely bound electron in their valence shell, leading
to the formation of Li* and Na' ions. '°> As electrochemical carriers, Li" and Na* have similar
standard electrode potentials: Na (—2.71 V vs. SHE) is only 300 mV higher than Li (—3.04 V
vs. SHE). 13 NIBs also have the potential to offer high-power performance because Na* diffuse
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faster than Li".!'°* Additionally, unlike the formation of Al-Li intermetallic compounds in LIBs,
sodium does not thermodynamically form Al-Na compounds. As a result, Al foil can be used
as the current collector for NIB negative electrodes, replacing the Cu foil typically used in LIBs.
According to a cost analysis by Vaalma et al., switching from Cu to Al current collectors lowers
battery costs, with a greater reduction than that achieved by simply replacing lithium with
sodium. '°° Therefore, the ability to use Al current collectors for both the positive and negative
electrodes in NIBs is a significant advantage in reducing overall costs. Moreover, the
intercalation chemistry of lithium and sodium ions is quite similar, and thus, the materials tested
for NIBs could be like those used in Li-ion systems. For example, layered AMO, (A = alkali
metal, M = 3d transition metals) compounds have been widely researched as positive electrode
materials for LIBs and NIBs since the initial reports on the electrochemical (de)intercalation
of Li and Na in layered LiCoO, and NaCoO, in 1980. '3* 1%® NIBs could present a viable
alternative to complement LIBs applications, particularly in stationary storage applications.
Though NIBs are generally cheaper in terms of material costs, reducing processing costs to
competitive levels remains a challenge. Additionally, the long cycle life of NIBs can help offset
high initial investments, making them an economically attractive option for large-scale,

stationary applications.

1.3.4 Potassium-ion Batteries

Potassium-ion batteries (KIBs) have also gained considerable attention as a cost-effective
alternative in recent years. Like sodium, potassium is abundant and does not form Al-K
intermetallic compounds, allowing the use of Al foil as a current collector for negative
electrodes in these batteries. !°7 KIBs are also expected to operate at higher voltages compared
to NIBs and even LIBs. It has been previously demonstrated that the standard electrode
potential of K/K" electrodes in carbonate electrolyte solutions is lower than that of Li/Li"
electrodes, '°® which is consistent with the calculated standard electrode potentials reported in
earlier literature. '°° This lower potential allows for lower cutoff voltages in negative electrodes
without metallic potassium deposition, enabling KIBs to operate at higher voltages over a wider
range than both NIBs and LIBs. In addition, KIBs offer high-power density due to the fast
diffusion rate of K™ ions, which experience weaker Coulombic interactions. These unique
properties make KIBs a promising alternative to LIBs, sparking growing interest in the field.

Since the experimental validation of the low K/K" potential and successful electrochemical K-
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intercalation into graphite in 2015, 2% 2% extensive research has been conducted on KIBs and
related materials, including positive and negative electrode materials, nonaqueous and solid
electrolytes, and functional binders. 222% Layered KxMO>?” and PBAs 2% are widely studied
as positive electrode materials for KIBs, while for negative electrodes, graphite, which is
widely utilized and technically established in LIBs, is a promising candidate for KIBs. 2% To
enable the practical application of KIBs, further advancements are needed in energy density,
cyclability, and high-power capabilities. However, at this early stage, comprehensive safety
assessments of KIBs, particularly for large-format batteries, remain limited. Developing safety
strategies, such as using nonflammable materials and solid-state battery designs, will be a

critical focus for future research.

1.3.5 Aluminum-ion Batteries

Aluminum-ion batteries (AIBs) are viewed as attractive electrochemical energy storage
systems due to the widespread availability of Al, its high charge storage capacity of 2980 mAh
g'!/ 8046 mAh cm™, and the relatively low redox potential of Al1**/Al. 2% Specifically, Al is a
metal that is the most abundant element in the Earth's crust, with a concentration of 82,000
ppm, which is significantly higher than other metals, such as magnesium at 29,000 ppm,
potassium at 18,400 ppm, sodium at 23,000 ppm, zinc at 75 ppm, and lithium at just 17 ppm.
210.211 plys, AIBs displayed higher safety with wide operating temperature for applications. 2!2

However, several key factors have constrained the development of AIBs in recent years. *!3
Firstly, finding suitable electrolytes that enable efficient plating and stripping of aluminum at
room temperature has been challenging. Moreover, the scarcity of stable positive electrode
materials has limited progress in AIB technology. Additionally, assembling batteries with ionic
liquid electrolytes is particularly difficult due to their highly corrosive nature. Currently, AIBs
technology seems better suited for stationary energy storage applications, given its long cycle
life and relatively lower energy density. AIBs can complement redox flow batteries by offering
high power and rapid response, which can enhance the stability of the electrical grid. As energy
density improves, AIBs could also become viable for use in heavy-duty vehicles, due to their

high specific power and intrinsic safety. >!!
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1.3.6 Magnesium-ion Batteries

Magnesium-ion batteries (MgIBs) are considered a promising alternative to LIBs due to the
abundant availability and easy accessibility of magnesium in the Earth's crust. Magnesium, an
alkaline earth metal, offers nearly double the volumetric capacity (3832 mAh mL™) of lithium
and has a very negative reduction potential of -2.4 V vs. SHE. ?'* Additionally, magnesium
metal anodes exhibit less dendrite formation compared to lithium. !> Magnesium is also less
reactive with air, simplifying processing and handling, thus reducing safety risks. Moreover,
magnesium is far more abundant in the Earth's crust, making it more readily available and

significantly cheaper than lithium.

While alkali metals like lithium benefit from a passive solid electrolyte interface (SEI) that
allows the transport of ions between the anode and electrolyte without major degradation,
alkaline earth metals like magnesium tend to form analogous passivation films that impede
cation diffusion. This might theoretically limit magnesium electrode performance, especially
during charging. 2'® However, as early as 1927, effective magnesium electrodeposition was
demonstrated using ethereal solutions of Grignard reagents, 2!’ underscoring the viability of
magnesium metal anodes in battery applications. Similarly, there are currently some factors
that hinder the development of MgIBs. On one hand, electrolyte solutions that enable fully
reversible Mg metal anodes are incompatible with high-voltage, high-capacity transition metal
oxide cathodes due to complex surface interactions. On the other hand, Mg metal anodes cannot
function reversibly in conventional electrolyte solutions that support high-voltage, high-
capacity Mg insertion cathodes because of passivation effects that completely block their
activity. 2!* Moreover, sluggish ion diffusion, limited cathode materials, electrolyte
corrosiveness and lower energy density are other challenges that need to be addressed for

MglBs technology to advance towards practical application.

1.3.7 Calcium-ion Batteries

Calcium-ion batteries (CIBs) are appealing due to the abundance of calcium resources, the
excellent volumetric and gravimetric capacities of calcium metal as an anode, and the potential
for high energy density enabled by the multivalent nature of calcium ions. To be specific, Ca
is the fifth most abundant element in the Earth's crust, featuring a widespread global resource

distribution, nontoxicity, and outstanding thermal stability. 2'* Moreover, Ca is a divalent
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alkaline earth metal with a highly strong oxidative ability, as reflected by its Ca**/Ca redox
potential of —2.87 V vs. SHE, close to the —3.04 V vs. SHE of lithium metal. 2** ?*! Among
multivalent metals being explored for battery applications, calcium has the most negative redox
potential (Figure 1.9 a). In addition, calcium metal offers high volumetric and gravimetric
capacities, reaching 2073 mAh cm™ and 1337 mAh g”!, respectively. > Besides, its ionic radius
is very similar to that of Na® (Figure 1.9 b), a cation known for easy intercalation and

deintercalation in a wide range of materials. 222

However, irreversible Ca stripping and plating and issues from intrinsic characters of Ca®" are
the two main obstacles that hinder the development of CIBs. ??* Like other multivalent metal
ions, Ca" has a relatively high charge density and forms strong bonds with surrounding ions.
224 As a result, more energy is required for it to overcome the higher diffusion barrier and break
interatomic bonds to move through the electrode. In some cases, these interactions are so strong
that Ca?" forms clusters, similar to [AICl4]~ or [MgCl]", which act as migrating ions. This leads
to sluggish diffusion kinetics in electrodes, resulting in high overpotential and poor power

performance in CIBs.

a. Metal/ion redox potential vs. SHE

Li K Ca Na Mg Al Zn EO (M"*/M"©)
9 99 9 > 9 ®
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c. Volumetric and gravimetric capacities
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Figure 1.9: (a) Metal/ion redox potential vs. SHE; (b) mean size of the ionic species (Shannon
ionic radium for 6-fold coordinated cations); *> (c) theoretical volumetric and gravimetric
capacities; 2'° (d) Earth abundance and production cost; 2!%2%6 (¢) comparison of various aspects
of metal ion batteries. 2’
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In Figure 1.9, inherent characteristics and evaluation of mono- (Li", Na®, and K") and
multivalent (Ca**, Mg?*, AI**, and Zn?") metal ion batteries are presented. It is noting that a
typical assessment focuses primarily on the anode, emphasizing the potential of pure metals
due to their high specific capacity (Figure 1.9 c), relatively high density, and consequently
elevated energy density. However, this approach often overlooks the less negative redox
potentials of multivalent metals compared to lithium-based anodes (Figure 1.9 a), which can
create unrealistic expectations about the volumetric energy densities of multivalent metal-ion
batteries. While these batteries might achieve lower gravimetric energy densities due to the
higher atomic weights of multivalent metals, their volumetric energy densities may not surpass

those of lithium-based systems. 228

In conclusion, as the demand for diverse energy sources continues to rise, developing a range
of complementary battery technologies is a crucial strategy for addressing the energy crisis. As
shown in Figure 1.9 d-e, compared to LIBs, multivalent ion batteries, such as ZIBs, CIBs,
MgIBs and AIBs, will undoubtedly play a significant role in this effort. The primary advantage
of multivalent systems is their higher volumetric capacity, more abundant reserves, cheaper
prices and the absence of dendrite formation during charging, addressing key safety and
performance issues associated with lithium metal anodes. Especially in the ZIB system, its
overall advantages are more obvious. However, it is important to note that unless lithium
becomes prohibitively expensive, neither ZIBs nor other multivalent metal-ion batteries are
likely to surpass LIBs in terms of energy density, which remains the key factor for portable
electronics and electric vehicles. Besides, the nonaqueous and solid-state chemistry and
electrochemistry of multivalent metals are significantly more complex than those of
monovalent alkali metals, making it more challenging to develop and implement practical
battery chemistries based on multivalent metals. Therefore, the main advantages of multivalent
batteries lie in their lower cost and long-term sustainability, making them well-suited for
stationary energy storage applications. The key advancements in high-energy multivalent metal
batteries rely on the discovery of new materials for both high-voltage cathodes and electrolytes.
The main challenges in developing these batteries include ensuring electrolyte compatibility
with both the anode and cathode, as well as identifying high-voltage cathodes capable of
facilitating multiple electron transfers at the same metal center while allowing for the fast

diffusion of multivalent ions in the solid state.
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1.4 Synthesis of Nanostructured V2,05

Various nanostructures of V20Os, such as nanotubes, nanowires, nanofibers, nanobelts, nanorods,
nanoflowers, and mesoporous structures, have been synthesized by different methods,
including hydrothermal method, solvothermal method, sol-gel, atomic layer deposition (ALD),

electrospinning, electrochemical deposition, and so on.

1.4.1 Hydrothermal Method

Hydrothermal approach is the most common method to obtain nano-sized V,Os with different
morphologies and structures and is usually environmentally friendly without dangerous
reagents or harmful solvents and surfactants. Xing ef al. prepared a yolk—shell V20s structure
assembled from ultrathin nanosheets via a facile hydrothermal method and was evaluated as
supercapacitor materials, as shown in Figure 1.10 a. ?*® This material exhibited a specific
capacitance of 704.2 F g ' at 1.0 A g ! and a stable capacity retention of 89% over 4000 cycles
at 3.0 A g !. Besides, Zhai ef al. reported that centimetre-long V,Os nanowires were prepared
by a hydrothermal method in Figure 1.10 b. !® The nanowires were single crystals of an
orthorhombic V,0s with a growth orientation along the [010] direction, and displayed a high
capacity of 351 mAh g! and a high CE of 99 % when used in LIBs. As shown in Figure 1.10
¢, the V205 nanofibers were obtained by hydrothermal synthesis, reported by Liu et al. 2*° As
an positive electrode material in ZIBs, this material can achieve a specific capacity of up to
264.5 mAh g at a current density of 200 mA g by matching with aqueous Zn(CF3SO3)>
electrolyte. Even at 2 A g’!, It can also achieve a notable rate capability of 132.6 mAh g
Furthermore, Javed ef al. obtained the 2D layered V205 nanosheets on a flexible Ti substrate
through a hydrothermal process, followed by a post-annealing treatment. The authors
developed an ultrafast and flexible quasi-solid-state zinc-ion battery that delivered a capacity
of 377.5 mAh g and an energy density of 622 Wh kg!' when charged at 4 A g in under 6
minutes. Additionally, it demonstrated an impressive power density of 6.4 kW kg at an

extremely high current density of 20 A g!. *! In addition, V>0s nanotubes, ** nanobelts, >**

234

nanorods, ** nanoflowers’’ can be synthesized via the modified hydrothermal method.
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1.4.2 Solvothermal Method

The solvothermal method allows for the well-controlled synthesis of highly crystalline and
well-defined nanostructures, making them a powerful technique for producing V>Os
nanomaterials. However, it also comes with many challenges, including high pressure and
temperature requirements, long reaction times, and safety issues. Wang et al. fabricated hollow
V205 microspheres with multiple double-walled shells (in Figure 1.10 d) from using ascorbic
acid-assisted solvothermal method. 2*> This material with unique structures exhibited good
electrochemical performance in LIBs. Additionally, Kim et al. proposed a novel V205 electrode
architecture for synthesizing size-controlled V,0Os hollow microspheres with tuneable
nanoscale building blocks, as shown in Figure 1.10 e, using a simple solvothermal reaction
followed by annealing at 500 °C. 2*® Moreover, nanostructured V,Os hollow microspheres, 23’
V,0s/graphene nanocomposites, 2** and V20s/MWCNT composites®® could be obtained via

solvothermal synthesis.

1.4.3 Sol-gel Approach

Sol-gel methods are generally facile, environmental-friendly, and could prepare products in
large-scale (up to the order of 10 grams). However, this method often requires post-synthesis
thermal treatments to achieve the desired crystallinity and mechanical properties, and some
sol-gel precursors can be expensive. Li et al. reported that nanorods-constructed 3D porous
V205 architectures (3D-V20s) for high-rate lithium storage were prepared through a simple
sol-gel method followed by a heat treatment process, as shown in Figure 1.10 f. 2*° Besides,
Karami et al. synthesized V205 nanoflakes by poly vinyl alcohol-based sol-gel method, and
used as positive electrodes for LIBs. 2! At a current density of 100 mA g’!, the discharge
capacity of the material after 1 and 100 cycles was 430 mAh g'' and 280 mAh g”!, respectively.
Furthermore, there have also been reports on the preparation of V205 nanorods, 2*? thin films,

244

243 and nanosheets*** through the sol-gel method in recent years.

1.4.4 Atomic Layer Deposition

Atomic layer deposition is another effective method to synthesize V205 thin films, with the
advantages of atomic-level thickness control, reproducibility, precise composition control and
uniform coatings on complex geometries. However, its slow deposition rate, high cost, and
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limited applicability for thicker films may limit its application. Chen ef al. proposed a modified
ALD process using ozone (O3) as oxidant to prepare crystalline V,0Os thin films which are
single-phase and orthorhombic on various substrates. >** The as-deposited V2Os films on planar
electrodes exhibited high specific capacity, outstanding rate performance, and excellent cycling
stability. Also, Sreedhara et al. reported that ultrathin epitaxial films of V2Os have been grown
on c-AlbOs3 substrates via ALD (Figure 1.10 g), utilizing vanadyl acetylacetonate as the
vanadium precursor along with oxygen plasma. 2*® Besides, many studies on preparation of

V105 thin films by ALD have been reported. 247!

1.4.5 Other Methods

In addition to the synthetic methods mentioned above, many other techniques can be employed
for the synthesis of nano-sized V2Os materials. For instance, Wilhelm et al. synthesized V205
nanofibers (VNFs) by simple electrospinning of VO(acac); in a polymeric solution. The VNFs
were further carbon-coated as dual-action cathode materials for photo-LIBs. 7 Also, the
porous V20s nanofibers (in Figure 1.10 h) prepared through an electrospinning technique
followed by calcination were reported by Chen et al. > The nanofibers are used as cathode
materials for rechargeable AZIBs. Furthermore, Takahashi et al. synthesized single-crystal
V205 nanorod arrays through template-based electrodeposition, >°>* and electrochemical testing
showed that these nanorod array electrodes exhibit significantly higher current density and
energy storage capacity compared to sol-gel-derived V2Os films. Similarly, the mesoporous
V20s film with enhanced lithium-ion intercalation property was fabricated through the
electrodeposition method. 2** Besides, Pan et al. proposed a strategy for preparing nano-sized
V205 by thermal decomposition of vanadyl oxalate in air. 2> It demonstrated good discharge
capacity and cycle stability during high-rate charge/discharge processes for high-rate lithium
battery applications.

Moreover, single-crystal V,0s nanoribbons (NRs) were synthesized using a vapor transport and

deposition method, reported by Chan et al. >>®

57



Figure 1.10: SEM images of various V20s nanomaterials. (a) Yolk—shell V20s. Reproduced
with permission. ?* Copyright 2018, Royal Society of Chemistry. (b) Centimetre-long V205
nanowires. Reproduced with permission. '® Copyright 2010, Wiley-VCH. (c) V20s nanofibers.
Reproduced with permission. 2*° Copyright 2022, Elsevier. (d) Hollow V205 microspheres with
multiple double-walled shells. Reproduced with permission. > Copyright 2018, Royal Society
of Chemistry. (e) V20s hollow microspheres. Reproduced with permission. *® Copyright 2017,
Elsevier. (f) 3D-V20s. Reproduced with permission. 2*° Copyright 2020, Elsevier. (g) ALD
V205 on c-ALOs. Reproduced with permission. 2** Copyright 2017, American Chemical
Society. (h) V20s nanofibers. Reproduced with permission. > Copyright 2019, Elsevier.
Insets: (a, ¢, f) low magnification SEM images; (b, d, ¢) TEM images of corresponding V>0s

nanomaterials.

1.5 Engineering of V,0s Cathode

Researchers have proposed strategies such as doping, defect engineering, structural water
optimization, and micro/macroscopic structure engineering. These methods can further
improve electrochemical performance of V20s by increasing electroactive sites, improving

charge transfer kinetics, accelerating charge diffusion and enhancing conductivity.

1.5.1 Doping

The electrical conductivity of V2Os can be enhanced through cation doping with metal (M)
species. The resulting M-doped V»Os typically exhibits various distinct properties: 1) the

substitution of V with M leads to the formation of lower valence state V, which increases
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electronic conductivity. '*® 2) The introduction of metal ions can result in the formation of MO6
octahedra within the V205 framework. These MO6 octahedral structures enhance the three-
dimensional characteristics of V20s, helping to maintain structural stability during the
electrochemical insertion of ions and preventing deformation of the framework during cycling.
148 3) The local structural defects introduced by external metal cations can serve as nucleation
centres for the phase transitions that occur during the Li" insertion and extraction process,
thereby enhancing the electrochemical cycling stability of the V205 electrode. Besides, these
structural defects create additional pathways for Li* diffusion. '3 4) Cation doping also reduces
charge transfer resistance, which accelerates the kinetics of the Faradaic reaction. !> Therefore,
there are some examples of metal-doping V2,05 as cathode materials applied in various metal-

ions batteries.

Li et al. synthesized Sn-doped V205 films by the sol-gel method, ?°” and the Sn-doped V205
film demonstrated significantly enhanced lithium-ion storage capacity, faster kinetics, and
improved cyclic stability compared to the pure V20s film. After 50 cycles at a current density
of 500 mA g!, the Sn-doped film maintains a specific capacity of 334 mAh g !, which is
substantially higher than the 157 mAh g retained by the pure V,0s film. Studied by means of
CV, EIS, and CP tests, it was found that Sn doping effectively lowered electrochemical reaction
resistance, increased reaction reversibility, and improved lithium-ion diffusivity. Besides, Li et
al. prepared Mg-doped V205 nanomaterials via a surfactant-assisted hydrothermal technique,
and used as the cathode in LIBs. >*® The initial discharge specific capacity could achieve 411.13

mAh g! at 60 mA g'!, with a capacity retention rate of 46.4% after 110 cycles.

Moreover, Wu et al. synthesized Fe-doping V205 nanobelts by hydrothermal method and used
as cathode in ZIBs. ?*° With the aid of Fe doping, the interlayer spacing increased up to 10.8 A.
This modification endowed the cathode with excellent structural stability, achieving an
impressive cycle stability of 300 cycles at a low current density of 0.5 A g”! with a high retention
rate of 94.6%. Even at 0.2 A g, the Fe-doped V205 maintained a retention of 93.6% after 150
cycles. Ma et al. prepared Co-doping V2Os nanobelts via hydrothermal applied in ZIBs. ?®° The
assembled battery demonstrated a high voltage of 1.7 V and delivered an impressive capacity
of 432 mAh g ' at 0.1 A g"!. At voltages above 1.0V, it achieved a capacity of 227 mAh g !,
accounting for 52.54% of the total capacity. Further analysis indicated that Co ion intercalation
increased the Zn** absorption energy from 1.85 to 2.24 eV compared to pristine vanadium

oxide bronze. Additionally, the battery exhibited excellent rate capability (163 mAh g™! at 10
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A g ") and an exceptional lifespan of over 7,500 cycles, retaining 90.26% of its capacity. Also,
Ren et al. developed a Zn?" and H>O intercalated V2Os cathode using a one-step stirring method,
which offered a safe and straightforward approach for producing vanadium-based cathode
materials in large quantities, making it suitable for the commercialization of ZIBs. ! As a
result, the materials demonstrated superior specific capacity and cycling performance, retaining
nearly 100% of the initial capacity even after 3000 cycles at a high current density of 4 A g™
Additionally, due to this large-scale preparation method, the study applied the cathode materials
to 21 700 cylindrical ZIBs, achieving a maximum discharge capacity of 75.03 mAh g ! at a
current of 0.4 A. As illustrated in Table 1.2, other examples of metal-doping, including Cu, '
262 Ga, 263 Sn, 264 Ce, 265 AL, 26 Co, 267 Mn, 2% Ag, 2 Na, 270270 Ni, 22 K, 23 Zn, 7™ and Zr*" are
summarized. The enhanced electrochemical performance of doping is due to the following
reasons: 1) In theory, alkaline-earth metal ions (such as Ca**, Mg?"), divalent transition metal
ions (like Cu®*, Mn?*, and Fe*"), and trivalent ions (e.g., AI**) form stronger bonds with the O*
ions in the V-O layer compared to monovalent ions (such as alkali metal ions) due to their
higher positive charges. As a result, these ions are better at connecting the V-O layers, helping
to maintain structural stability during the reversible insertion and extraction of metal ions (such
as Li" and Zn*"), preventing deformation. 2) The doped ions could enlarge the interlayer
spacing of V20s, which can accommodate more ion storage, thus enhancing the practical
capacities of MIBs. 3) The doped cations could be served as ion carrier to increase the

electrochemical performance.

Table 1.2: Summary of the electrochemical properties of the cation doped V2Os samples in

MIBs.
Initial Current .
Precursor Doped Cycling performance
capacity density Types
material metal
(mAhg') (mAg?D
-1
V1,05 hollow 160 mAh g '@ C/2.8 after 50
Cu 328 80 LIBs*®
microspheres cycles
flower-like 150.35 mAh g ' @ 200 mA g’!
Ga 357.18 50 LIBs*%
V205 after 100 cycles
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212 mAh g ! @ 200 mA g after

V205 Sn 258.5 200 LIBs?%
50 cycles
V205 193.7 mAh g ! @ 5C after 200
Ce 280.7 0.5C e @ LIBs®
microspheres cycles
V205 190.9 mAh g ! @ 200 mA g'!
Al 236.4 100 g @ s LIBs?%
nanowires after 150 cycles
V205 166 mAh g! @ 15 mA g after
Co 280 15 e @ 5 LIBs*’
microflowers 200 cycles
201 mAh g! @ 1C after 50
V205 plates Mn 251 1C LIBs?%

cycles

190.23 mAh g ' @ 300 mA g'!
V205 Mg 411.13 60 LIBs28
after 60 cycles

334 mAh g ! @ 500 mA g after

V205 film Sn 350 500 LIBs*’
50 cycles
V205 221.6mAh g ' @ 1 A gl after
Zn 214.4 500 g e s ZIBs*’
nanobelts 650 cycles
V205 163 mAh g! @ 10 A g after
Co 326 500 ge ¢ Z1Bs*®
nanobelts 7500 cycles
V205 144 mAh g ! @ 20 A g after
Ag ~ 340 500 e s ZIBs*®
nanobelts 4000 cycles
V205 120 mAh g! @ 4 A g'! after
Na 227 500 e ZI1Bs*"
nanobelts 1000 cycles
275 mAh g ! @ 5 A g after 200
V20s K, Ni 266 5000 ZIBs*”?
cycles
V205 208 mAh g ! @ 1 A g after 450
Zn 287.3 500 g @ise Z1Bs*!
nanowires cycles
V20s 46.8 mAh g ' @ 50 mA g! after
K 61.5 50 e s KIBs*”
nanoribbons 50 cycles

61



V205 90.0 mAh g ! @ 100 mA g'! after

Zn 71.2 1000 NIBs*™
nanofibers 100 cycles
NH4V20s 328 mAh g! @ 200 mA g after MglIBs?
Zr 288 10 e s s
nanorods 150 cycles 7
Layered V20s 25 mAh g ! @ 100 mA g after
Y Cu 155 25 g @ s AIBs!%
sheets 300 cycles
V205 1094 mAh g!' @2 A g after
Na 196.3 50 CIBs*"!
nanowires 2000 cycles

1.5.2 Defect Engineering

Defect engineering has been widely recognized as an effective modification strategy for
enhancing the electrochemical performance of materials. Specifically, defect engineering offers
larger electroactive sites by triggering structural rearrangements and improves charge transfer
kinetics by altering the electronic structure, leading to better performance in energy storage
systems. Among the various defect engineering approaches explored in recent years, oxygen
vacancy defect engineering stands out as one of the most extensively studied and acknowledged
techniques. For instance, Yoo ef al. developed interface-defective V20s nanochips through the
unique effects of combusted graphene in the electrospun PAN fiber template method (in Figure
1.11), which enhanced the electrochemical kinetics and capacity of cathodes for optimized
ZIBs performance. 2’ The V>0s nanochips featured interfacial oxygen vacancies resulting from
partial oxygen removal during carbothermal reduction, improving high-rate capability and
long-term cycling stability by accelerating charge diffusion and increasing electrical
conductivity. Additionally, the combusted graphene induces a nappy, disordered surface
morphology in the V20s, with nanosizing effects caused by compressive strain from V,
formation at the interfaces. This resulted in considerate high-rate cycling stability (74.6%

retention after 300 cycles at 1.3 A g'!) in ZIBs.
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Figure 1.11: Mechanism of formation of interface-defective V205 nanochips through the effect
of the combusted graphene in the system by using the electrospun PAN fiber templates to
enhance the ZIBs performance (inset of the DSC curves shows the thermal behavior of all
samples in the temperature range of 25400 °C). Reproduced with permission. 2’7 Copyright
2021, Elsevier.

High-purity, well-crystallized V2,05 with oxygen vacancies can be achieved through heat
treatment at an optimal temperature. Elevated temperatures effectively decompose V:Os,
leading to the formation of oxygen vacancy defects within the crystal structure. Xiao et al.
synthesized pristine V205 (p-V20s) by calcining vanadium (IV) acetylacetone at 650°C in air.
Oxygen-deficient V20s (Og4-V20s) was then produced by heating p-V20s at 400°C for 1 hour
in No/Hz atmosphere (Hz generated by heating NaBH4). This process increased the interlayer
spacing of Og-V20s from 0.578 nm to 0.598 nm, indicating that the introduction of oxygen
vacancies expanded the interlayer spacing of V,0Os. The larger interlayer spacing reduced
residual Zn>* ions within the structure during charge-discharge cycles, facilitating easier Zn*"
storage and release, and improving reversibility. As a result, the Og-V20s cathode exhibited
excellent capacity across a wide current density range from 0.1 A g'' to 10 A g'!. Moreover, at
2 A g'!, the O¢-V20s cathode retained 90% of its capacity after 1,000 cycles, whereas the p-
V>0s electrode showed obviously lower stability, retaining only 59% of its capacity after 680

cycles. 278

Mechanical milling is a physical modification technique that effectively disrupts the lattice
structure of V205 by applying compressive and shear forces, leading to the formation of oxygen

vacancies. In this regard, Huang et al. directly induced oxygen vacancies in commercial V205
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by using mechanical milling for 4 hours, as shown in Figure 1.12.27 DFT calculations showed
that the diffusion energy barrier for Zn** near these oxygen vacancies (between Zn; and Zn,
positions) was significantly reduced, improving the storage and release of Zn>" within the Oy-
V205 lattice. This effect extended throughout the Oy-V20s lattice, even in areas distant from
the oxygen vacancies (between Zny and Zns), the Zn*>* diffusion energy barrier remains
noticeably lower. Additionally, changes in the Ols peaks of the V205 cathode suggested that
Zn*" insertion resulted in the enhanced oxygen vacancy defects, and the peak recovered after
Zn*" deintercalation, confirming the high reversibility of mechanically milled oxygen-vacancy-
rich V205 (Oy-V205). As a result, O-V20s achieved a specific capacity of410.2 mAh g™ at 0.1
A g, significantly outperforming pristine V,Os, which delivered 286.9 mAh g

- ; Mechanical e

p . force ‘\ -
A
- e =
Oxygen release

Mechanical
w ball milling

Figure 1.12: Schematic diagram of Oy-V20s prepared by mechanical ball milling. Reproduced
with permission. 2’ Copyright 2022, Wiley-VCH.

Other strategies have been reported based on defect engineering. For example, sonochemistry
could be a promising technique for defect engineering in crystalline materials to enhance their
performance in electrochemical energy storage. Hu et al. prepared a novel V20s cathode
material with a unique amorphous and crystalline symbiotic structure through a salt-assisted
sonication method, demonstrating good electrochemical performance. 2*° As a cathode for LIBs,
the optimized sample delivered an impressive capacity of approximately 400 mAh g! at 0.02
A gl and 193 mAh g! at 3 A g'!. This high capacity was attributed to the increased exposure
of (001) planes, abundant ion storage sites at the interfaces, and percolation channels in the
amorphous regions. Additionally, the material achieves a capacity of 175 mAh g! with 81.8%
retention after 500 cycles at 2 A g
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Moreover, Ye et al. prepared oxygen vacancy-enriched V»Os structures (Ov-ZVO) using a
hydrothermal method, followed by annealing. 23! In situ electron paramagnetic resonance (EPR)
and XRD analysis revealed that a significant number of oxygen vacancies were created at
relatively low reaction temperatures due to the partial removal of lattice water. The Zn||Oy-
ZVO battery demonstrated an exceptional capacity of 402 mAh g at 0.1 A g'! and a notable
energy output of 193 Wh kg™ at 2673 W kg™!. As a proof of concept, the Zn||Oy-ZVO pouch
cell achieved a high capacity of 350 mAh g at 0.5 A g”!, highlighting its significant potential

for practical applications.

Besides, Wang et al. developed a V,0s cathode material with a high density of oxygen defects
(O4-V205@CC) through an in-situ chemical transition from ultrathin V'S4 nanosheet arrays on
carbon cloth (VS4@CC). ?®? This transition introduced a significant number of oxygen defects
due to lattice reconfiguration. DFT calculations further confirmed that Zn?** diffusion in
oxygen-defective V205 could occur along the c-axis, rather than being confined to the ab-plane,
enabling three-dimensional Zn?* diffusion with rapid electrochemical kinetics and extensive
capacitive storage. Additionally, the Zn** adsorption energies at the defective sites of V20s
were close to a thermoneutral value (~0.18 eV), which supported reversible Zn** adsorption
and desorption for highly stable Zn*" storage performance. Leveraging these advantages, the
engineered Og-V205@CC electrode demonstrated impressive reversible capacities of 322.9
mAh g'at 1 A gl and 256.6 mAh g'! at 5 A g'!, with stable cyclability of 220 mAh g™! after
500 cycles at 10 A g'!. Notably, due to its binder-free design, the flexible O4-V205@CC

electrode also exhibited excellent electrochemical stability under mechanical deformation.

1.5.3 Structural Water Optimization

Structural H20 molecules also play a crucial role in the structural changes and performance
tuning of V20s. The presence of water is typically unavoidable during hydrothermal synthesis
and when using aqueous electrolytes. These structural water molecules influence the host
structures by expanding interlayer spacing and altering overall morphology. Intercalated water
molecules can significantly increase the interlayer spacing in layered V20Os, which reduces the
interactions between Zn?" ions and the host framework. This enhancement in spacing improves
conductivity and facilitates rapid Zn" transport, leading to high-rate performance in ZIBs. For
example, Yan et al. highlighted the crucial role of structural H>O in the intercalation of Zn>*

into bilayer V,0s-nH>O. ?** The results indicated that HO-solvated Zn?>* has a significantly
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reduced effective charge, which lowered electrostatic interactions with the V2Os framework
and enhanced Zn?" diffusion. This "lubricating" effect resulted in an aqueous Zn battery with a
specific energy of approximately 144 Wh kg! at 0.3 A g’!. Additionally, the battery maintained
an energy density of 90 Wh kg™! at a high power density of 6.4 kW kg™ (based on the cathode
and 200% Zn anode).

Besides, previous studies have shown that thermal treatment significantly affected the structure
and electrochemical properties of V20s-nH,O in LIBs. 2426 For instance, Wang et al.
demonstrated the influences of treatment temperature and water content on capacity and
rechargeability of V205 xerogel films. 23 Water contents of the V20s-nH2O films depend on
the deposition and post annealing temperatures. One film sprayed at 150 °C and annealed at
190 °C exhibited a large discharge capacity and the longest cycling life. By contrast, the films
sprayed or annealed at high temperatures (~ 250 °C) showed poor electrochemical performance.
XRD patterns of the films treated at different temperatures revealed that removal of too much
water at high temperatures resulted in crystallization or a small interlayer spacing, which may

restrict the diffusion of lithium ions inside V205-nH>O films.

Therefore, optimizing water content is crucial for enhancing the electrochemical performance
of hydrated V20s, as excessive water does not necessarily improve performance. Excessive
structural water can weaken interlayer forces, leading to structural collapse and poor ion
storage. For instance, Sun et al. controlled heating temperatures to produce a series of hydrated
VOH xerogels with varying water contents (n) for ZIBs. **” The authors found that the
interlayer spacing of V20s5-nH2O could be adjusted by varying the amount of structural water.
Also, the amount of intercalated solvent water and the extent of V-dissolution were largely
influenced by the initial value of "n" in V205-nH20. Their study demonstrated that at n = 0.26,
the V2,05-nH>O electrode achieved the best electrochemical performance, with a specific
capacity of 456.5 mAh g at 0.1 A g'! and over 94% capacity retention after 2000 cycles at 3
A g'!'. Moreover, according to Sun et al.’s study, structural water molecules facilitated the
desolvation process of [Zn(H20)s]*" at the electrolyte/electrode interface, lowering the energy

barrier and enhancing the insertion and deinsertion kinetics of multihydrated Zn>" ions. 2%
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1.5.4 Micro/macroscopic Structure Engineering

One of the main challenges with using V>0s as cathodes in MIBs is its low conductivity, which
impairs electron and charge transport and limits overall electrochemical performance. In
addition to atomic-scale modifications such as guest-ion doping, defect introduction, and
structural water optimization, enhancing conductivity at the micro/macroscopic scale is crucial.
Compositing V,0s with conductive materials is a key strategy in this regard. Previous studies
have shown that carbon-based conductive materials, conductive polymers, and metal
nanowires or films can significantly improve the ionic and electrical conductivities of V20Os.
For example, a binder-free V2Os nanofibers/CNTs hybrid film cathode was synthesized using
a hydrothermal process, Reported by Liu et al. *® This nanohybrid cathode in ZIBs achieved a
significantly higher specific capacity of 390 mAh g! compared to the capacity (263 mAh g!)
of a pure V20s at 1 A g'!. Additionally, it demonstrated a notable capacity of 250 mAh g! at a
higher current density of 5 A g’!, indicating excellent rate performance. The incorporation of
CNTs, which have high electrical conductivity, significantly enhanced the conductivity of the
nanohybrid cathode and thereby improved its electrochemical performance. Besides,
Juggernauth et al. developed a 3D V20s/CNT hybrid architecture using chemical vapor
deposition. ° This technique allowed for the morphological tuning of vanadium oxide
nanoarchitectures and their functional properties. Their study demonstrated that the surface
areas and densities of these hybrid structures can be adjusted by controlling the operating
pressure, which in turn modified the Gibbs free energy of crystal growth. This work highlighted
the importance of morphology design in conjunction with conductive materials to enhance
performance. Furthermore, Javed ef al. demonstrated the creation of a flexible ZIB with a
binder-free design, integrating V,Os nanosheets and a titanium substrate. 2*! This configuration
achieved impressive discharge capacity and cycle stability, due to enhanced electrical
conductivity and increased exposure of active sites. In addition, Zhang et al. reported the use
of edge-rich vertical graphene nanosheets to connect V2Os with the substrate, effectively
reducing interfacial resistance. 2! The graphene nanosheets not only securely anchor the V205
but also accommodate volume changes during cycling, thereby enhancing the stability and

extending the lifespan of the V>0s electrode.
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1.6 Research Objectives and Outline

The primary objective of this research is to explore and enhance the energy storage capacities
of V205 cathodes for both Li-ion and Zn-ion battery chemistries. This involves modifying the
properties of V2Os to improve its charge storage capabilities, alongside optimizing its optical
properties for the direct harvesting of light energy, thereby enabling light-accelerated charge
storage. Additionally, this work investigates the role of cation pre-intercalation in V20Os
cathodes, aiming to provide a comprehensive understanding of how this process influences and
potentially improves charge storage performance. Through this approach, the research aspires
to contribute valuable insights into the mechanisms governing energy storage and light-assisted

enhancement in advanced battery systems. The content of each chapter is outlined as follows:

Chapter 2: Provides the synthesis of materials essential to the research goals, employing
various preparation methods aligned with the study's objectives. The synthesized materials
underwent extensive characterization, which included assessments of morphology, structure,
surface area, thermal stability, elemental composition, and optical properties. Analytical
techniques used in these characterizations included scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD), Raman spectroscopy,
thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), and UV-Visible
(UV-Vis) spectroscopy. Additionally, the materials were evaluated through the assembly of
optical coin-cells and conventional coin-cells, followed by a series of electrochemical tests,
including cyclic voltammetry (CV), galvanostatic discharge-charge (GDC), and

electrochemical impedance spectroscopy (EIS).

Chapter 3: Introduces an innovative method for creating photocathodes utilizing hydrogenated
vanadium pentoxide (H:V20s) nanofibers, with results compared to unmodified V,0s. This
approach provides a detailed insight into how hydrogenation modifies Li-ion storage
capabilities. The hydrogenation process improves optical activity, electronic conductivity, and
ion diffusion rates in photo-enhanced LIBs, resulting in substantial gains in charge storage
performance under illumination. The results indicate that H:V2Os shows significant increases
in specific capacity under both dark and illuminated conditions. Additionally, it demonstrates

improved diffusion kinetics and charge retention when exposed to light compared to the
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unmodified material. This defect-engineering strategy shows strong potential for the design of

high-performance photocathodes for next-generation energy storage technologies.

Chapter 4: Examines the strategy of pre-doping cations to modulate the energy barrier in
layered vanadium pentoxide and adjust the oxidation states of vanadium, aiming to improve
Zn>" ion storage capacity in AZIBs. AZIBs often face challenges, including slow zinc-ion
diffusion due to the high energy barrier between V,0s layers, structural degradation of the
electrode over time, and, consequently, lower capacity than the theoretical potential. This study
investigates the pre-doping of various cations (such as Na®, K*, and NH4") into V205 to boost
overall charge storage performance. The findings reveal that the presence of V** plays a crucial
role in enhancing storage performance, while introducing NH4" into V2Os not only expands the
interlayer spacing but also significantly raises the V#'/V°* redox couple ratio, resulting in
superior electrochemical performance. This research advances our understanding and supports
the development of high-capacity cathode materials, providing valuable insights for the design

and optimization of cathodes to enhance the electrochemical performance of AZIBs.

Chapter 5: Expands on the strategy of pre-doping cations to lower the energy barrier in layered
vanadium pentoxide and modulate vanadium oxidation states, with the goal of enhancing Li"
ion storage capacity in LIBs. This work explores the incorporation of different cations,
including Na®, K*, and NH4", into V205 to improve overall charge storage properties. The
results indicate that V°* and V* plays a significant role in altering the charge storage
performance. This study deepens our understanding and contributes to the development of
high-capacity cathode materials for LIBs, offering key insights into the design and optimization

of cathodes to boost electrochemical performance in LIBs.

Chapter 6: Provides a comprehensive summary and outlook for the thesis. It consolidates all
key findings from the experimental work, offering a cohesive overview of the research
outcomes and their implications. Building on the experimental insights, the chapter also
presents an outlook on future research opportunities, highlighting potential directions to further
advance the field. Suggestions for future work are grounded in the current findings, identifying

areas where additional studies could optimize material performance, explore alternative
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strategies, and enhance the understanding of electrochemical mechanisms. This outlook aims
to inspire continued innovation in energy storage materials and guide further improvements in

battery technology.
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Chapter 2

Methodology and Characterization

This chapter of the thesis encompasses the synthesis of materials relevant to this research,
encompassing various synthesis methods tailored to the objectives of the study. These materials
underwent thorough characterization, spanning morphological, structural, surface areas,
thermal stability, elemental composition and optical analyses utilizing techniques such as
scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-Ray
diffraction (XRD), Raman spectroscopy, thermogravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS), and UV-Vis spectroscopy. Furthermore, the materials were
subjected to comprehensive testing, involving the fabrication of optical coin-cells and
conventional coin-cells, followed by electrochemical assessments including cyclic voltammetry

(CV), galvanostatic discharge-charge (GDC), and electrochemical impedance spectroscopy
(EIS).
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2.1 Overview

This chapter provides a detailed description of the synthetic methods used to prepare the V20Os-
based cathode materials and outlines the characterization of their intrinsic properties prior to
conducting electrochemical analyses. In addition to fundamental evaluations, energy storage
mechanisms are explored through ex-situ structural characterizations of the materials. The
characterization techniques are categorized into two main sections: structural and
electrochemical characterizations, each summarized with respect to the testing standards and

the equipment utilized.

2.2 Hydrothermal Synthesis

The method of synthesizing materials plays a pivotal role in shaping the morphological and
structural attributes of electrode materials, consequently impacting their electrochemical

performance. ' 222 Vanadium oxide cathodes can be synthesised via sol-gel, 2%

297 299 0

hydrothermal technique, %7 electrospinning, 2*® spray drying, > electrochemical deposition®
and so on. Among these methods, the hydrothermal approach stands out for its versatility in
material selection, ease of handling, and rapid approach. The term hydrothermal is of purely
geological origin. It was first used by Sir Roderick a British geologist who employed water at
elevated temperature and pressure to transform Earth’s crust into various rocks and minerals.
391 Hydrothermal research began in the 19 century, with the first published research paper
made by K.F.E Schafthaul, who managed to synthesise a tiny quartz crystal from the
transformation of precipitated silicic acid in a steam digestor. *** By the mid-20" century,
hydrothermal research had entered a phase of refinement. With the advent of nanotechnology,
the combination of hydrothermal approach and nanotechnology paved the way for processing

advanced nanomaterials with highly controlled morphology.

Hydrothermal synthesis enables controlled nanostructure formation by modifying factors such
as pH value, precursors, and surfactants. !' The ease of handling and preparation adds
convenience to product fabrication, with a shorter processing time compared to other
techniques. Hydrothermal reactions take place within a Polytetrafluoroethylene (PTFE)-lined
stainless-steel autoclave reactor, as illustrated in the accompanying image (Figure 2.1).

Reactants undergo heterogeneous reactions in the presence of an aqueous solution and
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mineralizers under elevated temperature and pressure within the sealed autoclave, leading to
dissolution and recrystallization. The solute dissolves in the hotter region due to temperature
disparities across the chamber, precipitating as a supersaturated solution in the cooler region
where seed crystals grow. Concurrently, the solute undergoes absorption, decomposition, and
desorption at the growth surface, with adsorbed materials migrating across the surface as
dissolved matter crystallizes. *** During the process, aqueous system functions to build up the
autogenous pressure coming from the vapour pressure, while the hydrolysis and gasification
occur, along with the generation of Ha. * Mineralisers, which are either organic or inorganic
additives, facilitate the solubility of the solute as well as alter its solubility temperature
coefficient. *** Studies have shown the size and morphology of the crystal are controlled not
only by thermodynamic variables, such as composition of the reactants, pH value, temperature,

and time, ***3% but also by non-thermodynamic factors, such as the stirring rate. 3’
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Figure 2.1: Apparatus of hydrothermal autoclave.

2.3 Materials Characterizations

2.3.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is an advanced imaging technique renowned for its
ability to characterize material surface morphology and compositions at exceptionally high
resolution. Through SEM, materials' surface morphology is depicted vividly in high-quality
images. When a high-energy electron beam interacts with the sample surface, electrons undergo

inelastic scattering, producing a spectrum of informative signals, such as backscattered
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electrons (BSE), auger electrons, cathodoluminescence, secondary electrons (SE), and X-rays
from various depths of the sample. Both BSE and SE present distinct advantages: BSE offer
insights into composition, while SE predominantly provide higher-resolution morphological
images due to their shallower penetration depth. In the SEM setup, electrons emitted by the
electron gun, with an accelerating voltage ranging from 300 V to 30 kV, navigate through a
complex arrangement of electron magnetic lenses to precisely focus the coherent beam onto
the sample surface. Detectors play a pivotal role in capturing specific aspects of the electron-
provided information. Depending on the equipped detector, SE detectors are tailored to capture
high-resolution images of specimen topography, whereas BSE detectors facilitate
comprehension of the material's composition. SEM was employed to scrutinize the morphology
of the synthesized materials. This technique was selected due to its ability to provide rapid,
large-area imaging at nanoscale resolution, which is particularly advantageous for evaluating
particle agglomeration and surface uniformity in powder-based samples. Additionally, its
compositional sensitivity via BSE imaging adds complementary insight into elemental
distribution. SEM images were captured using either Zeiss EVO LS15 or JEOL JSM-7600F
instrument (Figure 2.2) operating in secondary electron mode, with an electron beam voltage
set at 15 kV. Before imaging, samples were affixed to a sample holder using conductive carbon
tape and then sputter-coated with a 10 nm layer of gold using a Quorum Q150R Plus rotary-

pumped coater to enhance conductivity.

Figure 2.2: Physical instrument (a) Zeiss EVO LS15 and (b) JEOL JSM-7600F used to capture

SEM images.
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2.3.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is extensively employed to explore the morphology,
and crystalline structure of various samples at the nanoscale. In TEM, an electron beam emitted
from the electron gun traverses through the specimen, leading to an interaction between the
beam and the sample. Factors such as sample density and composition can impact the electron
beam's transmission. Following transmission through the specimen, the electrons are refocused
and magnified by a system of electromagnetic lenses, before being projected onto a screen for
visualization of the electron image data. For a more comprehensive analysis of the materials'
structure and morphology, TEM analyses were performed using a JEOL JEM-2100 TEM
operating at a voltage of 200 kV (Figure 2.3). High-resolution TEM (HRTEM) was employed
to scrutinize interplanar spacings, while selected area electron diffraction (SAED) facilitated
the capture of two-dimensional electron diffraction patterns. The obtained images were
analysed using DigitalMicrograph software. Energy-dispersive X-ray spectroscopy (EDS) was
utilized for elemental and compositional analysis. TEM was specifically chosen for its high
spatial resolution, which is essential for resolving the fine structural details and crystallinity of
the nanomaterials that cannot be captured by SEM. The integration of HRTEM and SAED
enabled direct observation of lattice fringes and crystal orientation, critical for confirming
phase purity and structural integrity. Moreover, EDS mapping in the TEM provided localized
elemental analysis at nanometre scale, which is vital for studying compositionally
inhomogeneous regions. Sample preparation involved mixing with methanol, sonicating for 30

seconds, and depositing the dispersion onto a carbon-coated copper grid for examination.
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Figure 2.3: Physical instrument JEOL JEM-2100 TEM used to obtain TEM and SAED images.

2.3.3 X-ray Diffraction

X-ray diffraction (XRD) serves as a valuable technique for investigating the structure and phase
of crystalline materials. A monochromatic X-ray beam 1is directed onto the surface of a
crystalline material, interacting with its atomic planes. The phenomenon of XRD is
fundamentally described by Bragg’s law: nA = 2d sin 8; where 0 is the incident angle, d is the
interlayer spacing, A is the wavelength of the incident wave and n is the integer representing
the order of the diffracted wave. During XRD, incident X-rays interact with the specimen and
are scattered by periodically arranged crystals within it, resulting in continuous diffraction
patterns. These patterns provide essential information about the crystal structure, phase, and
crystalline size of the samples under examination. The path-length difference between two
distinct X-rays can be calculated as 2dsinf. Constructive interference occurs when the path-
length difference equals an integer multiple of the X-ray wavelength. The interplanar spacing,
or d-spacing, which varies with crystal system and orientation, can be calculated from

diffraction angles using equations based on lattice parameters. For example, in cubic systems,
the spacing is determined by djy; = N where (4,k,1) are Miller indices and a is the
lattice constant. By comparing the obtained diffraction patterns with standards from a database,

it becomes possible to identify the phases present in the sample being analysed. The crystal
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structure of materials was analysed using XRD, performed on a Panalytical Empyrean XRD
instrument employing the Cu Ka radiation (Figure 2.4). Measurements were carried out at an
operating voltage and current of 40 kV and 40 mA, respectively, with a step size of 0.05° and
a scanning rate of 0.1° s™!, spanning a 20 range from 2° to 70°. XRD was critically applied for
its non-destructive nature and its effectiveness in phase identification and crystallinity
evaluation, especially for polycrystalline powder samples. Compared to spectroscopic
techniques, XRD provides direct structural information at the atomic level, making it

indispensable for confirming successful synthesis and assessing phase purity.

y=ox  PANalytical

Figure 2.4: The Panalytical Empyrean XRD instrument used to obtain the crystal information
of samples.

2.3.4 Raman Spectroscopy

Raman spectroscopy is a non-destructive technique employed for studying the vibrational and
rotational characteristics of molecules within a sample. It operates based on the Raman effect,
wherein Raman spectra emerge from the inelastic collision between laser beam radiation and
the molecules in the sample. During Raman spectroscopy, when a monochromatic laser beam
interacts with a sample, most of the photons undergo elastic scattering (Rayleigh scattering),
resulting in the same frequency as the incident beam. However, a portion of the beam undergoes
inelastic scattering, resulting in a frequency different from that of the incident beam. The
frequency of the incident laser beams higher than the scattered frequency produces the Stokes
line, while a lower frequency produces the Anti-Stokes line in the Raman spectrum. Raman

spectroscopy measurements were conducted using the Renishaw inViaTM confocal Raman
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microscope with a laser wavelength of 515 nm (Figure 2.5). Prior to testing, the machine was
calibrated using a Si wafer to a wavenumber of 520.8 cm™'. This analytical technique is utilized
to identify molecular vibrational modes, rotational modes, and other low-frequency modes

based on the detection of Raman scattering from the interaction between light and the material.

RENISHAW ¢/

inVia Raman Microscope

Figure 2.5: The Renishaw inViaTM confocal Raman microscope used to get Raman

spectroscopy measurements.

2.3.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) serves as a quantitative surface analysis technique
employed for elemental analysis of samples. It is a surface-sensitive analytical method
involving the bombardment of a specimen's surface with X-rays and the measurement of the
kinetic energy of the emitted electrons. During the XPS test, the specimen's surface is irradiated
with X-rays, and the kinetic energy of the emitted electrons is examined. The emitted
photoelectron results from the complete transfer of X-ray energy to a core level electron. An
energy analyser scans a specific range of energies, detecting the photoemitted electrons from
the specimen surface and generating a spectrum of intensities as a function of binding energy.
XPS provides elemental information based on the photoelectric effect and is known for its
surface sensitivity. This analysis was carried out utilizing the ThermoFisher Scientific XPS
instrument (Figure 2.6). The XPS data were collected using monochromatic Al Ka X-rays
(1486.6 V), with a pass energy of 50 and 200 eV for narrow and wide spectra, respectively.
Notably, no significant sample charging was observed, and charge referencing was performed

against adventitious carbon (C 1s, 284.8 eV). Spectra were presented with intensity in counts
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per second (CPS), and experimental peaks were fitted using CasaXPS software. XPS was
primarily utilized to qualitatively and quantitatively identify the variation in oxidation states of
the cathode material. XPS offers high-resolution chemical state information limited to the
surface region, where many electrochemical reactions and degradation processes occur. This

makes it an indispensable tool for surface-sensitive characterization in battery material research.

Figure 2.6: The ThermoFisher Scientific XPS machine used for XPS tests in this research.

2.3.6 Ultraviolet-Visible Spectroscopy

UV-Vis spectroscopy is a method of analysis that quantifies the absorption or transmission of
specific wavelengths of UV or visible light by a sample. Operating on the principle of
absorption of light energy within the UV-Vis range, UV-Vis spectroscopy relies on electronic
transitions between differing energy levels. As a beam of UV-Vis light traverses through a
sample, certain wavelengths encounter absorption while others pass through. The absorbed
wavelengths correspond to electronic transitions from ground state to excited state energy
levels within the materials. UV-Vis spectrophotometers comprise essential components such as
a light source, monochromator, sample holder, and detector. The light source emits a broad-
spectrum encompassing UV and visible light, which subsequently undergoes wavelength
selection via the monochromator. The resultant monochromatic light is then directed through
the sample, where it interacts with the material. The detector measures the intensity of
transmitted or absorbed light, generating an absorption spectrum. Typically represented as

absorbance (A) versus wavelength (L), this spectrum depicts characteristic peaks and troughs
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corresponding to electronic transitions within the sample. UV-Vis was employed to acquire
absorbance spectra of the sample and analyse the band gap of the materials. The analysis was
conducted utilizing the Perkin Elmer Lambda 750S instrument (Figure 2.7). The wavelength
range spanned from 800 nm to 250 nm, with a scan rate of 480nm/min. Each test involved the
use of two quartz cuvettes: one acting as the reference cuvette filled with pure ethanol, and the
other containing the sample dissolved in ethanol. In this investigation, UV-Vis spectroscopy
was chosen for its simplicity and effectiveness in estimating the band gap of cathode materials.
Its ability to reveal optical transitions complements structural and morphological analyses,

offering a broader understanding of material properties.

Figure 2.7: The Perkin Elmer Lambda 750S instrument used for UV-Vis measurements.

2.3.7 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a widely employed technique for tracking the mass
variation of a material as a function of temperature. In TGA, the sample undergoes controlled
heating at a uniform rate or is maintained at a constant temperature for a specified duration. A
plot of weight loss against temperature, known as the TG curve, is generated. Two pivotal
temperatures, the initial and final temperatures, are discerned on the TGA curve. Initial
temperature marks the onset of mass change, while final temperature denotes the temperature
at which the decomposition tends to cease, as detected by the thermo balance. The interval
between these temperatures, termed the reaction interval, is pivotal for calculating the exact

weight loss of the material. TGA apparatus comprises a sample pan suspended by a precise
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balance within a furnace. The sample pan is heated during analysis, with the option to introduce
either an inert or reactive gas into the furnace depending on interest, which exits through an
exhaust. Mass loss of the sample inside the pan is continuously monitored and resulting graph
of mass loss versus temperature illustrates the thermal transitions of the material. TGA
measurements provide quantitative insights into various parameters, including residual solvent
content, decomposition temperature of different materials, moisture content, and among others.
In this thesis, TGA analysis was conducted on PerkinElmer TGA 4000 machine (Figure 2.8).
The samples were loaded into a ceramic sample pan and heated from 30 °C to 100 °C at a
ramping rate of 5 °C min™!. The temperature was hold at 100 °C for 10 mins before continuing
to heat to 350 °C at a rate of 10 °C min!. The nitrogen gas was supplied during the whole
process at the rate of 20 mL min™!. TGA was used for its ability to precisely quantify mass loss
associated with water content and thermal stability. Its sensitivity to subtle weight changes
makes it especially effective for evaluating hydration levels in electrode materials, which can

affect electrochemical performance.

Figure 2.8: Physical instrument PerkinElmer TGA 4000 used for TGA measurements.

2.4 Electrochemical Characterizations

2.4.1 Coin-cell Assembly

Various electrochemical tests were conducted to evaluate the performance of cells assembled

with different cathodes. The coin-cell format was used in this research project due to laboratory
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equipment constraints. Additionally, coin-cells offer several advantages in research-based
battery assembly, making them an ideal choice for initial testing. They require a smaller amount
of active material, enabling efficient screening of different formulations while minimizing
material waste. Their standardized design ensures reproducibility and facilitates comparative
studies. By first optimizing the battery formulation using coin-cells, researchers can refine
electrode compositions and electrochemical performance before scaling up to pouch cells,

which involve larger active material loading and are more suited for large-scale fabrication.

The assembly of the coin-cell follows standard procedures and can be categorized into dark
cell assembly and light cell assembly. For assembling a dark cell, a cathode disc is positioned
in the centre of a CR2032 coin-cell case, followed by a separator made of Whatman glass
microfiber filter paper. Subsequently, 100 uL of electrolyte is applied onto the separator. The
anode is then placed on top of the separator, followed by a stainless-steel spacer (1 mm thick)
and a conical spring. Finally, the cell is sealed with a negative mesh case, and the coin-cell
battery is crimped using a hydraulic press. In contrast, for a light cell assembly, a light window
is created by punching a 7 mm diameter hole in the centre of the positive case. A glass window
is then affixed onto the positive case using parafilm. Three strips of current collector (Ti foil
for ZIBs and Al foil for LIBs) are placed on top of the glass window to enhance conductivity.
The remaining steps are identical to those of the dark cell assembly. However, in the light cell
assembly, the spacer thickness is reduced to 0.2 mm. Figure 2.9 illustrates the cell configuration

for both types of coin-cells.

Figure 2.9: Demonstration of coin-cell assembly. (a) dark cell assembly and (b) light cell
assembly.
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2.4.2 Cyclic Voltammetry

Cyclic voltammetry (CV) was used to study the redox reactions and reversibility of battery
under discharge and charge process at different scan rate. Before CV tests, all the cells were
rested for 10 hours to activate the performance. All the CV tests were conducted on a Biologic
VMP-3 galvanostat machine. For LIBs, the voltage was scanned between 2 to 4 V at 0.2, 0.4,
0.5, 0.8 and 1 mV s’!, respectively. For ZIBs, the voltage was scanned between 0.2 to 1.6 V at
0.2,0.4,0.5,0.8 and 1 mV s, respectively. Nernst equation provides a way to calculate the
electromotive force (E) of a cell under any condition. The Gibbs free energy change (AG) is a
thermodynamic quantity that indicates spontaneous of the reaction also equal to the maximum
useful work done in a process. AG for a cell reaction is related to the cell potential as shown
in equation 2.2. Using the Nernst equation and the Gibbs free energy change can predict the
distinctive peaks on the CV curves, where n is the number of transferred electrons, F is the

Faraday constant.
E°cet = E°reduction — E°oxidation (2 1)
AG° = —nFE°cn (22)

During the voltage sweep, AG can be deduced from thermodynamics, where Q is the

concentration quotient of reduction and oxidation.

AG = AG° + RTInQ (2.3)
Therefore,
—nFE = —nFE° + RTInQ (2.4)
o RT Crcd
E = E°ai——In (C) (2.5)

2.4.3 Galvanostatic Discharge-charge Test

Galvanostatic discharge-charge test (GDC) is applied to know the capacity and efficiency of
battery at being charged and discharged at various current density over the same potential
window. It was measured using the Biologic VMP-3 galvanostat machine in Figure 2.10 (a). It
gives the trend of battery capacity change. For the consistency, the charging condition for
battery used in this study were current density. For LIBs, batteries were tested at various

specific currents: 200, 500, 1000, 2000, 1000, 500, and 200 mA g™! over potential window of
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2 to 4 V (versus Li/Li"). For ZIBs, batteries were test under 200, 500, 1000, 2000, 5000, 2000,
1000, 500, and 200 mA g'! over potential window of 0.2 to 1.6 V (versus Zn/Zn>").

2.4.4 Long Cycling Test

The Neware (BTS4000) system in Figure 2.10 (b) was employed to conduct long cycling (LC)
measurements. This test is designed to assess the stability of batteries and to monitor their
capacity decay over time. Additionally, the cycling test provides data on the Coulombic

efficiency of the battery.

2.4.5 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) was conducted using an Autolab
PGSTAT302N instrument in Figure 2.10 (c). The pre-activated batteries underwent testing
within a frequency range spanning from 10 mHz to 100 kHz, employing a voltage amplitude
of 10 mV. The Nyquist plot, derived from the EIS data, furnishes crucial insights into the
electrochemical characteristics of the batteries. Key parameters obtained from the Nyquist plot
encompass solution resistance (Rs), reflecting the ohmic resistance of the electrolyte and other
cell components; charge transfer resistance (Rc), indicative of the resistance to electron transfer
at the electrode-electrolyte interface; and Warburg impedance (W), correlating with ion

diffusion within the electrode.

Figure 2.10: Pictures of our electrochemical testers. (a) galvanic static tester, (b) Neware 4000
tester and (c) Autolab.
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Chapter 3

Hydrogenated V05 with Improved Optical and
Electrochemical Activities for Photo-Accelerated Lithium-

Ion Batteries

This chapter presents a unique approach for crafting photocathodes using hydrogenated
vanadium pentoxide (H:V>Os) nanofibers. This method enhances optical activity, electronic
conductivity, and ion diffusion rates within photo-accelerated Li-ion batteries. These findings
reveal that H:V>Os exhibits notable improvements in specific capacity under both dark and
illuminated conditions. Furthermore, it demonstrates enhanced diffusion kinetics and charge
storage performance when exposed to light, as compared to pristine counterparts. This strategy
of defect engineering holds great promise for the development of high-performance
photocathodes in future energy storage applications. This chapter is based on the published

article. Yinan Lu et al., Small, 2024, 20, 2308869, DOI: 10.1002/smll.202308869.
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3.1 Introduction

The 21st century faces an urgent demand for energy coupled with a pressing need to shift
towards renewable sources, largely due to the environmental damage caused by fossil fuels.
This energy scarcity presents a significant challenge worldwide. Although sustainable options
like wind and solar power are available, their variability requires reliable energy storage
systems to ensure a steady power supply. Conventionally, photovoltaic cells are linked to
separate storage devices, > yet this setup can lead to drawbacks such as increased ohmic
resistance and mismatches in energy transfer between components. These issues can reduce
energy collection efficiency, raise costs, and add to the device's bulk and weight. 3% 31° To
address these limitations, researchers are exploring the development of photo-accelerated
batteries, which integrate energy harvesting and storage in a single unit. This approach
promises to reduce expenses, boost energy conversion efficiency, and produce more compact,
lightweight devices, which could be particularly useful in wearable tech and IoT applications.
For such devices to perform optimally, the photoelectrode material should serve dual purposes,
functioning both as a light-absorbing semiconductor and an energy storage medium. Moreover,
it should minimize charge recombination, facilitate efficient movement of photo-generated

125, 311

charges, and support rapid ion transport to sustain effective diffusion channels. *'?

Research on photo-accelerated energy storage has primarily concentrated on lithium-ion
battery systems because of their exceptional characteristics, including high energy density, light
weight, and long cycle life. 33! In this field, vanadium pentoxide has emerged as a promising
candidate for cathode materials in lithium-ion batteries, thanks to its affordability, wide
availability, controllable morphology, and high theoretical capacity for lithium-ion
intercalation. Various studies have explored V,0s as a photocathode material. Wang et al., for
instance, used LiV2Os as a photocathode in photo-accelerated lithium-ion batteries, 3¢
achieving a notable specific capacity of 185 mAh g! under light exposure, a 270%
improvement compared to capacity without light. Boruah et al. have also investigated V205

photocathodes in these systems, demonstrating enhanced charge storage performance under

illumination. '

Recent advancements in the field of metal-ion batteries have seen significant progress in
developing photocathodes, especially dual-functional ones that improve both capacity and rate

performance under light exposure. However, research has predominantly concentrated on
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unmodified materials such as VO2(B), MoS», and V,0s. Key factors influencing the efficiency
of photo-accelerated batteries include charge recombination, conduction of light-induced
charges, and ion movement during insertion and extraction, all while maintaining optimal
diffusion pathways. Therefore, fine-tuning these aspects in photocathodes is essential to
enhance the performance of photo-accelerated batteries. This chapter introduces a novel
approach using hydrogenated V,0s as photocathodes for photo-accelerated lithium-ion

batteries for the first time.

3.2 Experimental Section

3.2.1 Chemicals

All chemicals in the study were of analytical grade and used directly without any further
purification. V205 powder, hydrogen peroxide (H202) solution 30% (w/w), ethanol, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), propylene carbonate (PC) and ethylene
carbonate (EC) were purchased from Sigma-Aldrich, N-Methyl-2-pyrrolidone (NMP) was
purchased from VWR international. Poly(vinylidene fluoride) (PVDF, Solef 6020) was from
Solvay, CF (Sigracet GDL 39 AA carbon graphite paper) was purchased from sgl carbon,
reduced graphene oxide (rGO) and poly(3-hexylthiophene) (P3HT) were Ossila, de-ionized

(DI) water was from the lab. Coin-cell components were bought from kejing star company.

3.2.2 Synthesis of V20s and H:V20:s.

Initially, 0.728 g of V20s powder was combined with 60 ml of deionized water and stirred at
room temperature for one hour. Next, a 30% hydrogen peroxide solution was added slowly
while stirring continued for another hour. The resulting solution was then transferred to an
autoclave and heated to 205 °C, where it was maintained for three days. Following this process,
the product was purified through centrifugation with deionized water and ethanol, then
annealed in air at 400 °C for two hours. To synthesize the H:V,0s sample, the annealed V,0s
nanofibers were placed in a tube furnace and exposed to a controlled atmosphere of hydrogen

gas (flow rate: 200 sccm) and helium gas (flow rate: 100 sccm) at 200 °C for two hours.
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3.2.3 Preparation of Photocathodes

To prepare the photocathodes, 91 mg of active material (either V20s or hydrogenated V205
nanofibers), along with 2 mg of rGO and 2 mg of P3HT, were dispersed in 4 mL of NMP using
sonication and mixing. Then, 5 mg of PVDF binder was added to the mixture. This electrode
solution was then drop-cast onto carbon graphite paper and dried under vacuum at 120 °C to

form the photocathodes.

3.2.4 Electrode and Device Assembly

The optical cells were designed by creating an opening of approximately 7 mm in diameter on
a CR2032 coin-cell casing, which was then sealed with a glass window to allow light to pass
through. The photocathode was placed inside, secured with Aluminum strips to improve
electrical contact. As illustrated in Figure 3.1, the assembly of the optical coin-cell began with
placing a Whatman® glass microfiber filter paper as a separator, followed by adding about 80
uL of'a 1.5M LiTFSI solution in an EC/PC (1:1) electrolyte, and finally positioning the lithium

counter electrode.

3.2.5 Material Characterisations

The samples underwent characterization using a variety of analytical techniques. SEM was
conducted with Zeiss EVO LS15, while XRD analysis utilized a Bruker D8 Advance with Cu
Ko radiation. Raman spectroscopy was performed on Renishaw InViaTM, and UV/VIS/NIR
spectroscopy were obtained using Lamda 750S. TEM, EDS, and SAED were using a JEOL
JEM-2100 TEM operated at 200 kV. For XPS analysis, ThermoFisher Scientific XPS
instrument was employed, and all data were collected using monochromatic Al Ka X-rays

(1486.6 eV) with a pass energy of 50 and 200 eV for narrow and wide spectra, respectively.

3.2.6 Electrochemical Characterisations

CV and GDC tests were performed using the VMP3 Biologic electrochemical workstation.
Cycling test was evaluated on a Neware system, and EIS measurements were conducted with
an Autolab device. CV testing was done at scan rates from 0.1 to 1.0 mV s, within a potential

range of 2 to 4 V, under both dark and illuminated conditions (light source wavelength ~ 455
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nm, intensity ~ 12 mW cm?). GDC testing involved varying specific currents from 100 to 2000
mA g, maintaining the same potential range and conditions. EIS measurements were
conducted across a frequency range of 10 mHz to 100 kHz with a voltage amplitude of 10 mV,
under both dark and illuminated conditions, using an electrolyte of SM LiTFSI in EC/PC (1:1).
The open-circuit potential (OCP) of V205 and H:V,0s optical cells was recorded under light

exposure, followed by discharging the cells with a specific current in darkness.

For electrical photo-response analysis, interdigitated electrodes (IDEs) of Au/Cr (40/10 nm)
were fabricated on a Si3N4/Si substrate through UV lithography, as shown in Figure 3.1 (a). An
equal amount of V,0s5 and H:V,0s was applied to the IDEs and dried in a vacuum at 120 °C.
The photo-response was assessed by measuring current-voltage (I-V) characteristics, sweeping
from -1.0 V to +1.0 V, under both dark and illuminated conditions. Additionally, current-time
measurements were recorded under alternating dark and illuminated states at an applied voltage

of 1.0 V.

Figure 3.1: (a) Schematic representation of a photodetector based on Au-V>0s or H:V>0s-Au
interdigitated electrodes shown on the left, alongside a digital image on the right. (b) Digital
photograph of an optical cell. Reproduced with permission. '  Copyright 2023, Wiley-VCH.

3.2.7 Theoretical Methods

DFT calculations were used to highlight Li" diffusion pathway for hydrogenated V,Os. This
simulation was assisted by Prof. Alex M. Ganose and his student Ruiqgi Wu from Imperial
College. All calculations were conducted using plane-wave density functional theory (DFT) as
implemented in the Vienna ab initio simulation Package (VASP). *!732° The interactions
between core and valence electrons were described using the projector-augmented wave (PAW)

method, and the PBEsol functional, an adaptation of PBE optimized for solids, was applied for
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all computations. **! A Hubbard U correction of 3.25 eV was used for the vanadium d-states.
To achieve convergence within 0.01 meV/atom for the 14-atom primitive cell of V20s, a plane-
wave energy cutoff of 700 eV and a 4x3x2 I'-centred k-point mesh were selected. Structural
relaxation was performed with a force convergence criterion of 0.01 eV A, The relaxed
structures were found to agree well with experimentally determined lattice parameters, with
discrepancies of less than 1.2%. The migration barriers for Li" were computed using the
climbing-image nudged elastic band method in the VTST code. 3** A 3x3x1 supercell (10.78 A
x 12.80 A x 11.57 A) was employed for defect formation energy and nudged elastic band
calculations, ensuring that periodic images of diffusing Li species or vacancy sites were
separated by more than 10 A in all directions. A k-point mesh of 2x1x2 was used for these
supercell calculations. Additionally, the ShakeNBreak package was utilized to identify ground-

state configurations for oxygen vacancies and lithium interstitials. 32

3.3 Results and Discussion

3.3.1 Cathode Characterizations

The V205 nanofibers, produced via a hydrothermal synthesis method, exhibited diameters
between 20 and 150 nm, as shown in Figure 3.2 (a). In-depth structural analysis through TEM
and HRTEM, seen in Figure 3.2 (b-c), offered further insights into the nanofiber structure. The
observed d-spacing of 0.218 nm matched the (002) planes, as illustrated in Figure 3.2 (d). The
hydrogenated V,0s (H:V20s) samples maintained their nanofiber morphology, as evidenced
by SEM and TEM images in Figure 3.2 (e-f). HRTEM analysis (Figure 3.2 (g-h)) displayed a
d-spacing of 0.289 nm, corresponding to the (301) planes. SAED patterns for both V,0s and
H:V;,0s, shown in Figure 3.3, confirmed that the orthorhombic crystal structure of V2Os was
preserved in both untreated and hydrogenated samples. X-ray diffraction patterns in Figure 3.4
(a) further verified the structural integrity, indicating a space group of Pmmn (59) and aligning
with PDF card no. 03-065-0131. It is noteworthy that raising the hydrogenation temperature of
V205 to 300 °C has been reported to result in the formation of a monoclinic VO, phase. 3**
Therefore, a hydrogenation temperature of 200 °C was selected to maintain the original
morphology and crystallinity of V20s. Raman spectra (Figure 3.4 (b)) for both untreated and
hydrogenated samples showed consistent shifts near 994, 484, and 405 cm™!, associated with
the vanadyl bond (V=0) stretching, symmetric stretching of V-Og)-V, and angle-bending
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vibration of V-Og3)-V, respectively. Additional peaks at approximately 701, 526, 304, and 284
cm’! were linked to the V-O-V bond stretching, V3O phonon band, V-Oc bending vibration,
and Oc-V-Op bond-bending vibration, respectively. A Raman shift around 197 cm™
corresponds to the bending vibration of the Oc-V-Og (A mode) bond. 32

The normalized V 2p spectra (Figure 3.4 (c)) displayed characteristic peaks corresponding to
V 2p12 (~524.6 eV) and V 2p32 (~517.2 eV). XPS analysis of O 1s (Figure 3.4 (d)) highlighted
a main peak at around 529.8 eV, attributed to lattice oxygen (V-O). In the hydrogenated sample,
an additional broad peak at ~532 eV indicated the presence of both oxygen vacancies and
oxygen-containing hydroxyl groups (-OH) introduced during hydrogenation, consistent with
previous research. 281 326328 Elemental analysis via EDS mapping (Figure 3.3) confirmed a
reduction in oxygen content following hydrogenation, with the atomic percentage ratio shifting

from 67:33 (O:V) in untreated V205 to 64.9:35.1 (O:V) in hydrogenated V,0s.

Additionally, the UV—Vis absorption spectrum of the hydrogenated V205 (H:V20s) sample
(Figure 3.4 (e)) exhibited a broader absorption range than pristine V20Os, likely due to the
formation of defect states. The inset in Figure 3.4 (e) displays the photoluminescence (PL)
spectra, where an increase in the intensity of the broad peak is observed. This increase
corresponds to mid-gap states between the valence and conduction bands of V20s, which are

attributed to the defect states introduced during the hydrogenation process. 32% 330
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Figure 3.2: SEM, TEM, and HRTEM images of (a—d) V20s and (e—h) H:V,0s. Reproduced
with permission. '*  Copyright 2023, Wiley-VCH.
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Figure 3.3: SAED patterns of (a) V205 and (c) H:V20s. EDS mappings of (b) V205 and (d)
H:V,0s. Reproduced with permission. !  Copyright 2023, Wiley-VCH.
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Figure 3.4: (a) XRD patterns and (b) Raman spectra of V,0s and H:V20s, confirming the
orthorhombic crystal structure of V,0s. (¢) High-resolution XPS spectra of the V 2p region and
(d) O 1s region for both V2Os and H:V,0s. (e) UV-Vis absorption spectra of V2Os and H:V»0s,
with the inset in (e) displaying the PL spectra of the samples. Reproduced with permission. '’
Copyright 2023, Wiley-VCH.
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3.3.2 Electrochemical Performances

The current—voltage characteristics of the photodetectors in both dark and illuminated
conditions are presented in Figure 3.5 (a-b). The data reveal an increase in current under light
exposure for both V;0s and H:V,0s, verifying their photosensitive behaviour. The
hydrogenated samples exhibited higher currents in both dark and illuminated states, indicating
that the hydrogenation process enhanced both electrical conductivity and light responsiveness.
The introduction of oxygen vacancies and hydroxyl groups during hydrogenation created
defect states within the mid-gap region of the band gap, allowing some electrons to migrate to
the conduction band, thereby increasing free charges and improving conductivity. 3% 33 This
observation is later confirmed through DFT calculations, with detailed information provided in
section 3.3.3. Additionally, response current measurements (calculated as the difference
between photo-current and dark current) were recorded over time under alternating dark and
illuminated states at a bias voltage of 1 V. These results confirmed the enhanced photo-

responses of the hydrogenated samples in comparison to pristine V20s, as shown in Figure 3.5
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Figure 3.5: (a) Current—voltage characteristics of the V>Os and (b) H:V20s photodetectors
under dark and illuminated conditions. (c) Response current over time for the photodetectors
during alternating dark and light cycles at a bias voltage of 1 V. Reproduced with permission.
9" Copyright 2023, Wiley-VCH.
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The lithium-ion storage capabilities of the samples were evaluated using a CR2032 coin-cell
optical configuration. CV for both pristine and hydrogenated samples were measured at
different scan rates, ranging from 0.1 to 1.0 mV s, within a potential range of 2.0 to 4.0 V
(shown in Figure 3.6 (a-b)). The intercalation of Li" ions into V20s involved multiple phase
transitions, depending on the number of Li" intercalation (x), resulting in distinct redox pairs.
The redox processes are represented by cathodic peaks at approximately 3.33, 3.12, and 2.28
V, corresponding to transitions in V20s from the a-phase (x < 0.01) to the e-phase (0.35 <x <
0.7), 6-phase (0.7 <x <1), and y-phase (1 < x < 2), respectively. Similarly, anodic peaks were
observed at around 2.58, 3.36, and 3.51 V.?*!' Notably, the hydrogenated samples exhibited
higher peak currents for both cathodic and anodic reactions compared to pristine V2Os,

suggesting enhanced lithium-ion storage capacity due to the hydrogenation treatment.
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Figure 3.6: (a) CV curves of V20s and (b) H:V,0Os at various scan rates (0.1 — 1.0 mV s!) in
dark conditions. Comparative CVs of V20s and H:V>Os at scan rates of (¢) 0.5 mV s! and (d)
1.0 mV s™! under dark conditions. (e, f) iy/K versus v’? plots for C1 (=3.33 V)/Al (=3.36 V)
and C2 (=3.12 V)/A2 (=3.51 V) peaks. Reproduced with permission. ' Copyright 2023,
Wiley-VCH.
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Figure 3.6 (c-d) display the CV differences at scan rates of 0.5 and 1.0 mV s}, revealing a
substantial increase in CV area of approximately 34% at 0.5 mV s’ and about 36.7% at 1.0 mV
sl as a result of hydrogenation. Additionally, Figure 3.7 (a-c) present comparative CVs at scan
rates of 0.2, 0.6, and 0.8 mV s, showing significant improvements in the redox peaks

following hydrogenation.
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Figure 3.7: CV curves of V20s and H:V,0s at scan rates of (a) 0.2 mV s, (b) 0.6 mV s}, and
(c) 0.8 mV s under dark and illuminated conditions, respectively. (d) CV curves of H:V,0s at
varying scan rates under illumination. Reproduced with permission. '  Copyright 2023,
Wiley-VCH.

The peak current (i,) observed in the CV curves can be correlated to the diffusion constant (D)

of Li" ions using the equation:
— 0 4463F(F/RT) P ACD"'" = KD,

In this equation, T represents the cell testing temperature, F is the Faraday constant, C denotes

the initial Li* molar concentration in the electrolyte, R is the gas constant, and A signifies the

electrode area. **? By keeping the electrode area constant for both pristine and hydrogenated

samples, the slope of i,/K versus v!? can be utilized to estimate the diffusion constant. Figure

3.6 (e-f) displayed the plots of i,/K versus v’ for the cathodic peaks C1 (= -3.33 V)/Al (=3.36
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V) and C2 (= -3.12 V)/A2 (= 3.51 V), respectively. The calculated increases in the diffusion
constant after hydrogenation amount to 55.12% for C1 and 49.19% for C2 for the cathodic
peaks, while the anodic peaks Al and A2 show enhancements of 39.82% and 43.48%,

respectively.

To further investigate the effect of light on the materials, CV measurements were performed
on both pristine and hydrogenated samples under illumination with a wavelength of
approximately 455 nm and an intensity around 12 mW cm™. Figure 3.7 (d) displays the CVs
of H:V,0s at scan rates ranging from 0.1 to 1.0 mV s under illuminated conditions.
Comparative CVs of H:V20s at scan rates of 0.5, 0.8, and 1.0 mV s™!, shown in Figure 3.8 (a-
c), reveal a noticeable enhancement in charge storage capacity under light exposure, with
enclosed CV areas increasing by about 47.4% at 0.5 mV s and 46.7% at 1.0 mV s compared
to measurements in the dark. This significant boost in Li" ion storage performance under
illumination is attributed to increased optical activity due to hydrogenation. Additionally, when
comparing the CVs of H:V,0s and V,0s at a scan rate of 0.5 mV s (Figure 3.8 (d)), H:V20s
showed approximately 61.3% larger CV areas under light conditions. Figure 3.8 (e) also
illustrates the increases in diffusion constants, with enhancements of around 43.7% (C1), 50.9%
(A1), 59.5% (C2), and 35.8% (A2) in hydrogenated samples compared to pristine ones under

illumination. The slopes for the respective cathodic and anodic peaks are presented in

Table 3.1. These results confirm improved Li* ion diffusion kinetics following hydrogenation,
regardless of light exposure. Moreover, under illumination, H:V,0s displayed a significant
improvement in Li" ion diffusion rates compared to dark conditions, with estimated
enhancements of approximately 27.33% and 48.2% for cathodic peaks C1 and C2, and 55.2%
and 15.8% for anodic peaks A1 and A2 (Figure 3.8 (f)).

Table 3.1: Slopes for cathodic (C1 and C2) and anodic (A1 and A2) peaks of V205 and
H:V>0s in illuminated conditions.

Slope

Materials Cl1 C2 Al A2

V205 -31.64 -51.96 44.48 43.52

96



H:V20s -45.47 -82.87 67.12 59.10
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Figure 3.8: CV curves of H:V>Os at scan rates of (a) 0.5, (b) 0.8, and (c¢) 1 mV s! under dark
and illuminated conditions. (d) Comparative CVs of V205 and H:V>0s at a scan rate of 0.5 mV
s”! under illumination. (e) Analysis of diffusion constants for H:V,0Os in dark and illuminated
conditions. (f) Diffusion constant comparison of V20s and H:V;0s under illuminated

conditions. Reproduced with permission. Copyright 2023, Wiley-VCH.

Additionally, GDC tests were conducted on both V205 and H: V205 samples at various specific
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under both dark and illuminated conditions (light wavelength ~455 nm, intensity ~12 mW cm"
2). As expected and consistent with the CV results shown in Figure 3.6 and Figure 3.8, the
hydrogenated samples demonstrated enhanced electrochemical performance over pristine V205
in both dark and illuminated environments. This improvement is evident in the comparative
GDC curves (Figure 3.9 (a-b)), showing an increase in specific capacities. Specifically, the
specific capacity increased from 114 to 151 mAh g! (approximately a 32.45% improvement)
at a specific current of 500 mA g*!, and from 63 to 90 mAh g! (around a 42.85% improvement)
at a specific current of 2000 mA g in dark conditions. Furthermore, the comparative GDC
curves of H:V20Os under both dark and illuminated conditions (Figure 3.9 (c-f)) further verified
the enhancement in charge storage capacity when exposed to light, which can be attributed to
the contribution of photo-generated charges. The extracted dQ/dV curves (Figure 3.9 (g)),
derived from the GDC tests, confirmed the improvements in Li" ion storage for the H:V,0s
sample compared to V20Os in dark conditions. Similarly, the dQ/dV plots for H:V,0s (Figure
3.9 (h)) indicated the active participation of photo-generated charges in the charge storage

process.

To further demonstrate the improved electrochemical performance, EIS testing was conducted.
The Nyquist plots provided key insights into charge transfer resistance, showing that for
H:V:0:s, the resistance dropped from 16 to 14 Q after hydrogenation under light exposure.
Additionally, a decrease in equivalent series resistance is shown in Figure 3.10 (a). Figure 3.10
(b) illustrates a notable reduction in charge transfer resistance for H:V>Os, from 48 to 14 Q,
when comparing illuminated conditions to dark conditions. The equivalent circuit model for
the Nyquist plots is presented in Figure 3.10 (c¢). These findings align with diffusion constant
estimates from the CV curves, further confirming the enhanced electrochemical performance

of H:V»0s in both dark and illuminated settings.
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Figure 3.9: (a, b) GDC curves comparing V205 and H:V20s at specific currents of 500 and
2000 mA g under dark conditions. (c-f) GDC curves for H:V»Os at specific currents of 500,
2000, 200, and 1000 mA g, measured under both dark and illuminated conditions. (g)
Differential capacity (dQ/dV) curves for V,Os and H:V20s at 500 mA g in dark conditions.
(h) dQ/dV curves of H:V,0s at 500 mA g, comparing results under dark and illuminated
conditions. Reproduced with permission. ! Copyright 2023, Wiley-VCH.
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Figure 3.10: (a) Nyquist plots comparing V20s and H: V205 under light exposure. (b) Nyquist
plots of H:V20s5 measured in both dark and illuminated conditions. (c) Equivalent circuit model
associated with the Nyquist plots. Reproduced with permission. ! Copyright 2023, Wiley-
VCH.

In rate tests conducted in dark conditions (Figure 3.11 (a)), both V205 and H:V,0s showed
notable capacity gains after hydrogenation across all specific currents. Under illuminated
conditions (Figure 3.11 (b)), H:V20s demonstrated even greater capacity enhancements
compared to the dark at each specific current, attributed to the involvement of photo-generated
charges in the charge storage process. Additionally, Figure 3.11 (c) presents extended cycling
tests at a specific current of 500 mA g™! for H:V>Os under both dark and illuminated conditions.
After 50 cycles, H:V20s reached a capacity of 143 mAh g™ under illumination, compared to
122 mAh g! in the dark, highlighting its excellent capacity retention and stability, with higher

capacity maintained under light exposure.

The open-circuit potentials for both V20Os and H:V20s optical cells were measured under
illumination and during discharge in dark conditions (shown in Figure 3.12 (a)). This data
supports the observed increase in discharge capacity after hydrogenation of V20Os. To assess
the impact of the photothermal effect on charge storage performance, tests on H:V20s were
conducted at temperatures ranging from 25 to 65 °C, with the corresponding CV areas at each
temperature illustrated in Figure 3.12 (b). Notably, there was only an 11% capacity increase at
65 °C compared to 25 °C (as seen in Figure 3.12 (c)), which is minimal compared to the

substantial 47% capacity enhancement observed under illumination versus dark conditions
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(Figure 3.8 (c)). It is also worth mentioning that the LED light source used does not produce
significant heat, even during extended illumination. Therefore, the observed capacity
enhancement under illumination is largely due to the contribution of photo-generated charges

rather than any photothermal effect.
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Figure 3.11: (a) Rate performance comparison of V205 and H:V,0s under dark conditions,
highlighting specific capacity enhancements achieved through hydrogenation. (b) Rate
performance of H:V2Os tested under both dark and illuminated conditions, illustrating
increased specific capacities under illumination due to the contribution of photo-generated
charges in the storage process. (c¢) Cycling stability of H:V20s at 500 mA g! under dark and
illuminated conditions, demonstrating the effect of illumination on sustained capacity
improvement over time. Reproduced with permission. !  Copyright 2023, Wiley-VCH.
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permission. ! Copyright 2023, Wiley-VCH.

3.3.3 DFT Simulations

To better understand the enhanced charge storage capabilities of hydrogenated V,Os compared
to its pristine form, DFT calculations were performed, focusing on Li" migration. Figure 3.13
(a) provides a schematic of the V2Os crystal structure, highlighting possible pathways for Li"
diffusion. Previous studies on pristine V2Os have shown that lithium ions tend to diffuse along
channels parallel to the layers (path A in Figure 3.13 (a)), which features a substantially lower
energy barrier, nearly an order of magnitude smaller than other diffusion directions. *** This
establishes path A as the most favourable route for Li" movement, contributing to the effective
ion transport properties within the layered structure of V,0s. Consequently, the study

concentrated on diffusion along this preferred direction.

The V20s structure includes three distinct oxygen sites—O(I), O(II), and O(III)—as shown in
Figure 3.13 (a). During hydrogenation, it is expected that hydrogen atoms initially bond with
oxygen sites, forming -OH groups, and that oxygen vacancies would also form, as removing -
OH groups require less energy than removing oxygen atoms. DFT results suggest that neutral
oxygen vacancies predominantly form at O(I) sites, which have the lowest defect formation
energy of 0.85 eV under oxygen-poor conditions. In contrast, the formation energies for
vacancies at O(IT) and O(III) sites are 3.05 eV and 3.35 eV, respectively, indicating that their

occurrence in significant quantities is unlikely (Figure 3.13 (b)).

For hydrogenated samples, the formation energies of -OH groups at O(I) and O(II) sites were

similar, suggesting these groups would form in roughly equal amounts. The results show that
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vacancies at O(]) sites slightly reduced the Li" diffusion barrier by 2.5 meV, implying minimal
impact on charge storage performance. However, hydrogenation at the OH(I) site significantly
decreased the Li* diffusion barrier by 250 meV, whereas OH(II) increased it by 63 meV (Figure
3.13 (¢)). Given that both species would exist in equilibrium, the overall effect on Li* migration
is likely intermediate, leading to an overall reduction in the migration barrier. Thus,
hydrogenated samples with oxygen vacancies and -OH sites are expected to exhibit efficient
Li" diffusion, contributing to increased capacity, enhanced rate capabilities, and improved
optical and electrical conductivities. These findings indicate that the enhanced charge storage
capacity is primarily influenced by the presence of -OH groups, which play a vital role in
optimizing the charge storage process. This highlights the importance of defect engineering in

enhancing the electrochemical performance of V;0Os-based materials for energy storage

applications.
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Figure 3.13: (a) Diagram of the V,Os crystal structure, indicating potential pathways for Li"
diffusion. (b) Lithium diffusion barrier along path A in V20s with oxygen vacancies. (c)
Lithium diffusion barrier along path A in V,0s with hydrogenated oxygen sites. Reproduced
with permission. '*  Copyright 2023, Wiley-VCH.
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3.4 Summary

This chapter utilized a defect engineering strategy involving the hydrogenation of V»Os
(H:V205) nanofibers to improve the performance of photocathodes in photo-accelerated
lithium-ion batteries. The electrodes are created by combining V2Os nanofibers with rGO and
P3HT, forming a heterojunction structure that promoted the separation and conduction of
photo-generated charges. The hydrogenation process introduced oxygen defects and hydroxyl
groups into the V,0s structure, enhancing the material’s conductivity, light-induced photo-
response, and ion diffusion rates. These improvements collectively led to enhanced
electrochemical energy storage capabilities. Notably, the H:V,0s photocathodes demonstrated

better performance than pristine V,Os under both illuminated and dark conditions.

When exposed to light during the discharge process, photogenerated electrons migrate from
V205 to the current collector via the charge transfer materials P3HT and rGO. This movement
followed favourable energy pathways, allowing the electrons to combine with Li* ions
migrating from the oxidation reaction at the Li anode. Simultaneously, holes are blocked by
P3HT, compensating with electrons from external circuits. Conversely, during the charging
process under illumination, the photo-generated holes repel the Li" ions within the V,Os
photocathodes, leading to their deintercalation. Concurrently, photogenerated electrons
transited from the valence band to the conduction band of the photocathode. With the assistance
of an external electrical bias, these photo-generated electrons flowed through the external
circuit, promoting the reduction reaction at the Li anode. Together, these processes enhanced
charge storage performance under illumination. The hydrogenated samples also exhibited an
increased photocurrent generation, likely due to the creation of defect mid-gap states situated
within the bandgap of V,0s. These states were associated with oxygen-related defects and
hydroxyl groups, which led to enhanced optical absorption, thereby improving photoactivity.
Consequently, these enhancements resulted in superior photo-enhanced capacities compared to

pristine V20s.

In summary, this research presented an innovative strategy that employed hydrogenated V.05
as photocathodes in photo-accelerated LIBs. This study highlighted the effectiveness of defect
engineering in optimizing photocathode properties for enhanced photo-accelerated
performance, offering a promising direction for future photocathode design advancements. By

introducing oxygen vacancies and hydroxyl groups via hydrogenation, the electrochemical and
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optical properties of the material are significantly boosted. As a result, specific capacities were
improved under both dark and illuminated conditions. Overall, it provided a straightforward
and effective methodology for improving the performance of energy storage in photo-

accelerated systems and laid the groundwork for future advancements in this field.
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Chapter 4

Pre-doped Cations in V,0s for High-performance Zn-ion

Batteries

This chapter investigated four types of vanadium oxide materials: pristine vanadium oxide
(V20s), sodium-doped vanadium oxide (Na-V20s), potassium-doped vanadium oxide (K-V>05),
and ammonium-doped vanadium oxide (NH4-V>0s). Electrochemical tests revealed that NH4-
V205 exhibited superior performance compared to the other compositions. The introduction of
V¥ /V* redox couples, particularly with an increase in V?* presence, significantly boosted
electrochemical performance. These findings offer valuable insights for the design and
development of high-performance cathode materials for Zn-ion batteries in the future. This
chapter is based on the published article. Yinan Lu et al., Nano Research Energy, 2024, DOI:

10.26599/NRE.2024.91201235.

106



4.1 Introduction

The rising demand for effective and eco-friendly energy storage is largely fuelled by the
growing use of renewable sources and urgent concerns over climate change. While LIBs have
been the primary technology in the market, their limitations, such as finite lithium resources,
safety hazards, and restricted energy density have driven interest toward alternative battery
solutions. ***337 Among these, aqueous rechargeable ZIBs stand out due to their cost-
effectiveness, abundant resources, and environmental benefits. The use of aqueous electrolytes
in ZIBs also provides a safety edge over the flammable organic electrolytes commonly used in
LIBs. However, achieving high-performance cathode materials for ZIBs continues to pose a
significant challenge. Extensive research has explored materials like manganese oxide, **3

? vanadium oxide compounds, *** and organic substances**! for this

Prussian blue analogs, *
purpose. Notably, vanadium oxide-based materials have garnered attention for their high
theoretical capacity, multiple oxidation states, and layered structure favourable for zinc ion
storage. Despite this promise, vanadium-based cathodes face issues such as slow ion diffusion
and limited cycle stability. To address these challenges, techniques like cation doping and
defect engineering have been applied to enhance performance. ** 3 For example, Guo et al.
created a Ko5V20s layer with expanded interlayer spacing of 9.51 A, achieving an increased
capacity of around 90 mAh g! at 10 mA g!. 3* Xu et al. improved cycling stability by
introducing Mg?" doping into V>0s, expanding interlayer spacing to 10.76 A and retaining 86.9%

capacity after 500 cycles. *** Similarly, Zheng et al. developed an AI**

doped hydrated vanadate
that delivered a high capacity of 380 mAh g at 50 mA g!, maintaining strong cycling

performance over 3000 cycles. **

The results indicate that cation doping not only contributes to the stabilization of the crystal
structure during cycling but also plays a crucial role in increasing interlayer spacing, thereby
boosting overall capacity. Nevertheless, the specific impacts of various cations in this area have
not been thoroughly investigated. This research aimed to fill this gap by synthesizing and
assessing four different materials: pristine vanadium oxide (V20s), sodium-doped vanadium
oxide (Na-V20s), potassium-doped vanadium oxide (K-V20s), and ammonium-doped
vanadium oxide (NH4-V20s). The analysis of their electrochemical performance showed that
NH34-V20s exhibited superior performance compared to the other variants. Notably, the

formation of V#/V>* redox couples, particularly the increase in V4" levels, played a significant

107



role in enhancing electrochemical performance. These findings provide important insights for

the design and development of advanced cathode materials in the future.

4.2 Experimental Section

4.2.1 Chemicals

All chemicals utilized in this study were of analytical grade and were used as received without
any additional purification steps. Vanadium pentoxide, 30% hydrogen peroxide (H20O>) solution,
ammonium metavanadate, potassium iodide (KI), polyethylene glycol (molecular weight 4000),
sulfuric acid (95-97%), zinc triflate (Zn(CF3SO3)2), ethanol, and poly(vinylidene fluoride)
(PVDF) were sourced from Sigma-Aldrich. N-Methyl-2-pyrrolidone (NMP) was obtained
from VWR International. Thermo Scientific supplied sodium hydroxide (NaOH) pellets with
98% purity. Potassium chloride (KCl) was acquired from EMSURE®, while reduced graphene
oxide powder (rGO) and P3HT (Mw = 60,150, 97.6% regioregularity) were provided by Ossila.

4.2.2 Synthesis of V205, NH4-V>0s, Na-V,0s5 and K-V>0s.

Pristine V205 was prepared through a hydrothermal method. Initially, 1.0930 g of V205 powder
was combined with 90 mL of deionized water and stirred at a speed of approximately 300 rpm
for 30 minutes at ambient temperature. Subsequently, 15 mL of 30% H>0O, was added, and
stirring was continued for another 30 minutes. The resulting clear orange solution was then
transferred to a 150 mL autoclave, which was heated in an oven at 205 °C for three days. After
cooling to room temperature, the products were thoroughly rinsed with deionized water and

ethanol in an alternating manner, followed by drying in a vacuum oven at 70 °C overnight.

The NH4-V20s material was synthesized using an established method. **° In this process, 1.755
g of ammonium metavanadate was added to 90 mL of deionized water and stirred for 30
minutes. Then, 0.9 mL of sulfuric acid was introduced to the suspension, followed by another
30 minutes of stirring. The mixture was transferred into a 150 mL autoclave, which was heated
in an oven at 100 °C for two days. Afterward, the products were cooled, thoroughly rinsed with

deionized water and ethanol alternately, and dried in a vacuum oven at 70 °C overnight.

108



For the synthesis of Na-V,0s, a different method was followed. **¢ Initially, 0.3636 g of pristine
V1,05 was dissolved in a mixture of 60 mL of deionized water and 0.7 mL of NaOH solution (1
M). The solution underwent sonication at room temperature for one hour. Next, 0.2 g of
polyethylene glycol (molecular weight 4000) was added, and the mixture was stirred for an
additional 15 minutes. The solution was then moved to a 150 mL autoclave and heated in an
oven at 180 °C for two days. After cooling, the products were alternately washed with deionized
water and ethanol, followed by drying in a vacuum oven at 70 °C overnight.

2 In

The preparation of K-V>0s was carried out using a previously established procedure. 3*
this method, 0.5456 g of pristine V205, 0.747 g of KI, and 6.709 g of KCI were dissolved in 90
mL of deionized water, with magnetic stirring for 30 minutes. The resulting mixture was
transferred to a 150 mL autoclave and heated in an oven at 200 °C for one day. Once cooled to
room temperature, the products were washed alternately with deionized water and ethanol,

followed by drying overnight in a vacuum oven at 70 °C.

4.2.3 Preparation of Cathodes and Coin-cells

For cathode preparation, 80 mg of active material (either V205, NH4-V20s, Na-V,0s, or K-
V20s), 10 mg of rGO, and 5 mg of P3HT were dispersed in 2 mL of NMP through sonication.
Afterward, 5 mg of PVDF was incorporated into the mixture. This electrode solution was then
drop-cast onto carbon graphite paper (Sigracet GDL 39 AA, SGL Carbon) serving as the current

collector, followed by drying under vacuum at 70 °C to form the cathodes.

To assemble the CR 2032 coin-cells, a cathode disc was placed on the coin-cell case, followed
by a layer of Whatman® glass microfiber filter paper used as the separator. Then, 150 puL of 3M
Zn(CF3S03); aqueous electrolyte was added, and a zinc counter electrode was positioned. The

cell was sealed using a hydraulic crimping machine.

4.2 .4 Electrochemical Characterisations

CV was performed using a Biologic VMP-3 galvanostat over a voltage range of 0.2 Vto 1.6 V
after allowing the cells to rest for 10 hours. The scans were conducted at different rates, from
0.2 to 1.0 mV s'. GDC measurements covered the same voltage range, using specific currents
between 100 and 5000 mA g™!'. The electrode cycling stability was assessed with a Neware

BTS4000 system at a constant current of 1000 mA g™! over 1000 cycles, within the same voltage
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limits. EIS was conducted on an Autolab PGSTAT302N, with measurements spanning from 10

mHz to 100 kHz and using a 10 mV AC voltage.

4.2.5 Material Characterisations

The synthesized materials were analysed using multiple characterization techniques. SEM
imaging was performed on a Zeiss EVO LS15, Oxford Instruments X-MaxN, and a Hitachi
TMA4000Plus. TEM, along with EDS and SAED, was carried out on a JEOL JEM-2100 TEM
operating at 200 kV. XRD patterns were acquired using a Panalytical Empyrean XRD system
with Cu Ka radiation, set at 40 kV and 40 mA, with a 0.05° step size and a scan speed of 0.1°
per second across a 20 range of 5° to 70°. UV-Vis spectroscopy was conducted with a
PerkinElmer Lambda 750S instrument. Raman analysis was done using a Renishaw inViaTM
confocal Raman microscope with a 515 nm laser. XPS measurements were made using a
ThermoFisher Scientific XPS instrument, utilizing monochromatic Al Ko radiation (1486.6 eV)
with a pass energy of 50 eV for narrow scans and 200 eV for wide scans. No significant
charging effects were noted, and spectra were referenced to adventitious carbon at 284.8 eV (C
1s). The XPS data were analysed with CasaXPS software and presented in counts per second.
TGA was performed using a PerkinElmer TGA 4000 at a heating rate of 5 °C min™' under

nitrogen flow at 20 mL min™!, covering ambient temperature to 600 °C in alumina crucibles.

4.3 Results and Discussion

4.3.1 Cathode Characterizations

SEM analysis in Figure 4.1 (a) shows that the pristine V,0Os sample displays a nanofiber
morphology, with diameters ranging from 20 to 100 nm. In contrast, the NH4-V,05 sample in
Figure 4.1 (b) presents a nanoflake structure. Similarly, the Na-V,0s and K-V20s samples,
shown in Figure 4.1 (c-d), also exhibit nanofiber structures. The interplanar spacing for pristine
V205 was measured at 2.0 A, corresponding to the (202) plane, as confirmed by reference PDF
03-065-0131 (see Figure 4.2 (a) and (b)). This finding is further validated by SAED patterns in
Figure 4.2 (c), where spots are associated with crystalline planes (201), (301), and (111) with
d-spacings of 3.478, 2.925, and 2.673 A, respectively. Additionally, a specific area in the high-
resolution TEM image (Figure 4.2 (e)) shows a d-spacing of 7.2 A, which corresponds to the
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(020) plane according to XRD pattern PDF 01-078-2016. SAED analysis in Figure 4.2 (f)
identified planes (211), (231), (223), (331) and (152), with respective d-spacings of 5.58, 3.70,
3.66, 3.20, and 2.66 A. Figure 4.2 also shows the morphology of Na-V,0s and K-V,0s. EDS
mapping, as shown in Figure 4.3, confirmed that the cations were uniformly distributed
throughout the materials. Additionally, XRD patterns in Figure 4.4 verified the crystal
structures of V2Os (orthorhombic, space group Pmmn (59)), NH4-V20s (anorthic, space group
P1), Na-V,0s (orthorhombic, space group Pnma (62)), and K-V,0s (monoclinic, space group
C12). The measurements align with data from SAED and HRTEM analyses. The lattice
parameters were determined as follows: V20s (a = 11.5120 A, b = 3.5640 A, ¢ = 4.3680 A),
NH4-V20s (a=13.1730 A, b=14.3310 A, ¢ = 16.0230 A), K-V,0s (a=11.6570 A, b =3.6590
A, c=9.4600 A), and Na-V>0s (a=9.3620 A, b =3.6080 A, c =22.0580 A).

Figure 4.1: SEM images showing (a) V20s, (b) NH4-V20s, (¢) Na-V20s and (d) K-V20s.
Reproduced with permission. **7 Copyright 2024, Tsinghua University Press.
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Figure 4.2: TEM and HRTEM images of (a, b) V20s, (d, €) NH4-V20s, (g, h) Na-V20s, (j, k)
K-V»0s, along with SAED patterns for (¢) V20s, (f) NH4-V20s, (i) Na-V20s, and (1) K-V20s.
Inset: iFFT patterns from selected areas in HRTEM images. Reproduced with permission. 34

Copyright 2024, Tsinghua University Press.
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Figure 4.3: EDS elemental maps for (a) V20s, (b) NH4-V20s, (¢) Na-V20s and (d) K-V20s.
Reproduced with permission. **7 Copyright 2024, Tsinghua University Press.
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Figure 4.4: XRD patterns for (a) V205, (b) NH4-V20s, (¢) Na-V20sand (d) K-V20s.
Reproduced with permission. **7 Copyright 2024, Tsinghua University Press.

The UV—Vis absorption spectra (Figure 4.5) were used to study the optical properties of the
samples, revealing notable variations in absorption behaviour. The optical bandgap values were
determined to be 2.5 eV for V205, 2.35 eV for NH4-V120s, 2.42 ¢V for Na-V,0s, and 2.02 eV
for K-V20s. The observed shifts in UV absorption peaks are likely due to lattice expansion and
the formation of oxygen vacancies induced by cation pre-doping. Adjustments in the spacing
between layers can modify electronic band structures, influencing light absorption or emission,
particularly in the UV region. Altering this interlayer distance through techniques like chemical
doping, applied pressure, or strain can shift electronic transition energy levels, leading to

changes in UV absorption or emission peaks.
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Figure 4.5: UV-Vis absorption spectra for (a) V20s, (b) NH4-V20s, (¢) Na-V20s, and (d) K-
V,0s. Inset: Tauc plots of the respective samples. Reproduced with permission. **” Copyright
2024, Tsinghua University Press.

The Raman spectra displayed in Figure 4.6 showed distinct shifts. In the V2Os sample, the peak
around 994 cm™! corresponds to the vanadyl bond (V=0) stretching vibration, while the peak
near 700 cm™! is associated with V-O-V bond stretching. Other peaks at approximately 526,
407, 304, 285, and 198 cm™! represent various bending and stretching vibrations of V-O bonds.
Specifically, the peak at around 526 cm™ relates to the V3O phonon band, and the peak at 407
cm’! corresponds to the angle-bending vibration of the V-O@3)-V bond. The peak at 304 cm’!
indicates the bending of the V-Oc bond, while the peak at 285 cm™ is linked to the Oc-V-Op
bond bending. Additionally, the peak at 198 cm™! corresponds to Oc-V-Op bond bending in the
A mode, and the peak at 144 cm™! is associated with the vibration mode of V-O-V chains. 12
For NH4-V,0s, peaks observed at approximately 142, 194, 283, 407, and 471 cm! correspond
to bending vibrations of O-V=0 and V-O-V bonds. The peak around 691 cm™! is linked to the
V-0 bond stretching, *** and the peak near 993 cm™! indicates V=0 stretching. In Na-V»0s, a

blue shifted peak at about 137 cm™! represents the V-O-V chain vibration, while the peak near
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691 cm’! signifies the antisymmetric stretching of V(1-O@)—V(1), and the peak at approximately
1017 em™ corresponds to V(2O stretching. **¢  For K-V,0s, the prominent peak at 1004
cm™! represents V=0 stretching, while peaks at approximately 500 and 686 cm™ are related to

V-0 bond stretching, and the peak at 419 cm™! corresponds to V=0 bending. **?
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Figure 4.6: Raman spectra for (a) V20s, (b) NHs-V20s, (¢) Na-V20sand (d) K-V20s.
Reproduced with permission. **7 Copyright 2024, Tsinghua University Press.
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Figure 4.7: XPS spectra showing (a) O 1s and (b) V 2pi» and V 2p3, for the samples.
Reproduced with permission. **7 Copyright 2024, Tsinghua University Press.

XPS analysis was conducted to gain insights into the composition and oxidation states of
vanadium in the samples. The O 1s spectrum in Figure 4.7 (a) displayed a broad, asymmetric
peak that was deconvoluted into three individual peaks, representing various oxygen species.
These were identified at approximately 529.95 eV (orange peak), 531.00 eV (red peak), and
532.40 eV (yellow peak), corresponding to lattice oxygen (O%), adsorbed H,O molecules, and
oxygen vacancies, respectively. >*”  The intensity of the peaks linked to adsorbed water and
oxygen vacancies was significantly higher in NH4-V>0s compared to pristine V>Os. The levels
of adsorbed H>O were ranked as follows: Na-V20s (10.25%) > NH4-V20s (9.13%) > K-V20s
(7.5%) > V205 (7.07%). Oxygen vacancy percentages were highest in NH4-V20s (6.31%),
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followed by K-V,0s5 (2.76%), V205 (2.24%), and Na-V20s (2.14%). The V 2p3» and V 2p1p
core-level spectra, shown in Figure 4.7 (b), were deconvoluted into four peaks. Peaks at 517.16
eV and 524.51 eV (light blue) correspond to V°*, while those at 515.76 eV and 523.10 eV (light
green) are associated with V#*. The V#* : V3" ratio was higher in the doped samples, following
the order: NH4-V20s5 (1.08) > K-V,05 (0.99) > Na-V20s (0.83) > V205 (0.14). This increased
V#* content indicates a greater presence of the tetravalent state in the doped samples, with NHa-

V>0s having the highest V4" concentration.
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Figure 4.8: TGA curves for (a) V205, (b) NH4-V>0s, (c) Na-V20s and (d) K-V20s. Reproduced
with permission. *7 Copyright 2024, Tsinghua University Press.

Figure 4.8 illustrates the TGA curves for each sample. The weight losses observed between 55
and 200 °C: 1.87% for V20s, 8.41% for NH4-V20s, 10.16% for Na-V20s, and 2.80% for K-
V205 are associated with the release of adsorbed and structural water molecules. These results

are consistent with the XPS findings on water content presented in Figure 4.7 (a).
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4.3.2 Electrochemical Performance

The electrodes' electrochemical properties were comprehensively assessed in coin-cells against
a Zn anode, as described in the experimental section. Initial CV was carried out at scan rates
from 0.2 to 1.0 mV s™! within a potential range of 0.2 to 1.6 V. As shown in Figure 4.9, the CV
profiles for the V,0s electrode revealed distinct pairs of redox peaks, with prominent peaks
around 1.2 V and 0.9 V, and additional minor peaks near 0.7 V and 0.5 V, corresponding to Zn>"
ion intercalation and de-intercalation. '2°3*% In comparison, the NHs-V20s electrode showed
more intense oxidation and reduction peaks, along with considerably higher peak currents than
pristine V20s, suggesting improved charge storage capability. Detailed CVs for the Na-V,0s5
and K-V20s electrodes also indicate that all doped electrodes exhibited enhanced charge
storage performance over pristine V20s. Among the doped materials, NH4-V20Os displayed the
highest peak responses. A comparison of CVs at 0.5 and 1.0 mV s demonstrated a notable
increase in redox peak currents, further underscoring the superior charge storage activity of the
doped electrodes. Overall, the doped electrodes, particularly NH4-V>0s, exhibited substantial
improvements in electrochemical performance. Theoretically, the peak current (7) and scan rate
(v) in the CV curve follows the rule: i = av” where a and b are adjustable values. If the
calculated b value is 0.5, then the electrochemical reaction is determined by the ionic diffusion,
whereas if b = 1, the reaction is mainly due to the capacitive behaviour.>**-*** Table 4.1 shows
the b-values calculated for both cathodic and anodic peaks. For pristine V,0s, the cathodic and
anodic peaks exhibited b-values of 0.79 and 0.56, respectively. In contrast, for NHs-V20s, the
cathodic peaks had b-values of 0.66 and 0.85, and the anodic peaks were 0.74 and 0.73. These
b-values, being greater than 0.5 for both V2Os and NH4-V20s, suggest that the electrochemical
response is governed by a mix of capacitive and diffusion-controlled mechanisms, with
capacitive effects playing a dominant role. To further investigate the charge storage mechanism,
the current was divided into capacitive-controlled (k;v) and diffusion-controlled (k2v'?)
components, as described by the equation: i(V) = kv + k»v"?.3113% Using this method, the
capacitive contribution for each electrode was determined, as depicted in Figure 4.10. At a scan
rate of 0.2 mV s, the capacitive contributions for V20s, NH4-V20s5, Na-V20s, and K-V>0s
were approximately 55.4%, 58.7%, 65%, and 39.7%, respectively. At an increased scan rate of
1.0 mV s, these values rose to 75.5%, 75.7%, 80.5%, and 59.4%, respectively. A higher
capacitive contribution at increased rates indicates improved performance, making NH4-V20s

and Na-V>0Os suitable for high-rate battery applications.
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Figure 4.9: CV curves for (a) V20s, (b) NH4-V20s, (¢) Na-V20s, and (d) K-V20s electrodes
recorded at scan rates from 0.2 to 1.0 mV s within a potential range of 0.2 to 1.6 V.
Comparison of CV profiles for all samples at scan rates of (e) 0.5 and (f) 1.0 mV s
Reproduced with permission. **7 Copyright 2024, Tsinghua University Press.

To further investigate charge storage, GDC tests were conducted at specific currents ranging
from 100 to 5000 mA g! within a voltage window of 0.2 to 1.6 V. Figure 4.11 shows the GDC
curves for the four samples at various specific currents, revealing that NH4-V>Os achieved
higher specific capacities compared to the other electrodes, aligning with the CV results. At a

current of 100 mA g!, the second-cycle specific capacities were measured as 99.6, 302.4,
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238.17,and 276 mAh g'! for V20s, NH4-V20s, Na-V20s, and K-V20s, respectively. Figure 4.11
(e) and (f) highlight the superior capacities of the doped samples over pristine V20Os. At a high
current of 5000 mA g™!, NHs-V,0s and Na-V,0s displayed nearly identical specific capacities
(159 mAh g), likely due to a greater capacitive-controlled storage contribution at higher rates.
The enhancements in charge storage performance correspond with the V#*:V>" ratio (Figure
4.7 (b)), following the sequence V205 < Na-V,0s5 < K-V,05 < NH4-V20s. This order aligns
with the observed charge storage capabilities, with NH4-V20s showing the highest capacity,
mainly due to its elevated V** content, which improved the efficiency of reversible Zn>" ion

storage. 350-352

Table 4.1: Calculated b-values for the cathodic and anodic peaks of V205, NH4-V20s, Na-
V205, and K-V;,0s.

b value b value b value b value
Material
Cathodic Peak 1 = Cathodic Peak 2 = Anodic Peak 1 Anodic Peak 2
V205 0.79 0.56
NH4-V20s5 0.66 0.85 0.74 0.73
Na-V10s 0.84 0.96 0.91 0.85
K-V,0s5 0.61 0.79 0.64 0.53

Alongside the GDC tests, EIS measurements were conducted within a frequency range of 10
mHz to 100 kHz using a 10 mV voltage amplitude. These tests were performed after the second
GDC cycle at 0.7 V. The Nyquist plots in Figure 4.12 display the cells' charge transfer resistance,
with approximate values of 65.58 Q for V205, 17.9 Q for NHs-V20s, 19.78 Q for Na-V20s,
and 10.66 Q for K-V20s. These results confirm that the doped samples possess improved

charge transfer kinetics compared to undoped V»0Os.

Table 4.2 compares the electrochemical performance of NH4-V20s with other V205 studies in
ZIBs, demonstrating that NHs-V20s offers promising charge storage and enhanced

electrochemical characteristics.
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Figure 4.10: Estimated capacity contributions for (a) V20s, (b) NH4-V20s, (c) Na-V20s and (d)
K-V20s electrodes. Reproduced with permission. 3*7 Copyright 2024, Tsinghua University

Press.

The long-term cycling stability was assessed at a current density of 1000 mA g over 1000
cycles, as shown in Figure 4.13. The NH4-V>0s electrode retained around 60.58% of its initial
capacity after 1000 cycles, with a Coulombic efficiency close to 100%. Figure 4.14 presents
ex-situ HRTEM images and d-spacing measurements for NHs-V>0s before cycling and after
500 and 1000 cycles. The d-spacing of the (110) plane increased slightly from 9.55 A initially
t0 9.65 A after 500 cycles, indicating structural stability during prolonged cycling. After 1000
cycles, the d-spacing was calculated as 13.1 A, corresponding to the (100) plane of NH4-V20s,
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further confirming the material's structural resilience after extended cycling tests.
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Figure 4.11: GDC curves for (a) V20s, (b) NH4-V20s, (c) Na-V20s, and (d) K-V20s at various
specific currents from 100 to 5000 mA g! within a voltage range of 0.2 to 1.6 V. Comparative
GDC curves of the electrodes at specific currents of (¢) 500 and (f) 5000 mA g™!, respectively.
(2) Rate tests showing the electrodes' performance. Reproduced with permission. 3*’ Copyright

2024, Tsinghua Uni

versity Press.
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Figure 4.12: Nyquist plots and equivalent circuit model for cells with V205, NH4-V20s, Na-
V,0s, and K-V,0s. Reproduced with permission. **7 Copyright 2024, Tsinghua University
Press.
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Figure 4.13: Long-term cycling performance of NHs-V20s, with CE indicating Coulombic
efficiency in the plot. Reproduced with permission. **7 Copyright 2024, Tsinghua University

Press.
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Figure 4.14: TEM and HRTEM images with interlayer d-spacing for (a-c) pristine NH4-V20s,
(d-f) NH4-V20s after 500 cycles, and (g-1) NHs-V20s after 1000 cycles. Reproduced with
permission. **” Copyright 2024, Tsinghua University Press.
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Table 4.2: Comparison of the electrochemical performance of NH4-V20Os in this study with
other reported V>0Os-based materials in ZIBs from the literature.

Specific Capacity (mAh
Material 1) Specific Current (A g')  Voltage (V)
o
221 1
NH4-V20s5
274 0.2 0.2-1.6
( this work)
314 0.1
V205333 335 0.05 0.4-1.6
V205 184 460 0.5 0.2-1.6
V205354 224 0.1 0.4-1.4
V205358 319 0.02 0.5-1.5
V205178 238 0.05 0.2-1.6
0d-V,05 %78 406 0.1 0.1-1.6
0d-V,05 336 397 0.2 0.4-1.5
V20s@C 37 362 0.5 0.2-1.5
Na-V,05 358 277 1 0.2-1.4

4.4 Summary

In summary, this research investigated the impact of pre-doping V2Os with different cations -
NH4", - Na", and - K" to enhance charge storage performance in ZIBs. The findings highlighted
the significant role of V*" species in boosting the capacity of cathode materials. Notably,
introducing NH4" into V205 (resulting in NH4-V20s) brought substantial improvements in
electrochemical behaviour. A major advancement was the increase in the interlayer spacing of
the (110) plane from 3.4 A in pristine V205 to 9.6 A in NH4-V,0s. Additionally, the (100) plane
of NH4-V,0s with a d-spacing of 13.1 A was observed via TEM, supporting effective Zn>" ion
diffusion. The V**/V>* redox couple ratio also increased from 0.14 to 1.08, indicating enhanced

electrochemical activity. The NH4-V20s electrode achieved a high specific capacity of 310.8
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mAh g at 100 mA g!' and demonstrated improved cycling stability, showcasing its capacity
for high charge storage. This study deepened the understanding of the doping mechanism and
the effects of different cations on V20s, providing valuable insights for optimizing cathode
materials in ZIBs. These results contribute to the development of more efficient and sustainable
rechargeable battery systems with better charge storage capabilities, advancing the overall

sustainability of ZIB technology.

127



Chapter 5

Development of High-performance Cations Doped V,0s5

Cathode for Lithium-ion Batteries

This chapter investigates the synthesis of three types of cation-doped V:0s to explore the
mechanisms by which cation doping affects the electrochemical performance of LIBs. The
results reveal that cation doping induces the formation of oxygen vacancies, which play a
crucial role in enhancing ion diffusion and charge transfer. These vacancies also introduce
additional storage, adsorption, and active sites for Li* ions and intermediate species. Together,
these effects significantly improve battery performance, providing valuable insights for

designing high-efficiency LIB materials through strategic cation doping.
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5.1 Introduction

Orthorhombic V»0s is widely recognized as one of the most promising layered metal oxides
for LIB cathodes, owing to its high electrochemical reactivity, considerable energy density, and
notably higher capacity relative to traditional cathodes such as LiCoO, (140 mAh g') and
LiFePO4 (170 mAh g!). 33°36! Theoretically, V2Os can deliver a capacity of 294 mAh g™! when
discharged to 2 V (vs. Li/Li"), which aligns with the insertion of two lithium ions. Discharging
further to 1.5 V (vs. Li/Li") allows for the intercalation of three lithium ions, potentially
yielding an irreversible capacity of 440 mAh g!. 32 However, the practical application of V205
is hindered by its limited cycling stability, as it undergoes structural deterioration during lithium
insertion and exhibits low intrinsic conductivity. 3%

To address these problems, various strategies have been explored. Research has focused on

87, 364

modifying materials, including nanostructures V20s, carbon or compound-coated V20Os,

153,365 and defect engineering. ** 28% 3% Such modifications improve electrochemical kinetics,
specific capacity and rate performance compared to pristine V2Os due to their specific
structures and synergetic effect, which could greatly increase electroactive sites, shorten the
diffusion pathways of Li", and enhance conductivity. Additionally, aliovalent-ion doping in
V1,05 has been proposed as an effective approach. Doping could expand interlayer spacing,
improve electronic conductivity, stabilize the layered structure during cycling, create diffusion
paths for Li*, and reduce charge transfer resistance, thereby enhancing overall electrochemical
performance. For instance, Yao et al. developed Y-doped V20s via a sol-gel process, achieving
a specific discharge capacity of 203 mAh g™! after 100 cycles at a current density of 200 mA g
1,367 Yy et al. synthesized Cu doped V20s flowers by a hydrothermal approach obtaining initial
discharge and charge capacities of 266 and 263 mAh g! at a current density of 58.8 mA g'!. 368
In addition, Cheah ef al. used electrospinning to prepare Al-doped V20Os which exhibited an
initial discharge capacity of approximately 350 mAh g™ and maintained around 85% capacity

over 20 cycles at 35 mA g!. 3¢

Although various cations have been explored individually for LIBs, the mechanisms behind
cation doping remain intricate and are not fully understood, with limited guidelines for
selecting the most suitable cations. This study synthesized three different types of cation-doped
V205 (NHs*, Na® and K") to explore how various aspects of cation doping influence

electrochemical performance in LIBs. Significantly, cation doping creates oxygen vacancies,
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which improve ion diffusion and charge transfer. These vacancies also offer additional storage,
adsorption, and active sites for Li" ions and intermediate species, leading to enhanced battery

performance.

5.2 Experimental Section

5.2.1 Chemicals

All chemicals used in this study were of analytical grade and were utilized as received, without
additional purification. The following materials were obtained from Sigma-Aldrich: vanadium
pentoxide, a 30% (w/w) hydrogen peroxide (H202) solution, ammonium metavanadate
(NH4VO3), potassium iodide (KI), polyethylene glycol (Mw 4000), sulfuric acid (H2SO4, 95—
97%), ethanol, poly(vinyl difluoride) (PVDF), lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), propylene carbonate (PC), and ethylene carbonate (EC). N-Methyl-2-pyrrolidone
(NMP) was acquired from VWR International. Sodium hydroxide (NaOH) pellets (98%) were
sourced from Thermo Scientific. Potassium chloride (KCl) was purchased from EMSURE®.
Reduced graphene oxide (rGO) powder and poly(3-hexylthiophene) (P3HT) (Mw = 60,150)

were obtained from Ossila.

5.2.2 Synthesis of V205, NH4-V20s, Na-V>0s and K-V;0s.

Pristine V205 nanofibers were prepared using a hydrothermal approach. To start, 1.0930 g of
V205 powder was mixed with 90 mL of deionized water and stirred at 300 rpm for 30 minutes
at ambient temperature. Then, 15 mL of 30% H>O; was added, and the stirring continued for
an additional 30 minutes. This transparent orange solution was transferred into a 150 mL
autoclave and heated at 205 °C for 3 days. After cooling to room temperature, the product was
rinsed alternately with deionized water and ethanol, followed by drying overnight in a vacuum

oven at 120 °C.

For Na-doped V05 (referred to as NAVO in this chapter), the synthesis method was based on
a previously reported procedure. **¢ Here, 0.3636 g of the pristine V20Os nanofibers was
dissolved in a solution containing 60 mL of deionized water and 0.7 mL of 1 M NaOH. The
solution was sonicated for 1 hour at room temperature. Polyethylene glycol (Mw 4000), at 0.2

g, was then introduced, and the solution was stirred for an additional 15 minutes. The mixture
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was then placed in a 150 mL autoclave and heated at 180 °C for 2 days. After returning to room
temperature, the product was cleaned with DI water and ethanol, followed by drying in a

vacuum oven at 120 °C overnight.

NH4V,0s (referred to as NHVO) was synthesized following an established method. **° In this
process, 1.755 g of NH4VO3 was dissolved in 90 mL of DI water and stirred for 30 minutes.
Then, 0.9 mL of sulfuric acid was added, and stirring was continued for another 30 minutes.
The resulting mixture was transferred to a 150 mL autoclave and heated at 100 °C for 2 days.
After cooling, the product was washed alternately with DI water and ethanol, followed by

drying in a vacuum oven at 120 °C overnight.

For K-doped V205 (referred to as KVO), **? 0.5456 g of pristine V205 nanofibers, 0.747 g of
KI, and 6.709 g of KCIl were dissolved in 90 mL of DI water with magnetic stirring for 30
minutes. This solution was then placed in a 150 mL autoclave and heated at 200 °C for 1 day.
Upon cooling, the product was washed with DI water and ethanol and then dried in a vacuum

oven overnight at 120 °C.

5.2.3 Preparation of cathodes and coin-cells

To prepare the cathodes, 80 mg of the active material (either V.Os, NAVO, NHVO, or KVO)
was mixed with 10 mg of rGO and 5 mg of P3HT in 2 mL of NMP using sonication. Following
this, 5 mg of PVDF was added to the mixture. The resulting electrode slurry was then drop-
cast onto carbon fiber current collectors (Sigracet GDL 39 AA carbon graphite paper from SGL

Carbon) and dried at 120 °C under vacuum to complete the cathode fabrication.

The CR2032 coin-cells were assembled inside a glovebox. Assembly began by placing a
cathode disc on the coin-cell case, followed by a layer of Whatman® glass microfiber filter
paper serving as the separator. An 80 puL volume of 3M LiTFSI electrolyte was added, and a
lithium metal counter electrode was positioned on top. Finally, the coin-cell was sealed using

a hydraulic crimping machine.

5.2.4 Material Characterisations

The synthesized materials underwent characterization using a range of analytical techniques.

SEM images were obtained with a JEOL JSM-7600F, operated at 15 kV. TEM, EDS, and SAED
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analyses were conducted using a JEOL JEM-2100 at an operating voltage of 200 kV. XRD
patterns were collected with a Panalytical Empyrean XRD instrument utilizing Cu Ka radiation,
with measurements performed at 40 kV and 40 mA, a step size of 0.05°, and a scanning speed
of 0.1° per second, over a 20 range of 5° to 70°. UV-Vis spectroscopy was performed with a
PerkinElmer Lambda 750S instrument. Raman analysis was conducted on a Renishaw inVia™
confocal Raman microscope using a 515 nm laser wavelength. XPS was performed with a
ThermoFisher Scientific XPS system. XPS data were acquired with monochromatic Al Ka
radiation (1486.6 eV), using pass energies of 50 eV for narrow scans and 200 eV for wide scans.
No significant sample charging was detected, and charge correction was referenced to
adventitious carbon (C 1s, 284.8 eV). The intensity of the spectra is presented in counts per

second, and peak fitting was carried out with CasaXPS software.

5.2.5 Electrochemical Characterisations

CV measurements were conducted using a Biologic VMP-3 galvanostat over a voltage range
of 2 to 4 V following a 10-hour resting period for the cells. The tests were carried out at scan
rates between 0.2 and 1.0 mV s™!. GDC measurements were also performed within the same
potential range, with current densities varying from 100 to 2000 mA g™'. The cycling stability
of the electrodes was assessed using a Neware BTS4000 system at a fixed current density of
200 and 1000 mA g over 150 cycles within the defined voltage window. EIS was performed
on an Autolab PGSTAT302N across a frequency spectrum from 10 mHz to 100 kHz, with an
amplitude of 10 mV.
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5.3 Results and Discussion

5.3.1 Cathode Characterizations

Figure 5.1: SEM images of the (a-b) V20s, (c-d) NAVO, (e-f) NHVO and (g-h) KVO.
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area in HRTEM images.
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Figure 5.3: EDS elemental mapping of the (a) V20s, (b) NAVO, (c) NHVO and (d) KVO. All
the scale bars represent the 250 nm.

Figure 5.1 shows that all four samples using hydrothermal methods as forementioned in section
5.2 display a nanofiber morphology. The V205 nanofibers have diameters ranging from 20 to
100 nm and extend several micrometres in length. The NAVO sample exhibits a mesh-like
network of nanofibers, while NHVO has a flared shape but retains fibrous structures, as seen
in the enlarged SEM image in Figure 5.1 (f). The KVO sample maintains a uniform nanofiber
structure, with fibers around 50 nm in diameter. This nanofiber morphology across all samples
is further corroborated by TEM images in Figure 5.2. HRTEM images of V20s reveal a lattice
spacing of 5.7 A, matching the (200) plane of orthorhombic V20Os. The corresponding SAED
pattern in Figure 5.2 (c) shows the (101), (301), and (411) planes. NAVO nanofibers,
approximately 60 nm in diameter, are shown in Figure 5.2 (d), with Figure 5.2 (e) displaying
clear lattice fringes with a spacing of 3.3 A, corresponding to the (111) plane. The SAED
pattern indicates planes (111), (113), (006), and (217) with d-spacings of 3.41, 3.06, 3.72, and
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2.05 A, respectively. Figure 5.2 (g-h) provide TEM and HRTEM images of the NHs-doped
sample, showing a lattice spacing of 7.1 A, aligning with the (020) plane, and the SAED pattern
in Figure 5.2 (i) reveals (041) and (222) planes. TEM ( Figure 5.2 (j)) and HRTEM (Figure 5.2
(k)) images of the K-doped V205 show a lattice spacing of 3.4 A, consistent with the (110)
plane, also visible in the SAED pattern in Figure 5.2 (1). Additionally, Figure 5.3 illustrates
EDS mapping of these samples, confirming uniform distribution of V, O, Na, N, and K,

verifying successful doping.
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Figure 5.4: XRD patterns of the (a) V20s, (b) NAVO, (c) NHVO and (d) KVO.

Figure 5.4 shows the XRD patterns for the synthesized V,0s, NAVO, NHVO, and KVO
samples. The synthesized V20Os exhibits prominent diffraction peaks corresponding to the
orthorhombic crystal structure of V,0Os with the Pmmn (59) space group (PDF No. 03-065-
0131), with reflections at 20 angles of 15.6°, 20.5°,21.9°, 31.2°, and 47.5°, associated with the
(200), (001), (101), (301), and (600) planes, respectively. For the NAVO sample, the pattern
displays peaks characteristic of sodium-doped vanadium oxide (PDF No. 96-722-1102) at 8.2°,
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10.4°, 26.3°, and 42.9°, aligning with the (002), (101), (111), and (217) planes. The NHVO
sample reveals diffraction peaks attributable to a pure anorthic ammonium vanadium oxide
phase (PDF No. 01-078-2016), which has a layered configuration. In the case of KVO, all
observed peaks match a monoclinic potassium vanadium oxide phase (PDF No. 00-039-0890),
with lattice constants a = 11.657 A, b =3.659 A, and ¢ = 9.460 A. Additionally, the d-spacing
of the (002) plane for NAVO, approximately 11.0 A, suggests that Na* doping expands the
interlayer distance of V20s, as compared to the original V2Os (do1) = 4.4 A).

UV-Visible absorption spectroscopy was employed to study the influence of ion doping on the
optical characteristics of the samples. Figure 5.5 presents the UV—Vis absorption spectra of the
four samples within the wavelength range of 350 to 800 nm. A distinct absorption band appears
in the visible region, attributed to electron transfer from oxygen to vanadium (O2p-V3q) in V20s.
370 With the incorporation of different cations into the lattice, the optical absorption edge shifted
towards longer wavelengths, leading to a decrease in the optical band gap. *’! The optical band
gaps of the undoped and doped samples were determined from Tauc plots using the formula:
(ahv)"? = B (hv — E,). The calculated band gaps for pristine V20s, NAVO, NHVO, and KVO
were 2.5, 2.43, 2.4, and 1.98 eV, respectively. The reduction in band gap is attributed to lattice

370 These structural

expansion due to cation doping and the formation of oxygen vacancies.
modifications introduce additional energy levels and facilitate electronic transitions, effectively
narrowing the band gap. The calculated band gaps of these samples are relatively consistent
with the results presented in the previous section. Minor differences may be attributed to
variations in drying temperatures during the sample fabrication process. The overall similarity

in results also highlights the reproducibility of the experiment.

Raman spectroscopy provided further insights into the structural details of these samples in
Figure 5.6. As for as-synthesized V,0Os, the detected characteristic Raman bands correspond to
stretching vibrations of vanadyl bonds (~995 cm™), the stretching vibration of V-O bond
(B2 mode) and the stretching vibration of V-O-V bond (A mode) (around 701 cm™ and 526
cm!), the bending vibration of the V-O@), bond (484 cm™), ! the bending vibration of V-O-
V bond (Ag mode) (405 cm™), and bending vibration of V-O (A mode) (around 305cm™ ),
respectively. The peaks at 285 and 198cm™ derived from the bending vibrations of O-V-O
bond (B2, and A, modes), while the predominant low-wavelength peak, 145 cm™ was attributed
to the skeleton bent vibration (B2g mode). *’? In NAVO fibers, the highest frequency modes

located at 142 cm™! represented the stretching vibrations of particular V-O bonds in the (V1)O6,
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(V2)06, and VOS polyhedral. 3> The Raman band at 266 cm™ are assigned to the bending (V-
0-V). 37® The 427 cm! mode corresponded to the V1-O5-V3 bending vibrations. *** The
stretching vibrations of V3-O7 and the antisymmetric V1-O2-V1 stretching mode locate at 509
and 688 cm™!, respectively. *’* The mode at 1003 cm™ originated from the V2-06. *” In the
sample NHVO, the Raman peaks located at 152 and 512 cm™ matched with O-V-O-V and V-
O, while other three peaks at 264, 407 and 703 cm™ could be ascribed to V2-O of
(NH4)2V10025-8 H20. *7° Besides, the peaks at 832 cm™ corresponded to an antisymmetric
vibration of V-O-V, *’® and the peak at 1027 cm™ can be attributed to V-OH. 3> As for KVO,
compared with pristine V205, the Raman peaks at 995 cm™! disappeared, while the new peaks
at 937 and 906 cm™! formed , which can be attributed to the signal of VO*.37" The peaks at 644,
497, 360 cm™ can be corresponding to the asymmetric, symmetric vibration of V-O-V, the
bending 8(VOy), respectively. >’® Additionally, Geisler ef al. observed the Raman peaks at 243

and 210 cm™! in K20 sample. 3"
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Figure 5.6: Raman spectra of the (a) V20s, (b) NAVO, (¢) NHVO and (d) KVO.

The surface chemical composition and elemental valence state of samples V,0s, NAVO,
NHVO and KVO were analysed using the XPS spectrum shown in Figure 5.7. The XPS 'V 2p
and O 1s spectrum can prove the successful introduction of cation into the V205 electrode. In
detail, the vanadium spectrum (Figure 5.7 (b)) illustrated that characteristic peaks of V>Os at
517.4 and 524.7 eV correspond to V2ps3, and V2pi, for V°* and characteristic peaks at 516.1
and 523.4 eV for V¥, As for NAVO, the deconvoluted prominent peaks positioned at 517.6 eV
(V2p312) and 525.0 eV (V2pi») respectively indicating V°* oxidation state, while the peaks at
516.2 (V2ps3) and 523.5 eV (V2pi,2) indicated V** oxidation state. In the sample NHVO, the
V>* oxidation state of V related peaks was identified at 517.6 eV (2ps12), 524.9 eV (2p112), and
V# state-related peak was also identified at 516.8 (2p32) and 524.2 eV (2p112). For KVO, the
peaks corresponding to V 2p3 and V 2pi, for V>* appeared at a characteristic binding energy
of 517.5 and 524.8 eV, and characteristic peaks at 516.3 and 523.6 eV for V**. An obvious shift
toward high energy from pristine V>Os to cation doped samples embodied the strong electronic
interaction between cations and V>Os, proving the successful doping of cations. 33*3%! The ratio
of V¥ to V' of these four materials was 0.19, 0.87, 0.38 and 0.33, respectively, and NAVO

exhibited the highest V4* concentration, suggesting that the presence of lower-valence state V4*
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can enhance the conductivity of V,0s, thereby facilitating the intercalation and deintercalation
of Li* ions within V20s5.%%2. From the XPS results of O 1s (Figure 5.7 (a) ), the peak of V205 at
531.8 eV is ascribed to oxygen vacancy (Vo), while the peaks at 530.3 eV are ascribed to lattice
oxygen, respectively. %3838 The two corresponding peaks positioned at 531.7, 530.2 eV for
NAVO, 532.1, 530.4 eV for NHVO, and 531.9, 530.2 eV for KVO, respectively. Oxygen
vacancies can create additional voids that provide numerous pathways for Li" ions to migrate
quickly, aiding in the reversible phase transitions of V20s during the processes of Li" insertion
and extraction. Based on the calculation, the O vacancies concentrations for the four electrodes
were 10.7%, 14.5%, 13.0% and 11.5%, respectively, with NAVO showing the highest
concentration of oxygen vacancies. Overall, it is believed that the higher V** ratio could
indicate Na" occupies some vanadium sites, forming a certain oxygen vacancy in the NAVO
material, which is helpful to increase electrons and mass transfer rate, so as to improve

electrochemical performances.
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Figure 5.7: XPS spectra of four samples: (a) O 1s and (b) V 2pi2and V 2p3p».
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5.3.2 Electrochemical Performances

a 0.6 b 1.2
—02mVs"'
—04mVs'
; ‘Tf\ 08 - -05mvV s’
()] o)
< < 04
c c
o o
5 5 00
@] O
£ £ -04
(&) [&]
2 2
] o —0.8
V205
=0. L L L _1 2 L L L
0 62_0 25 3.0 35 4.0 2.0 25 3.0 3.5 4.0
Potential ( V vs. Li/Li*) Potential ( V vs. Li/Li*)
0.6
C —02mVs’ d 02 —02mVs’'
—_—04mVs’ —04mVs'
< 0.4 F—o05mys? = —o05mvs’
o —06mVs’ O g1 p—o06mvs’
< < | —o8mvs’
— 02 — 1.0mvs’
[ C
o o
5 00 5 00
(@] (@)
£ 02 b=
] §—0.1
& -04 @
NHVO KVO
. L 1 L _0.2 L L L
Y 25 3.0 35 20 20 25 30 35 2.0
Potential ( V vs. Li/Li*) Potential ( V vs. Li/Li")
€ os f 1.2
At05mvs’ At1mvs’
< <08
o 04 o))
< < 04
c c
© 00 o
5 5 00
O (@]
2 -04 —V,04 S 04 —V,0,
8 ——NAVO 8 ——NAVO
)] ——NHVO »n-0.8 ——NHVO
08 ——KVO —KVO
L 1 1 12 1 1 1
2.0 25 3.0 35 4.0 2.0 25 3.0 35 4.0

Potential ( V vs. Li/Li*)

Potential (V vs

. LilLi*)

Figure 5.8: CV curves of the (a) V20s, (b) NAVO, (¢) NHVO and (d) KVO electrodes recorded
at various scan rates ranging from 0.2 to 1.0 mV s’!, within a potential window of 2 to 4 V. A
comparison of the CV profiles at scan rates of (¢) 0.5 mV s and (f) 1.0 mV s! for all samples.
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Figure 5.9: The estimated capacity contributions for the (a) V20s, (b) NAVO, (¢) NHVO and
(d) KVO electrodes.

Table 5.1: Calculated b-values for anodic and cathodic peaks of V.05, NAVO, NHVO and

KVO.
b value b value b value b value
Material
Anodic Peak 1 Anodic Peak 2 = Cathodic Peak 1 = Cathodic Peak 2

V205 0.513 0.604 0.508 0.508
NAVO 0.887 0.643
NHVO 0.693 0.900 0.847 0.673

KVO 0.569 0.752 0.639 0.540

Figure 5.8 (a) demonstrated the CV profiles of pristine V>Os nanofibers electrode. Three

dominant cathodic peaks at potential of 3.33, 3.10 and 2.26 V are observed, which was

attributed to the phase transitions from a-V20sto &-LiosV20s, 8-LiV20Os and y-Li2V20s,
143



respectively. The reduction peaks located around 3.33 and 3.10 V correspond to the
intercalation of the first Li" in two steps, V20s + 0.5Li" + 0.5¢” — Lio5V20s and LigsV20s +
0.5Li" + 0.5¢” — Li1.0V20s. The second Li is inserted through one single step around 2.26 V:
LiioV20s + 1.0Li" + 1.06” — Li»oV20s. In the subsequent anodic process, three obvious
oxidation peaks at potentials of 2.50, 3.37 and 3.54 V can be ascribed to the extraction of the
two Li ions and the opposite phase transformations to the cathodic reactions. As shown in
Figure 5.8 (b), some main anodic peaks at 2.88 and 2.69 V and cathodic peaks at 2.50 and 2.82
V accompanying several weak peaks (such as 3.29, 3.15 V for oxidation and 3.18 V for
reduction) were observed in the sample NAVO, which indicated the complex multistep lithium
ions insertion/extraction process. Apart from these peaks, a pair of redox peaks appeared in the
high potential region (3.67 V/3.62 V), which can be attributed to the phase transition of the y/y’
system. *%% 387 NHVO and KVO had similar redox pairs. As denoted in Figure 5.8 (c-d), (2.70
V/2.51V),(3.02 V/2.84 V) for NHVO and (2.61 V/2.50 V), (2.97 V/2.78 V) for KVO were
observed, corresponding to the insertion and desertion process of lithium ions at different sites.
As shown in Figure 5.8 (e-f), the NAVO electrodes exhibited the highest redox peak currents
at both 0.5 mV s and 1.0 mV s’!, outperforming other cathode materials. This indicated that
NAVO had the potential for improved charge storage and electrochemical performance

compared to other candidates.

Additionally, Table 5.1 presents the calculated b values for each redox peak of the cathode
materials, with values ranging from 0.5 to 1.0. This range suggests that the charge storage
mechanism incorporates both diffusion-controlled and capacitive-controlled contributions.
Figure 5.9 further illustrates this observation, showing an increase in capacitive contribution
percentages as the scan rate rises. Specifically, for V2Os, the contribution grew from 29.3% to
48.4%; for NAVO, from 35.8% to 54.4%; for NHVO, from 61.1% to 77.6%; and for KVO,
from 57.6% to 74.8%. V205 and NAVO exhibited a higher degree of diffusion-controlled
behaviour, which favours applications like electric vehicles and stationary energy storage due
to the potential for enhanced energy density. On the other hand, NHVO and KVO showed a
greater capacitive-controlled dominance, making them better suited for high-power

applications, such as fast-charging devices and power tools.
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Figure 5.10: Diffusion constant analysis of the V205, NAVO, NHVO and KVO electrodes for
(a) A2 and (b) C1 peaks.

Table 5.2: Slopes for anodic (A1 and A2) and cathodic (C1 and C2) and peaks of V»0Os,
NAVO, NHVO and KVO from the corresponding CV curves.

Slope
Materials Al A2 C1 C2
V205 0.381 0.576 -0.250 -0.475
NAVO 0.422 1.094 -1.148 -0.623
NHVO 0.507 0.637 -0.532 -0.554
KVO 0.155 0.208 -0.166 -0.179

Table 5.2 and Figure 5.10 compared the calculated slope values of peak current for the four
cathodes. The slope of i, versus v'’? can suggest the diffusion coefficient of Li* ions within the
electrode material, according to the equation i, = 0.4463F(F/RT)"*ACD"*'? = KD"*/!2,
Where T represents the cell testing temperature, F is the Faraday constant, C denotes the initial
Li" molar concentration in the electrolyte, R is the gas constant, and A signifies the electrode
area. > NAVO showed the largest slope, indicating the fastest Li* diffusion rate, which

contributed to its superior performance.
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Figure 5.11: GDC curves of the (a) V20s, (b) NAVO, (¢) NHVO and (d) KVO at different
specific currents, ranging from 100 to 2000 mA g, across the voltage range of 2 to 4 V.
Comparative GDC curves of the electrodes at specific currents of (¢) 100 and (f) 1000 mA g™,
respectively.
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Figure 5.12: Rate tests exhibiting the performance of the electrodes at various current densities.

Figure 5.11 (a-d) displays the GDC profiles for pristine V,Os and its Na'-, NH4"-, and K'-
doped versions over a range of current densities from 100 to 2000 mA g™'. The NAVO electrode
achieved discharge capacities of 249.1, 216.8, 179.5, 150.2, and 122.0 mAh g™ at 100, 200,
500, 1000, and 2000 mA g’!, respectively. In contrast, the V20s nanofiber electrode showed
lower discharge capacities, delivering 117, 92.2, 66.0, 46.0, and 22.8 mAh g at the same
current densities. For the NHVO electrode, discharge capacity increased from 85.1 to 173.6
mAh g as the current density decreased from 2000 to 100 mA g'. The KVO electrode
exhibited the lowest discharge capacities among the samples, with a peak capacity of only 61.2
mAh g at 100 mA g'!. The plateaus in each sample's GDC curves corresponded well with the
cathodic and anodic peaks observed in the CV curves (Figure 5.8). Additionally, Figure 5.11
(e) and (f) provide a comparison of the GDC curves for the four samples at 100 and 1000 mA
gl respectively, indicating a consistent discharge capacity trend: NAVO > NHVO > V,0s >
KVO. Figure 5.12 shows the rate performance of these electrodes, with Na* and NH4" dopants
enhancing capacity at various current densities compared to pristine V2Os, suggesting that
cation doping can improve the cathode’s charge storage. In contrast, the K-doped sample
exhibited minimal enhancement, indicating that it did not offer the same performance

improvements.
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Figure 5.13: Long-term cycling test of V20s, NAVO, NHVO and KVO electrodes at (a) 200,
(b) 1000 mA g'. (c) Long-term cycling test of NAVO, where CE represents Coulombic
efficiency in the plot.

Cycling stability remains a critical limitation for V>Os as a cathode material in practical
lithium-ion batteries. ! Figure 5.13 illustrates the cycling behaviour of four cathode materials
tested at current densities of 200 mA g™!' and 1000 mA g over 150 cycles. Among these, the
NAVO electrode demonstrated the highest specific capacity and best cycle stability, while the
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KVO electrode exhibited the lowest capacity. At 200 mA g, both NAVO and NHVO
outperformed pristine V20s; however, at 1000 mA g™, only NAVO maintained its superior
performance, as the other materials showed diminished effectiveness at higher rates.
Specifically, NAVO began with an initial specific capacity of 222.1 mAh g™ at 1000 mA g,
retaining 150.5 mAh g'! after 30 cycles, indicating over 67% capacity retention. This capacity
drop may be attributed to the formation of a solid electrolyte interphase and irreversible Li*
intercalation under deep discharge. From cycle 50 to 150, NAVO's capacity loss rate was only
0.20% per cycle, with a Coulombic efficiency close to 100%, indicating strong cycle stability.
NAVO showed both higher capacity and enhanced cycling stability compared to V>0s
nanofibers, likely due to the Na* doping effect. This doping expanded the interlayer spacing in
V20s, providing more space for charge carriers. Additionally, Na* ions acted as structural
pillars, stabilizing the crystal structure during cycling and participating in intercalation and de-
intercalation, which improved both capacity and conductivity. EIS results (Figure 5.14)
confirmed the enhanced conductivity, as the cation-doped electrodes exhibited lower charge
transfer resistance (R¢). NHVO had the lowest Re, while NAVO had the smallest series

resistance (Rs).
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Figure 5.14: Nyquist plots and equivalent circuit model for cells containing V205, NAVO,
NHVO and KVO.
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5.4 Summary

In summary, four types of V20s-based nanofiber cathode materials were successfully
synthesized using hydrothermal methods, with each incorporating different cation dopants. The
introduction of cations led to an increase in the interlayer spacing, a higher concentration of
oxygen vacancies, and an elevated V4*/V>" ratio. These modifications collectively contributed
to enhanced Li" ion diffusion, improved capacity, stable cycling performance, and reduced
charge transfer resistance. Among the synthesized materials, NAVO demonstrated outstanding
electrochemical performance, achieving discharge capacities of 249.1 and 122.0 mAh g at
current densities of 100 and 2000 mA g, respectively. It also showed exceptional cycling
stability, with an initial specific capacity of 222.1 mAh g'! at 1000 mA g}, retaining 150.5 mAh
gl after 30 cycles (representing over 67% capacity retention). Furthermore, NAVO exhibited
rapid Li" ion diffusion and minimal capacity loss, maintaining a Coulombic efficiency close to
100%. The structural improvements brought by Na® doping played a significant role in
enhancing the stability and conductivity of the V,0Os lattice, allowing NAVO to sustain high
capacity even at elevated current densities. These findings underscore the potential of cation
doping as an effective strategy for advancing the design of high-performance cathode materials.
By modifying the crystal structure and electronic properties of V,Os through strategic doping,
this study offers a pathway toward the development of lithium-ion batteries with improved
energy density, power performance, and cycle life. The insights gained from this work
contribute to the growing body of knowledge on enhancing cathode materials and hold promise
for future applications in high-energy and high-power lithium-ion batteries, particularly in
fields requiring both durability and rapid charging capabilities, such as electric vehicles and

portable electronics.
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Chapter 6

Conclusions and Outlook
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6.1 Conclusions

As global energy demand continues to rise, there is an urgent need for sustainable and eco-
friendly energy storage solutions like lithium-ion and zinc-ion batteries. However, current
lithium-ion batteries face challenges such as high production costs, limited energy and power
densities, and safety issues. Similarly, zinc-ion batteries struggle with limitations like low
capacity, poor long-term stability, and low ionic and electronic conductivity. This PhD thesis
explores advanced approaches including hydrogenation, doping, and defect engineering to
improve the electrochemical and optical performance of V,Os-based cathode materials. By
thoroughly analysing the physicochemical properties and investigating charge storage
mechanisms, the thesis emphasizes the importance of V205 modifications in enhancing battery
performance. The insights gained provide guidance for the future development of high-
performance, rechargeable metal-ion batteries. This research encompasses three projects:
improving the optical and electrochemical properties of hydrogenated V,Os for photo-
accelerated lithium-ion batteries, creating pre-doped V:0Os-based materials for high-
performance zinc-ion batteries, and developing cation-doped V20s electrodes with oxygen

vacancies for lithium-ion batteries. The specific aims and outcomes are summarized below.

Chapter 3 discusses a hydrogenation strategy to enhance photocathode performance in photo-
assisted lithium-ion batteries. Hydrogenation introduces oxygen vacancies and hydroxyl
groups into the V>Os structure, boosting conductivity, photo-response, and ion diffusion. The
hydrogenated V205 (H:V20s) showed better electrochemical performance compared to pristine
V1,05, with a 43% and 41% increase in specific capacity under dark and illuminated conditions,
respectively, at 2000 mA g!. Enhanced photocurrent generation was linked to defect mid-gap
states, associated with oxygen-related defects and hydroxyl groups, which increased optical
absorption and photoactivity. DFT simulations highlighted the role of hydroxyl species in

charge storage.

In Chapter 4, a doping strategy is introduced to improve the performance of V2Os-based

cathodes in zinc-ion batteries. Pre-doping with cations such as NH4", Na®, and K" enhanced
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charge storage, with NH4" improving interlayer spacing and boosting the V#*/V>* redox couple.
This NH4"-doped V205 (NHs-V20s) achieved a high specific capacity of 310.8 mAh g at 100
mA g! and significantly reduced charge transfer resistance (~17.9 Q), compared to 112.5 mAh
gl and ~65.58 Q in pristine V20s. This study provides critical insights into pre-doped cation

effects for designing high-capacity cathode materials in zinc-ion batteries.

Chapter 5 investigates defect engineering to understand how cation doping improves V20Os-
based electrodes in lithium-ion batteries. Cation-doped V20Os materials, synthesized via
hydrothermal and vacuum drying processes, showed that doping induced oxygen vacancies,
enhancing ion diffusion and charge transfer. Na-doped V:0s exhibited high discharge
capacities (249.1 mAh g at 100 mA g), excellent cycling stability, and rapid Li* diffusion.
With a retention rate of over 67% after 30 cycles and consistent Coulombic efficiency near
100%, the findings underscore the role of cation doping in optimizing V20s as a high-efficiency

lithium-ion battery cathode material.

6.2 Outlook

For V,0s-based cathode materials, the electrochemical performance can be significantly
enhanced via hydrogenation, doping and defect engineering in lithium-ion batteries and zinc-
ion batteries. But there are still remaining issues. For example, there is still a large space to
increase the conductivity and ionic diffusion, enhance battery capacity, boost structural stability,

lower capacity fading after long-term cycling. 145 153388 A5

for photo-accelerated batteries, its
photovoltaic conversion efficiency is still low. '’ Thus, based on the findings presented in this
thesis, there are still critical areas requiring further development and refinement to optimize

overall performance:

1) For synthetic process, the optimization for experimental conditions, such as temperature,
time, pH value, for each material can be refined to explore the relationship of structure and
performance, thus finding an optimal cathode with superior performance.

2) For characterization, some advanced techniques can be additionally employed. For

example, X-ray absorption spectroscopy could characterize structural properties and
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3)

4)

5)

electronic states of the electrodes and further evaluate the concentration of V4* in the cation-
doped samples. Electron paramagnetic resonance (EPR) can be used to assess the presence
of oxygen vacancies. Galvanostatic intermittent titration technique (GITT) could provide
insights into the kinetics of ion transport and the thermodynamics of the electrode materials
during the charge and discharge processes. Beyond using TEM to observe structural
deformations after long-term cycling, techniques such as SEM, XPS, and XRD might be
utilized to analyse morphological and structural changes, aiding in understanding material
degradation mechanisms.

In the lab, the electrochemical performance was evaluated by coin-cells, but coin-cells have
some limitations such as low loading mass, flooded electrolyte and high N/P (capacity ratio
of negative electrode to positive electrode) ratios, which may not accurately represent
practical electrode conditions. ** To obtain more relevant performance metrics, battery
assembly formats such as pouch cells or cylindrical batteries should be considered for
future testing.

For photo-accelerated lithium-ion batteries, the combination of solar and lithium-ion
battery technologies in a single device is still challenging because of recombination and
decomposition reactions. Current device designs limit the exposure of active material to
light, necessitating the development of new setups for more precise performance
assessment under illumination.

Additionally, while hydrogenated V>Os showed enhanced performance, cation-doped
materials were evaluated under illuminated conditions, their performance did not improve
and, in some cases, even deteriorated, indicating a need to explore the underlying
mechanisms that contribute to increased photocurrent. Moreover, photo-degradation and/or
side reactions with electrolytes need to be considered to increase the cycling life of the

photo-batteries.

Furthermore, to enhance the practical performance of lithium-ion batteries and zinc-ion

batteries, future research should focus on several critical aspects:

In terms of lithium-ion batteries, the key factors driving its development for efficient energy

applications include energy density, cost, lifespan, and safety. Achieving high-energy anodes

and cathodes for these applications is challenged by issues such as (1) aging and degradation,

(2) the need for enhanced safety, (3) material costs, and (4) recyclability. Temperature plays a

154



critical role in all chemical and side reactions within the cell and operating outside the optimal
temperature range of 15 — 35 °C can significantly impair performance. 3*° In extreme cases, it
can trigger self-heating and thermal runaway, potentially leading to catastrophic failure.
Besides, recycling the ever-increasing quantities of spent batteries has become a major
challenge that urgently needs to be resolved. The recycling Li, Co, Ni from lithium-ion batteries
is of importance because it reduces the mining of limited resources and prevents harmful

emissions into the soil, contributing to a greener economy and energy systems.

In terms of zinc-ion batteries, advancing toward higher energy density is impeded by several
critical challenges related to finding optimal cathode materials that meet following
requirements: 1) high discharge capacity; 2) elevated nominal voltage; 3) cathode structures
that can effectively accommodate Zn** ions while facilitating their typically sluggish diffusion
kinetics; 4) robust crystal structures for long extended cycling; 5) economic and environmental
viability. *!-32 Unfortunately, existing cathode materials do not fully align with these criteria,
currently, many promising cathode materials, such as V.05 and MnO,, have been extensively
studied, their performance with zinc anodes is not always satisfactory due to dissolution and
side reactions in aqueous electrolytes. Also, vanadium-based cathodes face structural
degradation and active materials dissolution. These obstacles highlight the need for continued
research and innovation to achieve the desired improvements in energy density and cycling life.
Addressing these material-related challenges will be crucial to unlock the full potential of zinc-
ion batteries for future energy storage applications. Moreover, aqueous electrolytes face
operational challenges at subzero temperatures, as water inevitably freezes, preventing the
battery from functioning properly. To address these issues, adding effective HER inhibitors,
utilizing optimal electrolyte concentration to decrease the freezing point, and applying the
flowing electrolyte could be effective solutions. In addition, improving the stability and

durability of the zinc electrode is essential.

Finally, moving from small-scale prototypes to large-scale, commercially viable energy storage
systems poses a significant challenge for =zinc-ion batteries. Achieving practical
implementation for grid-scale energy storage requires extensive future research. Key areas of
focus include scaling up manufacturing processes while maintaining performance, enhancing
the stability and safety of zinc-ion batteries systems, and developing cost-effective, efficient

production methods. Additionally, optimizing electrolyte formulations and designing durable,
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high-capacity cathode materials that perform consistently under real-world conditions will be
crucial for the widespread adoption of zinc-ion batteries in large-scale energy storage

applications.
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